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Coulombs Law
Coulombs Law calculates the magnitude of the force created between two interacting charged particles g; and g,

lg1] 1g21 & 1q1] | g2l
470 o 1152 T12°
Where 1y, is the distance between ¢, and g,. Always plug in the absolute value of charge for both g, and g,. The force
on each particle g;and g, involved in this equation will have the same magnitude but opposite directions. The force on
q,will point towards g, and the force on g, will point towards g, if the two have opposite signs of charge. The force on
q,will point away from g, and the force on g, will point away from g, if the two have equivalent signs of charge.

For many charged particles, each charged partlcle will receive a vector sum force from all of the other charged particles.

Fonqlduetoqz =Fonq2duetoq1 =

Fon q, total — Fon g, due to q, + Fon g1 due to q3 + Fon q1 due to q4+ "

Electric Field and Force
The electric field is a description of the interaction between one charged object and another charged object. Each
charged object will create an electric field around it that will interact and cause a force on another charged object

Fon g, due to q, =1 Edue to q, at the location of qq Fon g, due to qq =4z Edue to q1 at the location of q,
The following are formulas for the electric field due to different charge distributions where 1 = =, 0 = = and p=qd
Point Charge Charged Disk OutS|de Spherlcal Charge
q kq F=_"2 1 z ) q kq
— -1 =—1-——— E= =— >R
Amte,r?  r? ) 2¢&, . Vz? +R? Amte,r? 12 "=
Axis of Charged Ring Outside Cylindrical Charge Inside Spherical Conductor or
_ qz E= A 2kA >R Inside Spherical Shell
4me, (22 + R?)3/2 2me,T r E=0 7r<R
Center of Charged Quarter Ring Inside Cylindrical Conductor or Inside Spherical Insulator
V2 A V2kX 2\2kgq Cylindrical Shell b qr _kqr “n
:4neor: r nr? E=0 r=R 4”50R3 R3 =
Infinite Non-Conducting Sheet Inside Cylindrical Insulator Differential Line of Charge
o _ Ar 2k Ar lds  kMds
E=— E = 5 = 5 r<R dE = =
2¢, 2meR R 41re, T2 r2
Conducting Surface or Capacitor Dipole Differential Area of Charge
g p 2kp .
EZE_ E:2n823:z3 axis dE = o dA :kO'dA
0 2 2
’ =L = k—f bisector dmeor "
4TEYZ z
Shell of charge, the total charge is a total of the inner and outer surfaces G;ora1 = Qinner + Qouter aNA Ginner = —Qinside

For many charged particles, each charged particle will receive a vector sum force from all of the other charged particles.

Fon qq total — Fonq due to q, + Fon q, due to qs3 + Fon qq dueto qy +o = =1 (Edue to q, + Edue to qsz + Edue to qu + - )

Electric Dipole in an Electric Field

An Electric Dipole is two charges of equal magnitude and opposite sign separated by a distance. The charges within the

Dipole will interact with an external electric field creating a torque 7 and a rotational potential energy U as follows
7=pxE (vector) T = p E sinf (scalar) U= —p-E= —pE cosf

Where p is the dipole moment vector, which has a magnitude of p = gd and a direction pointed from the negative

charge to the positive charge. Here g is the magnitude of just one of the charges and d is the separation between the

charges. The resultant extreme values for both torque and rotational potential energy for a dipole in an electric field are

1. Potential Energy U is greatest when p is anti-parallel to E,orwhen 68 = 180"
Potential Energy U is zero when p perpendicular to E,orwhen 6 = 90’

Potential Energy U is lowest when p is parallel to E, orwhen 6 = 0°

Torque 7 is greatest when p is perpendicular to E,orwhen 6 = 90°

Torque 7 is zero when 7 is either parallel or anti-parallel to E,orwhen 8 = 0" or 180°
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Electric Flux and Gauss Electric Law

Gauss Electric Law relates Electric Flux at points on a closed Gaussian surface to the net charge enclosed by the surface.
Electric Flux

The Electric Flux is a measure of the number of electric field lines that penetrate through a surface. The surface can be
any surface, whether a physical surface or an imagined surface. These electric field lines must penetrate through the
surface to create a flux. Any field lines that only skim along a surface and not pass through it will not generate a flux.

by = J‘E')-d/fszcosBdA chzﬁ-fT:EAcose if E and 0 are constant over area A

A is the area magnitude of the surface that contains electric field lines

The d A vector is always perpendicular to and pointed outward from the surface. Outgoing field lines make positive flux
&g and ingoing field lines make negative flux ¢ . The surface enclosing the electric field does not need to be physical.
Gauss Electric Law

Gauss Electric Law is a special case of the Electric Flux integral definition for a closed surface, which is a surface that
completely encloses a volume and has no holes in it. By closing the surface or enclosing the volume all field lines that
enter or leave that inside region must pass through the surface. In this case the flux integral equals to a third value:

3
= > (enc Tcharge enclosed Qtotal . . . .
bp = _?gE “dA = - E (4nr32urface) =— g - if Eis symmetric around the object
o rcharge total o

If the point of measurement is inside the charge region, then the result is Tpath = ¥charge enclosed < Tcharge total

If the point of measurement is outside the charge region, then the result is T charge enclosed = Tcharge total < Tpath
Electric Potential and Electric Potential Energy

The electric potential AV is a scalar quantity that measures the strength of an electric field by how rapidly the potential
changes in a region of space. The electric potential energy AU is the energy of a charged object in an external field.

WBy External Force — AU = q1 AVdue to q, AU + AK :_0 AK = lm(v}? o ULZ)
WBy Electric Field = —AU = —q1 AVdue to q, q AV+AK =0 2
The following are formulas for the electric potential due to different charge distributions.
Point Charge, Sphere Multiple Charges Sheet of Charge Electric Dipole Differential Line of
Charge, or Arc Charge "k qi . d . k p cosf Charge
k V= z Tt - 2 Ads kAds
V = q = —q : T 280 r dV = =
4mte,r T =1 4mte,r T
The electric potential can be determined by taking the spatial integral of the electric field component.
f f
Ve =V, = —f E-ds = —f E cosO ds Ve =V, =xEd if Eand 8 = 0 are both constant over distance d
i i
Each direction of the Electric Field has its own separate partial derivative of the Potential function:
b av b av . av
T ox Yo dy 2 0z

1. The electric field is dependent on the spatial derivative of the electric potential. The more the potential changes
from one point in space to some other point in space, the stronger the electric field between the points. An electric
field exists in a region only if in that region there are one or more points of different potential or voltage values.

2. There always exist collections of points with equal potential forming surfaces around a charged object. These are
known as the equipotential surfaces and are symmetric surfaces to the object when nearby it, but further away they
become more like spherical surfaces. A charged object appears more and more like a point charge the further away
from the object since point charges always have spherical equipotential surfaces around them at all distances.

3. The potential is higher near a positively charged object, and decreases away from the object. The potential is lower
near a negatively charged object, and increases away from the object. The negative sign in the relation of the
electric field and the potential means that the electric field vector always points in the direction of most rapid
decreasing potential. This requires that electric field lines must always be normal or perpendicular to all
equipotential surfaces that they encounter in propagating from positive charges towards negative charges. No
electric field components exist along equipotential surfaces, since the potential does not change in that direction.
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Capacitor

A Capacitor is a system of two objects that are equally charged with opposite signs and are held in place near each
other. The charges on the two objects are attracted to each other but held in place, storing both charge and energy.
The ratio between the stored charge Q and the potential I/ is known as the capacitance C, which are related by:

Qstored ona capacitor = cv
The higher the potential I/ and electric field £ on a capacitor with capacitance C, the larger the amount of charge
stored on the capacitor, and the higher the amount of potential energy U, and potential energy density 1 stored in it:
1 Q? V=Ed _ 9 1 Uc
= — 2:— E__ u:—gEZ U, = —
Ue ZCV 2C €o T2 7 Volume
This energy can be stored and put back into the circuit at some later time, or can even be converted into other forms.

