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Nomenclature!
a acceleration m/s’
a unit vector -
A, A area m?
B,B magnetic flux density T (Wb/m?)
c speed of light, 2.9979 x 10° m/s
C capacitance F
d distance m
D,D electric flux density C/m?
e charge of an electron, —1.6022 x 107 C
E.E electric field strength V/m
F F force N
G conductance S (A/V)
G universal gravitational constant, 6.672x 10! N-m?*/kg”
h Planck’s constant, 6.6256 x 10~ J-s
H H magnetic field strength A/m
i variable current A
11 constant or rms current A
J,J current density A/m?
k electrostatic proportionality constant, 8 987 x 10° N-m*/C*
1 length m
/ azimuthal quantum number -
L inductance H
m mass kg
m spatial quantum number -
Mms, S spin quantum number -
MM magnetization A/m
M mutual induction H
n principle quantum number -
N number of turns -
p pole strength Wb (N/T)
p" charge on a proton, 1.6022x10™" C
P polarization C/m?
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' Not all the nomenclature, symbols, or subscripts may be used in this course—but they are related and may be found
when reviewing the references listed for further information. Further, all the nomenclature, symbols, or subscripts will
be found in of many electrical courses (on SunCam, PDH Academy, and also in many texts). For guidance on
nomenclature, symbols, and electrical graphics: IEEE 280-2021. IEEE Standard Letter Symbols for Quantities Used
in Electrical Science and Electrical Engineering. New York: IEEE; and IEEE 315-1975. Graphic Symbols for

Electrical and Electronics Diagrams. New York: IEEE, approved 1975, reaffirmed 1993.
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q, O charge C
rr radius m
R ratio -

R resistance Q
Ror R reluctance A/Wb
5 S surface area m?
S clastance 1/F
t thickness m
t time S

u energy density J/m?
U energy J
vorv variable voltage Vvolume
vV constant or rms voltage \Y
v,V velocity* m/s
Vvolume volume m?

*Velocity is often used in tests where it would be more technically correct to us “speed”.
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Velocity is a vector with speed as its magnitude.
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Symbols
I' | reciprocal inductance 1/H
permittivity F/m (C2 /N -mz)
€0 | permittivity of free-space, 8.854x 1072 | F/m (Cz /N -mz)
6 | angle degrees
A | flux linkage Wb
4 | mobility m%/V-s
4 | permeability H/m (N / Az)
Ho | free-space permeability, 1.2566 x 107 H/m (N / Az)
p | charge density C/m?
o | conductivity S‘m
¢, @ | magnetic flux Wb
X | susceptibility -
w, ¥ | electric flux C
@ | angular velocity rad/s

Subscripts

T
NS}

From 1 to 2
Or effect on 2 caused by the field on 1

)
<
o

average

conduction

cast iron

displacement drift

electric

line

magnetic

mean

~ 33 |~ |80

relative
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COURSE INTRODUCTION

The theoretical information is primarily from the author’s books, Refs. [A] and [B]. The NESC
Ref. [C] and NEC Ref. [D] though not covered in this course are useful sources for electrical
engineers. Information useful in many aspects of electric engineering may be found in [E] and [F].
Reference [G] has detailed descriptions of analysis techniques. Reference [H] covers many terms
in EE with excellent definitions and explanations. References [I] and [J] provide indepth
information on magnetics, though one should use the latest versions or similar references. The
appendices cover information useful in many engineering tasks with App. H focused on this course
and provides a side by side comparison of electric and magnetic equations.

PART 5: MAGNETOSTATICS

Magnetic Poles

Mobile charges set in motion by an electric field carry their own electric fields with them. The
subsequent three-dimensional field can be resolved into longitudinal and transverse components,
referenced to the direction of motion. The transverse fields produce magnetic forces between
moving charges. This force also acts between the conductors in which the charges move. It is this
force that constitutes the basis for motor and generator theory in electric power engineering.
Moving charges represented by the current, i, and the magnetic field established by their motion
are shown in Fig. 10(a). Another completely valid view of the same situation is shown in Fig.
10(b). If the charges move with a uniform motion, the field is referred to as magnetostatic. If the
charges move nonuniformly, the field is referred to as magnetokinetic.