Capacitance
The capacitance of a system is a property that does not depend on the materials but only the geometry of the system.

Parallel Plate Capacitor Cylindrical Capacitor Spherical Capacitor
& A _2me L _4me,ab
o d o (Q) T bh-a
A = area of each plate a a = outside radius, inner sphere
d = separation of the plates L = length of capacitor b = inside radius, outer sphere

a = outside radius, inner cylinder
b = inside radius, outer cylinder
If the capacitor remains connected to the battery before any changes, the potential IV remains constant Vi;,0; = Vinitial

If the capacitor is removed from the battery before any changes, the charge ( remains constant Qa1 = Qinitial

Dielectric
A dielectric is a substance that is placed in between the charged plates of a capacitor to increase the capacitance.
Cwith pietectric = K Cwithout Dielectric
1) If the capacitor is removed from the battery before sliding the dielectric into place, the charge Q remains
constant which forces the potential I/ and electric field E to decrease by a factor of the dielectric constant «.
innal = Qinitial Vfinal _ lelctlal Efinal _ Em;{tlal Ufinal _ Um:{tzal
2) If the capacitor remains connected to the battery before sliding the dielectric into place, the potential I/ and
Electric Field E' remain constant which forces the charge ( to increase by a factor of the dielectric constant «.

Vfinal = Vinitial innal = K Qinitial Efinal = Einitial Ufinal = K Upitial
Capacitor Combinations Parallel
Series 5
T —_ —_
14

J_ 6
_|_

Potentials are different but add up to the total Potentials are the same and equal to the total
Vi+ Vo + V3 =Viota Vi= V= Vs =Viota
Charges are the same and equal to the total Charges are different but add up to the total
Q1 = Q2 = Q3 = Qrota Q1+ Q2+ Q3 = CQrotar
Capacitors are added reciprocally for the total capacitance  Capacitors are added normally for the total capacitance
1 1 Crotar = 2Cj = C1 + Co+...+Cy,
Ctotal = 1 = 1 1 1
~ F—t+=+..++
2t o to o
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Current
Current i is the flow of charge carriers through space or through a conducting material. Its direction will be pointed in
the same direction as the flow of positive charge carriers, or opposite direction as the flow of negative charge carriers

. dq , o ., .

i = o q=|idt q=1it if currentiis constant over time
The current densityfis a measure of current passing through a cross-sectional area with direction the same as current.
i = ff dA = [J)2mrdr i zf-/f =JAcosO =] A if the current density is constant on the area A

A is the cross-sectional area vector, in a direction that is perpendicular to the cross-sectional area.
0 is the angle between thefand A vectors

fznqﬁ vector Ezpf vector pzl
J=nqv; scalar E=p] scalar o
Where n is the charge carrier number density, v, is the drift velocity, p is the resistivity, and ¢ is the conductivity.
Battery
The amount of work imparted per each unit of charge is known as the Electromotive Force (EMF) ¢ of the battery
_aw
=

Its real potential V5 that it delivers to a circuit is actually lesser than the ideal EMF & due to the internal resistance r
within the battery. The internal resistor r will always be in series with the total resistance R;,;,; of the circuit.
Vg =& —ipT = ip Reotar . § § $R § Reotar 3
ip = — Vg = = r=R|=—-1
R+71  Ripta +7 R+71r Riptar +7 %4
The battery continuously supplies energy to the circuit at an energy rate or power Py

_dE _E

PB_Ez?ziBVB

Resistor
A resistor is a device that removes electrical energy from a circuit and converts it into thermal and radiation energy
where R is the resistance of the object, a property of both the geometry and the material that comprises the object
Ve =ir R R = pé
A
p=resistivity of the material, constant for a given material
L=length of the object, measured along the direction of current flow
A=cross-sectional area, which is perpendicular to the direction of current flow
A resistor causes energy losses to the circuit by converting electrical energy into thermal energy and radiation energy.
. VRZ _ R =Ry (1+ aAT)
Pp=1ig R:?leVR p=po(1+aAT)
Resistor Combinations
Series Parallel

% 2
| (.3

Currents are the same and equal to the total Currents are different but add up to the total
i1 = = I3 =ltotal i1+ i+ i3 = ltoral
Potentials are different but add up to the total Potentials are the same and equal to the total
Vi+ Vot V3 =Viotar Vi= V= Vs =Viota
Resistors are added normally for the total resistance Resistors are added reciprocally for the total resistance
RtOtal:ERj:R1+R2+R3+'”+RTl _ 1 . 1
Rtotal - 1 - 1 1 1
R, mTRYTUTR,
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Circuit Analysis Techniques

1) A junction of a circuit is a spot where two or more wires come together.

2) A branch is a portion of a circuit wire that extends from one junction to another junction. Each branch of a circuit may
contain circuit elements in series on it. A circuit element is the name for a battery, capacitor, resistor, or inductor.

3) Current is the flow of electrons in a circuit wire. Current will not change within a branch of a circuit; it will only change
when encountering a junction where it will split into smaller currents down each branch coming out of a junction.

4) Potential is the measure of a circuit element's influence on a circuit. The larger the potential, the more influence it has
on a circuit. If a circuit element has a potential of zero, it does not influence the circuit at all!

A series relation implies elements being on the same branch and each element receives the same amount of current.
A parallel relation implies elements being on two separate branches and each branch has the same potential

Junction Rule
The conservation of charge states that the total current i entering a junction equals the total current i leaving a junction.

Z ijunction =0

Where the i;,,,,.+;0n, represent the different currents that exist on each of the branches connected together at a junction.
Sign of current (.10, is Negative if the current enters the junction and is positive if the current leaves the junction.

Complete Loop Rule and Partial Loop Rule
The conservation of energy states that the total potential difference I/ of a closed loop of a circuit must equal zero.

Z Vcomplete loop = 0

The closed loop may begin at any point on a circuit and trace a path in any direction until returning to the original point.

The partial loop rule can be used to calculate the potential difference between any two points A and B of a circuit.

Z Vpartial loop = AVyp =Vg —Vy
The partial loop should begin at point A and trace a single path through point B.

The sign conventions for all circuit elements encountered in both the Loop Rule and Partial Loop Rule are as follows:

Battery
I/ = & for a battery when you traverse the battery forward from its negative terminal (-) to its positive terminal (+)
I/ = —¢ for a battery when you traverse the battery backward from its positive terminal (+) to its negative terminal (-)

I/ = 0 if the battery is dead
The negative terminal (-) is the shorter terminal and the positive terminal (+) of a battery is the longer terminal.

Capacitor
V= %when you traverse the capacitor from its negatively charged plate(-) to its positively charged plate (+)

V=- % when you traverse the capacitor from its positively charged plate (+) to its negatively charged plate (-)

I/ = 0 if there is no charge present on the capacitor
The negative plate (-) of a capacitor will be the one closer or connected to the negative terminal (-) of a battery and that
the positive plate (+) of a capacitor will be the one closer or connected to the positive terminal (+) of a battery

Resistor
I/ =i R for a resistor when you traverse the resistor in the opposite direction of the current flow through the resistor
I/ = —i R for a resistor when you traverse the resistor in the same direction of the current flow through the resistor

I/ = 0 if there is no current down the branch the resistor exists on
Battery current begins at the positive (+) terminal and runs through the circuit towards the negative (-) terminal.
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RC Circuits

RC Circuits contain one or more resistances R, one or more capacitors C, and possibly a battery £. Some simplifications
can occur at certain time instances:

Initially after the switch is closed, where time t = 0

The capacitor has zero potential /- = 0 and has no influence on a circuit branch. Redraw the entire circuit and replace
every capacitor with a wire. The simplified circuit should contain only a battery and resistors, and can be analyzed using
either series and parallel concepts or the loop rule and the junction rule.

A long time after the switch is closed, where t —

The capacitor has maximum potential I/~ (often equal to &) and has maximum influence on a circuit branch and the
entire branch that contains the capacitor has zero current i, = 0. Redraw the entire circuit and remove all branches of a
circuit that contain a capacitor. The simplified circuit should contain only a battery and resistors, and can be analyzed
using either series and parallel concepts or the loop rule and the junction rule.

Immediately after the switch is opened, where timet = 0

The capacitor has continuity of potential, on any branch with a capacitor Vi sier switch is opened = Vibefore switch is opened
The simplified circuit should contain only capacitors and resistors, and can be analyzed using either series and parallel
concepts or the loop rule and the junction rule.

A long time after switch is opened, where t —

The capacitor is fully discharged, its potential will be zero I/ - = 0 and the current through its branch will be zero i = 0.
Single Loop RC Circuit

Single Loop RC Circuit contains one or more resistances R, one or more capacitors C, and possibly a battery ¢ in a single
loop. The Time Constant T = R C. Multiple element circuits use R;,;,; for the resistance and C;,;,; for the capacitance:

Series

1171 1,1 1771 o
Reotar = SR = Ry + R+ 4Ry Cora = {27} ={Zg 45+ 4+ ‘ ya |

L n —0
Parallel 1 J_
111 -1 vV — ¢

Reotal :{ZR_n} {R]+R2+ -+ } Cotar =2C; =C1 +Co + -+ Cy T R _—,|_
With a battery § Without a battery §

Charging the capacitor, a current created by the battery
causes a flow of electrons onto the capacitor.
The charge on the capacitor function of time

-t
()= C¢& (1— eRc) —C¢ (1— e )
The current in the circuit loop function of time
dq.(t ¢ —t
0= 2969 ¢ _f

RC==¢e T
dt R R
The potential on the capacitor as a function of time

(t -t -t
VC(t)—qC ) 5(1— eRc>=§(1— er>
The potential on the resistor function of time
-t

Va(t) =i(t)R = feRC—fe T

The power supplied by the battery function of time
Pp) =i(t) &

The power dissipated by the resistor function of time
Pr(t) =i(t)*R

The power stored by the capacitor function of time

Pe(t) =i(®) V(D)
The energy stored in the capacitor function of time

2
Uet) = qC(C)

WWW.GRADEPEAK.COM

Discharging the capacitor, current is created by the flow
of electrons off of the capacitor.

The charge on the capacitor function of time
—t

q.() = CVOeRC =q,e
The current in the circuit loop function of time
dq.(t) =V t —

dt R RC
The potential on the capacitor function of time

Ve(o) = 2 T=gfet

-t
:VOQW:V()Q?ZSQT
The potential on the resistor function of time
-t -t
Vea(t) =i(t)R = VOeRC—VOe t=¢%eT
The power dissipated by the resistor function of time
Pr(t) =i(t)*R
The power stored by the capacitor function of time
Pe(t) =i(®) V(D)
The energy stored in the capacitor function of time

( 2
(o) =157

qo -t
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Magnetic Field

The magnetic field E describes the interaction between charged particles that move with a relative velocity.

Magnetic Field Force Vector and Magnitude acting on a charged particle

The magnetic field force vector Fona charged particle in an external magnetic field is

Fon g1 due to magnetic field B — =4q1 (171 X BZ)
The magnetic field force scalar F on a charged particle in an external magnetic field is

Fon q, due to magnetic field B — q1 |vi| |B2| sin ©
There are only two possibilities for the magnetic field force vector . The result of a cross product of two vectors v X B
produces a third vector F that is simultaneously perpendicular to the two crossed vectors (perpendicular to v and

perpendicular to ﬁ) following the Right Hand Rule. The sign of the charge g, will determine the final direction. Note that
for a curved path the direction of the velocity vector v will be tangent to the curve of the path at any given point.

Circular Motion on a Charged Particle in a Magnetic Field

The direction of the magnetic field force vector Fis always perpendicular to the velocity vector v of the charged
particle. Therefore the magnetic acceleration vector @ is always perpendicular to the velocity vector U of the charged
particle. An acceleration vector d that is perpendicular to the velocity vector v will always cause circular motion.
The radius r of the circular path that the charged particle will follow in a magnetic field

mv v?

qB T a
The period T is the time that the charged particle takes to complete one revolution of the circle
2mrm 2mnr

qB v
The frequency f is the number of circular paths the charged particle completes in one second
1 qB v

f= T - 2nm  2mr
The angular frequency w is the number of radians the charged particle completes in one second
) 2mn qB v
w = = —_— = — = —
mf T m T

Helical Motion on a Charged Particle in a Magnetic Field

The direction of the magnetic field force vector Fis always perpendicular to the velocity vector v of the charged
particle. Therefore the magnetic acceleration vector a is always perpendicular to the velocity vector v of the charged
particle. An acceleration vector d that is perpendicular to the velocity vector v will cause curvilinear motion and if the
angle 0 # 90" between the velocity vector v and the magnetic field vector B the particle will move in a helical path.
The radius r of the helical path that the charged particle will follow in a magnetic field

R

mvsing mv, (vsing)? vl v _ . -
r= = = —— where cos = ——=- and 0 is the angle between v and B
qB qB a a 19| |B|

The period T is the time that the charged particle takes to complete one revolution of the helix
2mm _ 2mr  2mr

~ gB wsinf v,

The frequency f is the number of helical paths the charged particle completes in one second
1 qB vsin6 v

f T 2mm 2mr 2@r

The angular frequency w is the number of radians the charged particle completes in one second

2m qB vsinfd v,
a)=27rf=T m T

The separation d between adjacent loops within the helical path
d=vcos@ T=yT
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Magnetic Field Force Vector and Magnitude acting on a current carrying wire

The magnetic field force vector Fona charged particle in an external magnetic field is
ﬁon q; due to magnetic field B = 51 (H X FZ)

The magnetic field force scalar F on a charged particle in an external magnetic field is

Fon q, due to magnetic field B — il |L1| |B2| sin 6
There are only two possibilities for the magnetic field force vector F. The result of a cross product of two vectors LxB
produces a third vector F that is simultaneously perpendicular to the two crossed vectors (perpendicular to L and
perpendicular to ﬁ) following the Right Hand Rule. The direction of the length vector L is in the same direction as the
current i;. Note that for a curved wire the direction of the length vector L will be tangent to the wire at any given point.