*The symbol “® indicates the current flows into the page. The symhbol
“@” indicates flow out of the page. That is, the dot indicates the head
of an arrow and the “®” represents the tail. Assume positive current
flow. This correlates with the right-hand rule that states that placing
the thumb in the direction of the current flow and curling the fingers
inward gives the direction of the magenetic field.

Figure 10: Magnetic Fields of Moving Charges
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A magnetic field can exist only with two equal and opposite poles, referred to as the north pole
and the south pole.> The combination of the north and south poles linked together is referred to as
a dipole. The magnetic dipole moment, m, depends on the pole strength, p, and the distance
between the poles.

Equation 42: Magnetic Dipole Moment
m= pd

The magnetic moment is a mathematical construct. Because the poles cannot be separated for
measurement, the distance, d, is not measurable. Nevertheless, the magnetic moment is an
important and fundamental quantity, and it can be measured. Magnetic moments are measured in
terms of Bohr magnetons. In ferromagnetic material, a Bohr magneton is the moment produced by
one unpaired electron, which is equivalent to 9.24 x 10727 A-m?.

Figure 10(c) represents a loop of current creating a magnetic field. As the diameter of the current

loop becomes infinitely small, the field approaches that of a magnetic dipole. A magnetic dipole
field is shown in Fig. 11.

Figure 11: Magnetic Dipole Field

The infinitely small loop of current can be viewed as a single electron moving in an orbit. Hence,
the magnetic moments of individual atoms and the usefulness of the Bohr magneton.?

For ease of presentation, and because in magnetic materials many groups of atoms tend to align
themselves into domains, individual electrons or loops of current are not usually shown. Instead

2 An electric charge can exist as a single charged object. Magnetic poles cannot exist as single north or south poles.
(Mathematically there is no reason for the nonexistence of such a magnetic monopole, but none has yet been found.)
3 It was Ampére who suggested over a hundred years ago that the magnetism observed in materials was caused by
“molecular currents.”

www.SunCam.com Copyright® 2025 John A Camara Page 9 of 44



615.pdf

S

A SunCam Online Continuing Education Course

they are more often shown as in Fig. 12, which illustrates the standard convention that lines of
magnetic flux are directed outward from the north pole (that is, the magnetic source), and inward
at the south pole (that is, the magnetic sink).

A
-
N

=2
(2]

Figure 12: Typical Magnetic Field

Biot-Savart Law

The Biot-Savart law is basic to magnetostatics and magnetokinetics just as Coulomb’s law is
basic to electrostatics and electrokinetics. The law, in conjunction with Ampeére’s law, relates the
force Fi-2between two current elements as in Eq. 43.

Equation 43: Biot-Savart Law

P _i((lzdlz)x(lldll)xrl_z\

1-2 2
A7 r,

The term u is the magnetic permeability and ri-21s a unit vector from the point represented by
differential current element dli to dl>.* Both current elements are in the magnetic field of the
other. For parallel currents, Eq. 43 becomes

Equation 44: Biot Savart for Parallel Currents

-2

7]
F = 47[’_2 IICHIIZCHZ

4 The magnetic permeability, x, can only be used where one is operating over a linear region of the BH curve. If not,
the magnetic permeability of free space, uo, should be used in its place. For hard ferromagnetic materials, B and M
are directly related and u need not be used.
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Because differential elements of current cannot be isolated, Eq. 43 and Eq. 44 are of use only
when integrated over the entire path of the currents /1 and /2. The situation described by Eq. 43

and Eq. 44 is shown in Fig. 13.
Idl, Ldl,
\( W

Figure 13: Magnetic Forces Between Current Elements

The magnetic force between two moving charges is given by Eq. 45. A specific case is shown in
Fig. 13.

Equation 45: Magnetic Force between Moving Charges

)
F12 471'LQ1Q2JV x(lerH)

If the charges are moving parallel to one another, the maximum magnetic force is

Equation 46: Magnetic Force between Parallel Charges

;00"

4Jrr

Comparison of Magnetic and Electric Force

The maximum coulombic force between moving charges in free space can be deduced from Eq.
3 to be

Equation 47: Maximum Coulombic Force

_ 99

Ame '’

e

The maximum magnetic force between moving charges in free space can be deduced from Eq. 45
to be
Equation 48: Maximum Magnetic Force

A

4Jrr
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Comparing the maximum magnetic force Fi» to the maximum electric force Fe gives

Equation 49: Ratio of Maximum Magnetic Force to Maximum Electric Force
F

m __ 2
?—SO[IOV

Consider Eq. 49. In electrical engineering practice, the velocities of electrons are much less than
the velocity of light, therefore the magnetic force is much weaker than the electric force.
Additionally, the speed of light squared is fundamentally related to magnetic permeability and the
electric permittivity as follows.

Equation 50: Speed of Light Relationship
1
=
luogo

Finally, the magnetic force can be viewed as the electric force multiplied by the factor (v/c)?. That
is, the magnetic force is a result of charges in relative motion

Equation 51: Magnetic Force versus Electric Force

rr(Y)

The magnetic and electric forces on two reference charges moving in parallel are shown in Fig.
14.

Figure 14: Magnetic and Electric Forces on Moving Charges
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Magnetic Superposition

Magnetic forces occur as a result of the interaction of a pair of current-carrying conductors or the
equivalent. One sets up the magnetic field and the other exhibits a force reaction to this same
magnetic field. In free space and most nonmagnetic materials, the magnitude of the magnetic field
is proportional to the total current that sets up the field as long as the permeability of the medium
is constant. However, this is not true for iron and other ferromagnetic materials. Therefore, in
general, the principle of linear superposition does not apply to current-carrying conductors in the
vicinity of ferromagnetic materials.

Magnetic Fields

A magnetic field is a region in which a moving electric charge exerts a measurable force on another
moving charge. It is a vector force field because a moving test charge placed in the field will
experience a force in a given direction and with a specific magnitude. The direction of the field is
along the flux lines, which are perpendicular to the current (that is, the moving charges creating
the magnetic field). These lines, ideally, represent the direction of the force exerted on an infinitely
small, isolated positive test charge moving with speed v. The actual direction is represented by the
unit vector a. Equation 52 represents the strength of the B-field, or the magnetic flux density, in a
substance with permeability u at a distance » from current element dl that gives the direction of
one turn, N, of the total current, 1.5 The denominator, 47r?, represents the surface area of a sphere
centered on the current element dl whose surface just touches the point in space where the B-field
is being evaluated. Specific configurations may be evaluated with Eq. 52 by changing B to dB and
[ to dl and integrating.

Equation 52: The B Field

B should not be called the magnetic field strength. Magnetic field strength is designated by H.°
Although H, which will be defined later, is directly related to the current / (as E is directly related
to the charge), the fundamental field is B, as B enters into the force relations (as E enters into the

5 The B field has two sources. One is the current, and the other is the magnetization, M.

¢ For historical reasons, the concept of the B field in terms of magnetic flux density developed first, prior to the concept
of a field or field strength H. The names are opposites of those used when discussing electric quantities. Nevertheless,
B is analogous to E, and H is analogous to D.
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force relations in electrokinetics). B is analogous with E, and H is analogous with D. This is true
though a review of the units in each case would seem to indicate otherwise.

The amount of magnetic flux in a magnetic field is symbolized by @ or by the commonly used o,
both measured in webers (Wb). The magnetic flux density, B, is measured in teslas (T). One T is
equivalent to 1 Wb/m?. B is also known as the magnetic induction, the intensity of magnetization,
and the dipole moment per unit volume.” B is given in terms of the flux in Eq. 53 and Eq. 54.