Magnetic Dipole in a Magnetic Field
A Magnetic Dipole is the result of one or more charges in motion. The charges within the Dipole will interact with an
external magnetic field creating a torque 7 and a rotational potential energy U as follows

7=jixB (vector) 7 = u B sin@ (scalar)

U= —fi-B= —uB cosh

Where /i is the dipole moment vector, which has a magnitude of = N i A and a direction perpendicular to the plane of
motion following the Curl Rule. Here N is the number of loops, i is the current, and A is the area of the charge motion.
The resultant extreme values for both torque and rotational potential energy for a dipole in a magnetic field are

1. Potential Energy U is greatest when /i is anti-parallel to B, orwhen 6 = 180’
Potential Energy U is zero when i perpendicular to §, orwhen 6 = 90’
Potential Energy U is lowest when [ is parallel to §, orwhen 8 = 0°

Torque 7 is greatest when /i is perpendicular to B, orwhen 6 = 90°

vk wnN

Torque 7 is zero when /i is either parallel or anti-parallel to B, orwhen 8 = 0" or 180°

Combined Electric Field and Magnetic Field Force Vector and Magnitude acting on a charged particle
The combined field force vector F; is the total of the electric field force vector F and the magnetic field force vector F

- -

Fon q, due to combined field = Fon q,duetoE + Fon q,duetoB = {1 E; +qq (61 X B3) =q.(E; + 7_7; X Bs3)
The result of a cross product of two vectors v X B produces a third vector /' that is simultaneously perpendicular to the

two crossed vectors (perpendicular to v and perpendicular to §) following the Right Hand Rule.

Velocity Selector, Zero Force and Zero Acceleration Conditions

It is possible for the combined field force vector F and the acceleration vector d to have a magnitude of zero when
E=-UxB

The direction of the electric field vector £ must be simultaneously perpendicular to v and perpendicular to B and the

opposite to their cross product v x I direction and their magnitudes must have the following relation: £ = v B

Hall Effect

A perpendicular magnetic field B acting on a sample of current carrying metal can cause a separation of charge carriers
to one side of the metal and a lack of charge carriers on the opposite side of the metal. This separation of charge carriers
creates an internal electric field that is simultaneously perpendicular to the magnetic field and the drift velocity of the
charge carriers. The result is a velocity selector type of crossed fields. The charge carrier density n and the drift speed v,
can both be calculated from measurable values, including the current i, the potential V/, the length [, and the area A

The Charge Carrier Density

Bi
n=
Vle
The Drift Speed
[
v =
1" ned
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Magnetic Field due to a Current

A current will create magnetic field lines that will propagate in circles centered around the wire

E_fuoid§xﬁ_uoifd§xﬁ

4mr:  4m r2
Outside a Long Straight Wire
i
B = Lto r >R
21T

i = current in the wire
R = radius of the wire
r = distance of the point from the wire center
Inside a solid Long Straight Wire

i
B:(“O)r r<R
21 R?

i = current in the wire
R = radius of the wire
r = distance of the point from the wire center
Inside a shell Long Straight Wire

Uo i\ [T? — a?
B:<2nr)<b2—a2> a=r=b
i = current in the wire
a = inner radius of the wire
b = outer radius of the wire
r = distance of the point from the wire center
Semi-Infinite Long Straight Wire
_ Ho L
" 4mR
i = current in the wire
R = radius of the arc formed by the wire
Ideal Solenoid

B=pu,ni
i = current in the solenoid
n = total number of turns/length

Ampere’s Law

Uol (sinf ds
B = = J.T (scalar)
Center of a Circular Arc
Mol
" 47R

i = current in the wire
R = radius of the arc formed by the wire
6 = angle of the arc in radians

s
Quarter 6 = 5 Half 6 =m Full = 2n
Outside a Finite Straight Wire

5= (1) (=7
C \drr/ \rZ 2
i = current in the wire
r = distance of the point from the wire center
L = length of the wire
Ideal Toroid
N
B = Ho
2mr
i = current in the toroid

N = total number of turns
a = inner radius of the wire
b = outer radius of the wire
r = distance of the point from the center
Field of a Magnetic Dipole
The magnetic field due at points on the central axis
o
2mz3
U = N iAisthe magnetic dipole moment
z = axial distance of the point from the center

as<r<b

Current enclosed i,,,-10seca Y @an Amperian Loop is related to the integral of the magnetic field B around the Loop

2

=4 = . Tcurrent enclosed . . . . .
.(ﬁB ~dS = Uy lenclosed B (2 T Tpam) = —————— Uy ltotar Lf B is symmetric around the object
Tcurrent total
If the point of measurement is inside the current region, then the result is Tpath = Tcurrent enclosed < T'current total
If the point of measurement is outside the current region, then the result is T current enclosed — Tcurrent total < Tpath

Magnetic Forces between Parallel Straight Wires

A long straight wire creates a magnetic field and the magnetic field causes a force on another long straight wire.
Magnetic field created by long straight current wire 2 at a distance where long straight current wire 1 is located

/’loiz
B, =——
z 2mwd

Magnetic force on long straight current wire 1 caused by a magnetic field from long straight current wire 2
F=1i,L{B,sin6

where i, is the current in wire 1, L, is the length vector magnitude of wire 1, B, is the magnitude of the magnetic field

created by some other wire 2, and @ is the angle between the vectors L; and B, which will be 90 degrees here.

Magnetic force on a current wire caused by a magnetic field created by another long straight current wire

‘UO il iz L1
ire 1 due t tic field re2 =
onwire 1 due to magnetic field from wire 2md

F
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Magnetic Flux and Gauss Magnetic Law

Gauss Magnetic Law relates Magnetic Flux at points on a closed Gaussian surface to zero enclosed by the surface.
Magnetic Flux

The magnetic flux is a measure of the number of magnetic field lines that penetrate through a surface. The surface can
be any surface, whether a physical surface or an imagined surface. These magnetic field lines must penetrate through
the surface to create a flux. Any field lines that only skim along a surface and not pass through it will not generate a flux.

bp = Nfﬁ-d/szchostA ch:l?-/f:NBAcosH if B and 0 are constant over area A

A is the area magnitude of the surface that contains magnetic field lines

The d A vector is always perpendicular to and pointed outward from the surface. Outgoing field lines make positive flux
&g and ingoing field lines make negative flux & 5. The surface enclosing the magnetic field does not need to be physical.
Gauss Magnetic Law

Gauss Magnetic Law is a special case of the Magnetic Flux integral definition for a closed surface, which is a surface that
completely encloses a volume and has no holes in it. By closing the surface or enclosing the volume all field lines that
enter or leave that inside region must pass through the surface. In this case the flux integral equals to a value of zero:

b = jg B-dd=0 There are no magnetic monopoles and magnetic fields always form closed loops only

Faraday's Law of Induction
ddp

A changing magnetic flux through time o will create an induced potential difference &;;,41,ceq and therefore an induced

current i;,quceqa @s Well in a wire or metallic object boundary. The relation between the induced potential difference or
induced EMF ¢, 4u.cea @and the changing magnetic flux through time is known as Faraday's Law:

dp

finduced - dt

where the negative sign is for the polarity of the induced potential difference &;,,4ucea-

Putting the definition of magnetic flux into Faraday's Law yields the result:
dog d (N B Acos®)
$induced = — = -
dt dt

dB dA
If B changes with time &naucea = —N Acos6 ’r If A changes with time &qucea = —N B cos 8 T Blv

dcos@

do
If 8 changes with time &qucea = —N B A =N B A sinf 7 NBAw sin(lwt) =NBA2n f sin(2rft)

One or more of the magnetic field B, the area of each loop 4, or the angle 6 between the area vector A and the
magnetic field vector B must change with time to produce an induced potential difference &;,,4,.ccq- Those that are
constant through time can be brought out of the derivative, but those that change through time have to remain inside
the derivative. If more than one of B, A, or € change with time, use the product rule for the derivative.