Equation 53: Magnitude of B

Bﬂﬂ=%

Equation 54: The B Field in Terms of Flux

B=£a

A

Permeability and Susceptibility

The behavior and magnitude of magnetic forces between moving charges depend on the
environment in which the moving charges are located. The largest magnetic forces occur in
ferromagnetic materials. Another way of viewing this phenomenon is to say that magnetic flux
does not pass equally through all materials. In fact, diamagnetic material repels magnets.

The permeability of free space (free space is a vacuum), uo, represents the magnetic properties of
free space. However, it is better regarded as a constant relating the units in mechanical and
electromagnetic systems. 1.2566 x 10" N/A? = 45 x 1077 N/A? (H/m) is the value for uo in the SI
system. The product of the permeability of free space and the relative permeability of a medium
gives the permeability of the medium.

Equation 55: Permeability
K=K H

Permeability is often defined in terms of the magnetic flux density and the magnetic field strength
necessary to create it, as in Eq. 56.

7 The word “induction” stems from an earlier era. When an unmagnetized piece of iron was brought near a magnet,
magnetic poles were said to be “induced” in the iron
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Equation 56: Permeability using B and H
B

#=E

When B and H are not parallel, the permeability, x, is a tensor. In general, when losses occur within
a material, the permeability becomes a complex number and curves that show the variations in the
real and imaginary terms are called the magnetic spectrum or permeability spectrum of the
material.

The permeability can also be expressed as follows.

Equation 57: Permeability using Susceptibility
H=H, (1+ x,,,)

The term ymis a dimensionless quantity called the magnetic susceptibility. Magnetic susceptibility
is a measure of the alignment in a magnetic material. It is also the ratio of the magnetization, M,
to the external applied magnetic field, H.

Equation 58: Magnetic Susceptibility
M

ZZE

For diamagnetic and paramagnetic materials, the susceptibility is essentially constant. For
ferromagnetic materials, the susceptibility is nonlinear with respect to the applied field, as shown
in Fig. 2 of Course 1.

Magnetic Flux

The magnetic flux, ¥m, or more correctly, @, is defined as the surface integral of the normal
component of the magnetic flux density, B, over an area, 4, and is given by Eq. 59.

Equation 59: Magnetic Flux
=¥, =|[B-dA
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It is also useful to define the flux, ¢, as the magnetic lines of force in a region.® In this case, the
flux is given by Eq. 60, with N representing the number of complete turns of closely spaced
conductors of length / carrying current /. The term NI in Eq. 60 is sometimes referred to as the
magnetomotive force (mmf or preferably Fum).

Equation 60: Magnetic Flux
¢=uNIl = BA

The orientation of the magnetic field lines and magnetic flux lines depends on the properties of the
material, specifically the permeability. By convention, the flux lines exit the north pole as given
by the right-hand rule.’ The magnetic field lines always form closed loops. They do not terminate
on anything but themselves (see Fig. 10 and Fig. 11). Since no magnetic charges exist, the magnetic
flux on a closed sphere (or any closed surface) is equal to zero.

Magnetic Field Strength

The magnetic field strength, H, in units of A/m, is derived from the magnetic flux density.

Equation 61: magnetic Field Strength

1
H=-B

y7,

The magnetic field strength is a vector point function whose curl is the current density. Because it
is proportional to the magnetic flux density in regions where no magnetized substances exist, and
because the cgs system units define H in terms of lines of flux per unit area, H is referred to as the
magnetic flux density in texts on magnetic theory. This explains its correlation with the electric
flux density, D." When using the SI system of units, H should be referred to only as the magnetic
field strength.

8 The symbol for the flux, ¥m, does not necessarily have to change. It is shown here as commonly used, ¢. The
standard symbol for magnetic flux is ®. The additional symbols are used to alert the reader to the range of symbols
that may be encountered.

% In the case of straight wire, the thumb indicates the current direction and the fingers curl in the direction of the
magnetic field. For a coil of wire, the fingers curl in the direction of the positive current flow and the thumb points in
the direction of the magnetic field direction. The thumb points toward the north pole.