The induced current i;,, 4,.ceq @and the induced magnetic dipole moment (4,404 Where R is the resistance in the loop:

. o Einduced Hinduced = N iinduced A
linduced = R
Relation of an induced electric field propagating in closed circular paths around a region of changing magnetic flux.
2
_ & = d(l)B - Tp field enclosed dCDB _ 2 aB
Szinduced - E-ds= ——— E (2 T rpath) - 2 =TTpg field enclosed ~ 7,
dt B field total dt dt
If the point of measurement is inside the B field region, then the result is Tpath = TB field enclosed < TB field total
If the point of measurement is outside the B field region, then the result is T'B field enclosed = VB field total < T'path

Lenz's Law

To figure out the polarity or direction of the induced quantities follow these right hand rule steps

1)Start with right hand thumb in the direction of the magnetic field as it passes through the loop of wire

2)If the flux is increasing, retain right hand thumb direction. If the flux is decreasing, reverse right hand thumb direction.
3)Reverse right hand thumb direction. Right hand fingers will now curl in the direction of &;,,4uceds linducea aNd Einduced
and right hand thumb will now point in the direction of 1t;,,4ucea @and Binduced
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Inductors
An inductor is a circuit element that creates an induced potential on itself (Self Induction) and any nearby inductors
(Mutual Induction) when there is a changing current running through the inductor coils.

Self Inductance
The self inductance can be determined through the following formulas:
dg JB cos§ dA B Acosb

Single Loop Inductance L= ; l
N [B cos® dA NBAcosf

l l l

i
Nop _

Multiple Loop Inductance L =

L
Solenoid Multiple Loop Inductance Per Unit Length 7= to n? A

A potential in a self inductor is generated when the current within the inductor changes with time causing an induced

response opposing the change. The potential is equal to the self inductance multiplied with the derivative of the current.
di
V, = —-L —
L dt

The larger the current i through an inductor with inductance L, the higher the magnetic field B within the inductor, and

the higher the amount of potential energy U; and potential energy v, density stored in it:

1 B2 U
U, == Li2 "y = u =
L2 L7 2 e L™ volume

Mutual Inductance
The Mutual Inductance M and Self Inductances L; and L, can be determined through the following formulas.
N N. N. N.
M= 1'¢Bl _ 2'¢BZ L, = 1 .(1331 L, = 2'4332
%) L 1 %)

A potential in a mutual inductor is generated when the current within one inductor changes with time causing an
induced response opposing the change within another inductor. The potential of each inductor is equal to the mutual
inductance multiplied with the derivative of the current from the other inductor.
diy di, di, diy
Vi=—L —= —M — Vo=—L, —= —M —
dt dt dt dt

Inductor Combinations
For have multiple inductors in a circuit, there are parallel and series equations to determine the equivalent inductance.
Series Parallel

: 2
| .3

Currents are the same and equal to the total Currents are different but add up to the total

I1 = I = i3 = ltotal i1+ i + i3 = lrotal
Potentials are different but add up to the total Potentials are the same and equal to the total

Vi+ Vot Va3 =Viota Vi= V= V3 =Viota
Inductors are added normally for the total inductance Inductors are added reciprocally for the total

Leotar = 2Lj =Ly + Ly + -+ Ly inductance
1 1
Ltotal = 1 = 1 1 1
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LR Circuits

LR Circuits contain one or more inductors L, one or more resistances R, and possibly a battery £. Some simplifications
can occur at certain time instances:

Initially after the switch is closed, where time t = 0

The inductor has maximum potential I/; (often equal to ) and has maximum influence on a circuit branch and the
entire branch that contains the inductor has zero current i; = 0. Redraw the entire circuit and remove all branches of a
circuit that contain an inductor. The simplified circuit should contain only a battery and resistors, and can be analyzed
using either series and parallel concepts or the loop rule and the junction rule.

A long time after the switch is closed, where t —

The inductor has zero potential I/, = 0 and has no influence on a circuit branch. Redraw the entire circuit and replace
every inductor with a wire. The simplified circuit should contain only a battery and resistors, and can be analyzed using
either series and parallel concepts or the loop rule and the junction rule.

Immediately after the switch is opened, where timet = 0

The inductor has continuity of current, on any branch with an inductor i, fier switch is opened = Lbefore switch is opened
The simplified circuit should contain only inductors and resistors, and can be analyzed using either series and parallel
concepts or the loop rule and the junction rule.

A long time after switch is opened, where t — o

The inductor is fully discharged, its potential will be zero I/; = 0 and the current through its branch will be zero i; = 0.
Single Loop LR Circuit

Single Loop LR Circuit contains one or more inductors L, one or more resistances R, and possibly a battery ¢ in a single
loop. The Time Constant T = L/R. Multiple element circuits use R;,;,; for the resistance and L;,;,; for the inductance:

Series o
Riotar = ZRj =Ry + Ry + = + Ry, Leotar = ZLj = Ly + Ly + -+ Ly ‘ / k
Parallel i —° L
1771 -1 171 v = sL
Riotar = {Z E} {R1 +— + -+ n} Liotar = {Z Z} {L1 +—=+-+ n} T R ﬁl
With a battery § Without a battery 3
Charging the inductor, a current created by the battery Discharging the inductor, current is created by the
changes the flow of electrons through the inductor. induced flow of electrons off of the inductor.
The current through the inductor function of time The current through the inductor as a function of time
—t -t L L -t
ip(t) = % (1— eL/R> = g (1— e?) i;(t) —i el/lR=j,el/R=j,eT
The current in the circuit loop function of time The current in the cwcuVE loopasa Eunctlon of time
-t _ —t -t -t
i(t):£<1—eL/_R>=i<l—e?t) i(t)=%eL/R=ieL/R=ioef
R R
. . . . The potential on the inductor as a function of time
The potential on the inductor function of time di _t _t o
. _t _ — — —
Vz(t)Z—Lﬂzstem:fe?t VL(t)__Ld_ fetli=Voel/l=VoeT
) _dt . . The potential on the resistor as a function of time
The potential on the resistor function of time _t _t o
i -t Ve®) =i(t)R=Eel/R=V,el/lR=VyeT
=i = — el/R) = —eT R 0 0
Ve =1(OR=¢ (1 € > ¢ (1 € T) The power dissipated by the resistor as a function of
The power supplied by the battery function of time time
Ppt) =i(t) & Pr(t) = i(t)*R
The power dissipated by the resistor function of time The power stored by the inductor function of time
Pr(t) = i(t)*R PL(t) =i(@®) V(1)
The power stored by the inductor function of time The energy stored in the induct.or as a function of time
PL(t) = (D) V() U < L’
The energy stored in the inductor function of time LA 2
Li (t)?
ULe) = —5—
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LC Circuits

LC Circuits contain one or more inductors L and one or more capacitances C. It has an initial phase or phase angle as

Uiviri 1 = 1 1 2rm
tan ¢ = — el w=— w=2nf femr e~ T=—=""—2qVIC
W Ginitial VL C 2n 27+\LC f w
Some maxima and minima can occur at certain time instances:
At the time of four quarter full cycle phase (w t + ¢p) = (2 n) mor when t = (2an—¢

Inductor has maximum potential V; = V, Capacitor has maximum potential V- = V/, Circuit has minimum currenti = 0
Charge on the capacitor is a maximum g = Q and the Electric Field between the plates is at a maximum E = E,,,
Current through the inductor is a minimum i = 0 and the Magnetic Field between the plates is at a minimum B = 0

. 1 @n+) m-¢
At the time of one quarter cycle phase (w t + ¢) = (2 n + E) morwhent = ———

w
Inductor has minimum potential I/; = 0, Capacitor has minimum potential /- = 0, Circuit has maximum current i = |
Charge on the capacitor is a minimum g = 0 and the Electric Field between the plates is at a minimum £ = 0

Current through the inductor is a maximum i = [ and the Magnetic Field between the plates is at a maximum B = B,

At the time of two quarter half cycle phase (w t + ¢) = (2n + 1) morwhen t = @niln-¢

w

Inductor has maximum potential V; = V/, Capacitor has maximum potential V- = V/, Circuit has minimum current i = 0
Charge on the capacitor is a maximum g = Q and the Electric Field between the plates is at a maximum E = E,,,
Current through the inductor is a minimum i = 0 and the Magnetic Field between the plates is at a minimum B = 0

3 @n+d)n-¢
At the time of three quarter cycle phase (w t + ¢) = (2 n + E) mmorwhent = ZT
Inductor has minimum potential I/, = 0, Capacitor has minimum potential V- = 0, Circuit has maximum current i = |
Charge on the capacitor is a minimum g = 0 and the Electric Field between the plates is at a minimum £ = 0
Current through the inductor is a maximum i = I and the Magnetic Field between the plates is at a maximum B = B,
Single Loop LC Circuit
A Single Loop LC Circuit contains one or more inductors L, one or more capacitances C, and possibly a battery ¢ all in a
single loop. For multiple elements use L;,;,; for the resistance and C;,;,; for the inductance in all formulas:
Series

1771 1 .
Liotar = 2L =Ly + Ly + -+ Ly Ctotar :{ZC_H} {ch+ + 4 }
Parallel
1

Leotar = {2 L—n}_l CHo et }_1 Crotar = ECj = Cy + Cy + -+ Cy v

L

b
__I I__l

L
T

>
5
5
|
d

Capacitor or Inductor initially charged by a battery § then removed

The charge on the capacitor function of time The total energy stored in the circuit function of time
q.() = Q cos(w t + ¢) , Uu) =0, +Uc(®) ,
The current in the circuit loop function of time _Q Q* _ e
i(t) = —Isin(wt+¢) = —wQ sin(wt +¢) () =5 sin(wt+ ) +orcos*(wt+ ) =7
The potential on the inductor function of time The reIatlon between capacitor charge and current
. Ldi_0 U(t)_Q2 cve LI q2+Li2_Cv2+Li2
1) = —a—ECOS(“’H‘d’) 2C 2 2 2C ' 2 2 2
The potential on the capacitor function of time The power stored by the inductor function of time
t 1Q
Ve =20 = Leogwe+g) PL(®) = i() V,(O) = 5 osin(2(w t + )
The energy storedLin. t?giznducQt(ZJr function of time _ I—sin(Z (0t +¢))
[
U,(t) = L2 =— smz(a) t+¢) The power stored by the capacitor function of time
. I
The energy stored in Eh;zzcapaQaztor function of time P-(t) =i(t) Ve(t) = —gsm(Z (wt+¢))
_ 4t 2 Y
Ue®) ==57—=ggcos’@t+d) =—-sin2(@t +¢))
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RLC Circuits

RLC Circuits contain one or more resistors R ,one or more inductors L, and one or more capacitances C.

Linitial 1 w 1 27
tan ¢ = —mdal o - v T=""—2aVIC
¢ W' Ginitial VL C f 2n 2n+LC w w' =

Some maxima and minima can occur at certain time instances:
. 2 —
At the time of four quarter full cycle phase (w' t + ¢) = (2 n) mworwhen t = ( nh,r ¢

w
Inductor has maximum potential V; = V, Capacitor has maximum potential V- = V/, Circuit has minimum currenti = 0

Charge on the capacitor is a maximum g = Q and the Electric Field between the plates is at a maximum E = E,,, ;.
Current through the inductor is a minimum i = 0 and the Magnetic Field between the plates is at a minimum B = 0

1
. @2n+) n—¢
At the time of one quarter cycle phase (w' t + ¢) = (2 n + %) 1 orwhent = +

Inductor has minimum potential I/, = 0, Capacitor has minimum potential /- = 0, Circuit has maximum current i = |
Charge on the capacitor is a minimum g = 0 and the Electric Field between the plates is at a minimum £ = 0

Current through the inductor is a maximum i = [ and the Magnetic Field between the plates is at a maximum B = B,

At the time of two quarter half cycle phase (w' t + ¢) = (2n+ 1) morwhent = M

w

Inductor has maximum potential IV, = V/, Capacitor has maximum potential I/~ = V/, Circuit has minimum currenti = 0
Charge on the capacitor is a maximum g = Q and the Electric Field between the plates is at a maximum E = E,,, ;.
Current through the inductor is a minimum i = 0 and the Magnetic Field between the plates is at a minimum B = 0

3 @n+d)n-¢
At the time of three quarter cycle phase (w' t + ¢) = (2 n + E) morwhent = +
Inductor has minimum potential I/, = 0, Capacitor has minimum potential I/~ = 0, Circuit has maximum current i = |
Charge on the capacitor is a minimum g = 0 and the Electric Field between the plates is at a minimum £ = 0
Current through the inductor is a maximum i = I and the Magnetic Field between the plates is at a maximum B = B,

Single Loop RLC Circuit
A Single Loop RLC Circuit contains one or more resistors R ,one or more inductors L, and one or more capacitances C.all
in a single loop. For multiple elements use R;,:q1, Ltotar, and Ciorq1 fOr the resistance, capacitance, and inductance in:

Series

RtOtal:Z‘Rj:R1+R2+‘“+RTL LtOl’al:ZLj:L1+L2+.'.+LTl L_O/D_T
c (1)1 LI +1—1 v = 5L +C
total —{ZC—} —{ZC— C_z C_n} T |

n 1
Parallel R
— -1

Rtotal = {ZRLH} ' = {i+Ri2+ +é} Ltotal = {ZL_H}_l = {—+_ + -+ _}_1

= 3
Ctotal = ZC] = Cl + CZ + oo + CTl

Capacitor or Inductor initially charged by a battery § then removed

The charge on the capacitor function of time
R

q.(t) = Qe 2L cos(w't+ ¢)
The potential on the inductor function of time

~

V. (t) = Ldi—Q _% "t+
L) = =T e cos(w d)
The potential on the capacitor function of time

qc(t) Q _Rt

Ve(t) = a = r e 2L cos(w' t+ ¢)

The total energy stored in the circuit function of time
u) = UL(tZ) +Uc(0)

Q* _Rt Q* _Rt
L sinz(w’t+¢)+ﬁe L cos?(w' t+¢) =

2 _Re
—_— L
U(t) > C e

2¢ ¢
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Series Circuit Elements with an Alternating Generator

All elements receive the same alternating current i(t) with current amplitude /
1dpp ~ 1d(NBAcosf)  NBAd(cosd) NBA

R dt R dt

i(t) _ S;inc;;wed - _ T

7 sin(8) = I sin(wgy t)

Alternating Generator has an alternating potential £(t) with potential amplitude &,

Single Circuit Element AC Circuits

§(t) = &msin(wg t + @)

A circuit element is one of a resistor, inductor, or capacitor. Each circuit element receives the same current as the
alternating current generator but has a different effect on the alternating current generator potential difference.

Single Loop Resistor R Circuit

Alternating Generator has an
alternating current i(t) with current
amplitude I. All resistors are in
series so receive the same
alternating current i(t) with current
amplitude /

i(t) =Isin(wgt)

Resistor with resistance R and
alternating potential v (t)
vr(t) =1R
vr(t) = I Rsin(wgy t)
vr(t) = Vg sin(wy t)

Resistor Amplitude Relation
Ve =IR

Alternating Generator has an
alternating potential {(t) with
potential amplitude &,
§(0) = vg(t)
&(t) =T Rsin(wy t)

Generator Amplitude Relations
émn=Vr=IR

Generator Potential Phase Angle

¢=0

Single Loop Inductor L Circuit

Alternating Generator has an
alternating current i(t) with current
amplitude I. All inductors are in
series so receive the same
alternating current i(t) with current
amplitude |

i(t) =Isin(wyt)

Inductor with inductance L and

alternating potential V, (t)
=1 di

% =L—

b dt

v (t) =LwgIcos(wyt)
T
v, (t) =V sin(wg t + E)

Inductor Amplitude Relation
VL - I (l)d L - IXL
Inductive Reactance X; = wy L

Alternating Generator has an
alternating potential £ (t) with
potential amplitude ¢,
$(t) = v, ()
&) =LwgIsin(wg t+ g)

Generator Amplitude Relations
Em:VLzlde:IXL

Generator Potential Phase Angle
s

v=3

Single Loop Capacitor C Circuit

Alternating Generator has an
alternating current i(t) with current
amplitude /. All capacitors are in
series so receive the same
alternating current i(t) with current
amplitude /

i(t) =1Isin(wyt)

Capacitor with capacitance C and
alternating potential V- (t)

q_17.
vc(t)zEz—Jtdt

ve(t) = 5

t
C cos(wg t)

T
Uc(t) = VC Sin((l)d t— E)

Capacitor Amplitude Relation

V =1X
€= g C c

1
(A)dC

Capacitive Reactance X, =

Alternating Generator has an
alternating potential £ (t) with
potential amplitude ¢,,

§(t) = ve(0)
R I
§(0) = oy cSin(wg t —2)

Generator Amplitude Relations
I

= =]X
Sm a)dC Cc

Generator Potential Phase Angle
T

v="3
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Series RLC Circuit

The circuit has a Natural Angular Frequency w, Natural Cycle Frequency f, and Natural Cycle Period T due to the
reactions of the Inductor and Capacitor to an Alternating Current

1 w=2mf _w__ 1 127, iT
VL C 2m 2n\LC f

The circuit has a Driver Angular Frequency w4, Driver Cycle Frequency f,, and Driver Cycle Period T,; due to the rotation
of the coils within the Alternating Generator

dao wg =27 fy Wq 1 2m
@a dt ¢ 2n d fd Wq
Alternating Generator has an alternating current i(t) with current amplitude / from Faradays Law of Induction
¢induced 1 dog 1 d(NBAcosf) NBA d(cosf) NBA
=" R dt R dt R dt g sin(®) =1Isin(wg O

Alternating Generator has an alternating potential £(t) with potential amplitude &,,,. The Alternating Generator current
i(t) and the Alternating Generator Potential £ (t) and the are out of phase by phase angle ¢

E(t) =&, sin(wg t) =1Z sin(wg t + @) v Em I
All elements receive the same alternating current i(t) with current amplitude / 0]
i(t) =1 sin(wg t) Vg
Resistor Potential as a function of time v, (t) with potential amplitude V Wyt

Vg(t) = Vg sin(wy t) = I R sin(wgy t)
Inductor Potential as a function of time v, (t) with potential amplitude V/;

v (t) =V, cos(wg t) =1 X, cos(wg t) Ve
Capacitor Potential as a function of time v (t) with potential amplitude V.

ve(t) = =Vecos(wg t — @) = —1 X cos(wy t)
Alternating Generator Potential as a function of time £(t) is equal to the total potential of all circuit elements

E@W)=vr(t) + ve(t) + v (t) =1R sin(wg t) + (I X, — I X;) cos(wg t)
E(t) =1T[R sin(wgy t) + (X, — X;) cos(wy t)]

Resistance and Reactance Definitions
The Resistance R is the influence due to a resistor in  which does not depend on the Driver Angular Frequency
If there are multiple resistors, use the total resistance R = Ry = 2 R; = Ry + R, ++ + R,
The Inductive Reactance X, in () is due to the polarity of an inductor within an AC circuit
X, =wy L V., =1X, v, =1X]
If there are multiple inductors, use the total inductance L = Lo = 2 L; = Ly + Ly + -+ + L,
The Capacitive Reactance X in Q is due to the polarity of a capacitor within an AC circuit

X_ 1 VCZIXC UC:iXC
¢ (I.)dC
. . . 1 1
If there are multiple capacitors, use the total capacitance C = Cypt00 = =+
g wtatta

Voltage, Resistance, Reactance, and Impedance Relations
The phasor diagram has right triangles that give relationships between the voltages or the reactances and impedance Z

The Voltage Phasor Triangle &, V. =V The Current Reduced Triangle Z X, —Xc

Ve R

Generator Potential Amplitude &, = JVRZ + (V, = V)2 Impedance Z = /R + (X, — X¢)?

ém=12Z Ve =1IR V., =1X; Ve =1X, Vg = &, cos(¢) V., — Ve =&, sin(¢)
I Current Amp or RMS &, Circuit Potential Amp or RMS
Vr Resistor Potential Amp or RMS I/, Inductor Potential Amp or RMS V- Capacitor Potential Amp or RMS
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Phase and Phase Angle

The Phase is the function of time quantity appearing within the alternating current and potential terms.

Phase = wgt — ¢

The Phase Angle ¢ is the part of Phase representing shift of the current equation from the potential equation in radians

X, —Xe Vi —Ve

t. = =
an ¢ R v

_ Vg R
cosqb—gm—z

Some of the results of the value of the phase angle are tabulated below:

¢ > 0 More Inductive Circuit ELI
Occurs whenever either or both:
1) There is no capacitor X, = 0 in
the circuit

2) The Driver Angular Frequency is
greater in value than the Natural
Angular Frequency

ELI The Generator Potential (t)
reaches its amplitude at a time
before the Generator Current i(t)

Phase Angle

0< <7T
¢ 2

Angular Frequency Relation
Wq > w
1
Wq > —

VL C

Reactance Relation
X, > Xc

Alternating Generator has an
alternating current i(t) with
current amplitude /. All elements
are in series so receive the same
alternating current i(t) with
current amplitude /

i(t) =Isin(wgt)

Alternating Generator has an
alternating potential £ (t) with
potential amplitude &,

§(t) = & sin(wg t + @)

Impedance Relations
Z=R? + (X, — X¢)?
Z>R

Amplitude Relation
Em=12

WWW.GRADEPEAK.COM

¢ = 0 Resonance Circuit RES
Occurs whenever either or both:
1) There is no inductor X; = 0 and
no capacitor X = 0 in the circuit
2) The Driver Angular Frequency is
exactly the same value as the
Natural Angular Frequency

RES The Generator Potential £(t)
reaches its amplitude at the same
time as the Generator Current i(t)

Phase Angle
=0

Angular Frequency Relation
Wg = w

Reactance Relation
X, =X¢

Alternating Generator has an
alternating current i(t) with
current amplitude /. All elements
are in series so receive the same
alternating current i(t) with
current amplitude /

i(t) =Isin(wg t)

Alternating Generator has an
alternating potential £ (t) with
potential amplitude &,

§(t) = $msin(wg t + @)

Impedance Relations
Z =R + (X, - X¢)?
Z =R

Amplitude Relation
En=1Z=1IR

sing =

Vi —Ve _ XL —Xc
Sm Z

¢ < 0 More Capacitive Circuit ICE
Occurs whenever either or both:
1) There is no inductor X; = 0 in
the circuit

2) The Driver Angular Frequency is
lesser in value than the Natural
Angular Frequency

ICE The Generator Potential £(t)
reaches its amplitude at a time
after the Generator Current i(t)

Phase Angle
T
=< <0
5 <¢

Angular Frequency Relation
Wq <w
1
Wq < —

VL C

Reactance Relation
X, < Xc

Alternating Generator has an
alternating current i(t) with
current amplitude /. All elements
are in series so receive the same
alternating current i(t) with
current amplitude /

i(t) =Isin(wgt)

Alternating Generator has an
alternating potential £ (t) with
potential amplitude &,

§(t) = & sin(wg t + @)

Impedance Relations
Z =JR? + (X, — X¢)?
Z>R

Amplitude Relation
Em=1Z
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Root Mean Square (RMS) Values in AC Circuits

Any value that follows a sine, cosine, or sine-cosine combo function will oscillate with an equal amplitude around an
equilibrium value of zero. The value will have a maximum value of the positive amplitude and a minimum value of the
negative amplitude. Due to symmetry, the average of the value of the function will be zero over one complete cycle.
However, the energy output of the circuit elements will not be zero over the cycle and must instead be calculated using
the non-polarity average of the value over one cycle, a value known as the Root Mean Square (RMS) Value.

I _Sm

Irms = ﬁ $rms = ﬁ

The Root Mean Square Value of a sine, cosine, or sine-cosine combo function will always be the amplitude divided by V2

Power in AC Circuits
The power or rate of energy transmitted or dissipated by any circuit element in an AC circuit is an alternating function of
time. The average power or rate of energy for that circuit element is over one full cycle.

Power Factor = cos ¢

. . . 1
Pgenerator(t) = i(t) §(t) =1 &, sin(wg t) sin(wg t + ¢) Pgenerator average = Irms $rms COS = 2 I ¢y cosg
. . 1
Presistor = l(t)z R=I*R Slnz(wd t) Presistor Average = Irzms R = 2 I?R = Lrms $rms COS = 2 [ &y cosg
PCapacitor = PCapacitor Average — 0 Prnauctor = Pmauctor Average — 0

The Average Power of the Capacitor and the Inductor over one full cycle will be zero, as they are conservative elements.

Transformers

Transformers are devices that are used to change the values of potential and current within a circuit

while transferring power. The Transformer is made of two inductors wound around the same iron

core. Creating a changing magnetic flux in the primary (input) coil then links to the secondary coil H?
and creates an induced potential and current in the secondary (output) coil. This is a perfect energy ——  —
transfer so the power of the secondary coil will equal the power of the primary coil. A Transformer

requires changing flux to operate properly; it only functions for AC power sources and NOT DC power sources. The
potential and current will change inversely within a Transformer, so one will increase and the other will decrease.

A Step Up Transformer increases the Secondary Potential I’s > I/, and decreases the Secondary Current I < I, by
having the number of turns within the Secondary coil be greater than the number of turns in the Primary coil Ny > Np
Step Down Transformer decreases the Secondary Potential /s < Vp and increases the Secondary Current I > I by
having the number of turns within the Secondary coil be lesser than the number of turns in the Primary coil Ng > Np

The relations between the Primary and Secondary Potential and Current Amplitudes

_yv S _ g P Vs =Is RSecondary Total Vp =1Ip RTransformer Effective
Vs =Vp Is=1Ip

The relations between the effective Transformer Resistance Ry, q, former g7 fective due to the actual Secondary Total
Resistance Rseconaary rotar Within the turns and branches of the Secondary Circuit

Np\?
RTranformer Effective — N RSecondary Total
S

Where the Secondary Total Resistance Rs.condary Totar €N be found using Series or Parallel concepts

RSecondaryTotal :ZRj:R1+R2+R3+”'+Rn Rs dary Total = 1 _ 1
econdary Tota 1 1 1

The effective Primary Resistance Rr,qnformer 5 fective 1S Used for the resistance of the Transformer within an AC circuit

gm Primary Input — [Secondary Output RTransformer Effective
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Maxwell Equations
The Maxwell Equations are the four fundamental equations completely describing the Electric and Magnetic Fields

‘%E'dfT:qenc fﬁ'd§= _dq)B’

& dt

- . - d
jEB-dAZO fB-ds=,uOso%+,uoienc

Gauss Electric Law of the Static Electric Field
Gauss Electric Law is a special case of the flux integral definition for a closed surface, which is a surface that completely
encloses a volume and has no holes in it. By closing the surface or enclosing the volume all field lines that enter or leave

that inside region must pass through the surface. In this case the flux integral equals to a third value:
3

= rd Qenc Tcharge enclosed Qtotal . . . .
bp = jEE “dA = - E (4 I rszurface) =— g - if E is symmetric around the object
o] rcharge total o
If the point of measurement is inside the charge region, then the result is Tpath = Vcharge enclosed < Tcharge total
If the point of measurement is outside the charge region, then the result is T charge enclosed = Tcharge total < Tpath

A is the area magnitude of the surface that contains electric field lines

The d A vector is always perpendicular to and pointed outward from the surface. Outgoing field lines make positive flux

&g and ingoing field lines make negative flux ¢ . The surface enclosing the electric field does not need to be physical.

Gauss Magnetic Law of the Static Magnetic Field

Gauss'’ Law is a special case of t héashrfade that domptetehgenciases d e f
a volume and has no holes in it. By closing the surface or enclosing the volume all field lines that enter or leave that

inside region must pass through the surface. In this case the flux integral equals to a third value of zero:

b = jg B-dd=0 There are no magnetic monopoles and magnetic fields always form closed loops only

A is the area magnitude of the surface that contains magnetic field lines

The dA vector is always perpendicular to and pointed outward from the surface. Outgoing field lines make positive flux
&g and ingoing field lines make negative flux & 5. The surface enclosing the magnetic field does not need to be physical.
Faradays Law of Induced Electric Fields

Relation of an induced electric field propagating in closed circular paths around a region of changing magnetic flux.

= - d(l)B Tﬁ field enclosed dCDB 2 dB
$inducea = jg E-ds= T E (2 U Tpath) = rgﬂeld o dt = TUTB field enclosed dr
If the point of measurement is inside the B field region, then the result is Tpath = TB field enclosed < TB field total
If the point of measurement is outside the B field region, then the result is TB field enclosed = TB field total < Vpath

Ampere Maxwell Law of Induced Magnetic Fields
Relation of an induced magnetic field propagating in closed circular paths around a region of changing electric flux.

2 2
= dog TE field enclosed ddpg T
= . current enclosed .
%B “ds = g & dt + Uo lenc B (2 T rpath) = Ho €o 2 dt + U 2 ltotal
Tg field total Tcurrent total
2
B(2 _ 2 dE Tcurrent enclosed .
( T rpath) = Ho €0 T TE field enclosed E + Uo 2 ltotal

Tcurrent total

If the point of measurement is inside the E field region, then the result is Tpath = TE field enclosed < TE field total

If the point of measurement is outside the E field region, then the result is TE field enclosed = TE field total < Tpath

Displacement Current
The changing electric flux term from the Ampere Maxwell Law has units of amperes like current and is often described
as the current that displaces the enclosed current i,,,. and is therefore named the displacement current i,

2 2
— TE £ T
- . . E field enclosed . current enclosed .
fB “dS = poig + Uo lenc B (2 T rpath) = HUo 2 ld total T Ho 2 ltotal
Tg field total Tcurrent total
2 . .
dq)E dE . Tg field enclosed . di di dq . av

; 2
lg= € =& TE ¢; —= i —e.p—=R(C —=—"_=(C —
d 0 T4t 0 L TE field enclosed "y d total oP dt dt _ dt dt

2
TE field total
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