10 There are other reasons that H is analogous to D. For instance, D is used to avoid direct reference to polarization
charges and the polarization, P. It is then easier to work with E and D. H is used to avoid direct reference to the
magnetization, M. It is then easier to work with B and H.
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The magnetic field and inductance for various configurations are given in Table 8.

Table 8: Magnetic Field and Inductance for Various Configurations

Z| straight infinite conductor

H= % [center of coil only]

infinite cylindrical coil helix (solenoid)

2r I

H=2 U

Bt 4o

torus (toroidal coil)

parallel transmission lines (high frequencies)

.

[/ . _ 2[ |directly between
wd

! H=rd wires only
/ 1 L_w, d—a
\/4\ Tf?lnT [d>>a]
2a {4

Example 8

A long wire with a radius of 0.001 m carries 30 A of current. What are the magnetic field strength
and the magnetic flux density 0.01 m from the surface of the wire? (This is roughly equivalent to
asking what are the magnetic field strength and flux density at the inside surface of a conduit that
contains a 10 AWG copper wire which is carrying the maximum current allowed by the National

Electrical Code.)

Solution
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From Table 8, the magnetic field strength is

_ L 0A _43406 2
27r 275(0.001m+0.01m) m

From Eq. 56, using the permeability of free space, the flux density is

B=uH= {47; x1077 %} {434.06 %} =545x10" T

Gauss’ Law for Magnetic Flux

A law similar to Gauss’ law for electric flux can be written for magnetic flux. Such a law states
that the amount of flux passing through any closed surface is equal to zero.

Equation 62: Gauss’ Law for Magnetic Flux
=y, =|[[B-dA=0

The physical significance of Eq. 62 is that magnetic flux lines form continuous closed loops.
Additionally, this indicates that the divergence of any magnetic field is zero. In other words, no
magnetic charge exists. The law refers to magnetic flux rather than magnetostatics as it is also
applicable to time-varying magnetic fields (that is, magnetokinetics).

Inductance and Reciprocal Inductance

When charges are in motion, a current is said to be flowing and a magnetic field is established.
When the current varies with time, the generated magnetic field opposes the current change and in
doing so “stores” energy in the magnetic field. Inductance, L, is the property of a system of
conductors and circuits that permits this storage.

If a time-varying current is applied to a conductor, usually in the form of a coil of wire, the

magnetic field builds up, producing a potential difference across the ends of the conductor. The
amount of potential, v, is proportional to the magnitude of the rate of change of current. The
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proportionality constant is called the inductance, L, and is measured in henries, H. This is shown
in Eq. 63."

Equation 63: Inductance
di
dt

v=1L

The reciprocal inductance, 1", a seldom used term, is the reciprocal of the inductance.

Equation 64 Reciprocal Inductance

r-1
L

The type of inductance just described is also called self-inductance. It can also be described in
terms of flux linkage, A (measured in Wb). Flux linkage is defined as the lines of flux that link the
entire magnetic circuit. For example, in Fig. 15 the “linked flux” is the flux through the center of
the solenoid that links the current flows of all the wire turns (the small flux loops around each turn
of wire are ignored). Using this definition, the inductance would be given by Eq. 65.

Equation 65: Self Inductance

turns,

cw (O
of wire
\

linked
flux

Figure 15: Magnetic Flux Links in a Solenoid

Mutual inductance, M, vital to transformer theory, is the term used to describe the fact that a
changing current in one circuit induces an electromotive force in another. It is given by Eq. 66,
where A represents the flux links in one winding and / is the current in the other winding.

! This equation technically belongs in Part 6 of this chapter. It is often stated as the definition of inductance and is
used here for that reason.
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oA

M=
ol

Inductors

An inductor is a device that stores magnetic energy. It typically consists of coils of wire with a
core material in the center, which can be air. A common type of inductor consists of N turns of
wire with radius 7 and an iron core center with permeability u. This type of inductor is called a
solenoid, and its inductance is determined by Eq. 67.

Equation 67: Solenoid Inductance
NzAmil
l

L=pu

The formula for the inductance of other configuration is given in Table 8.

The total energy, U (in joules), in a magnetic field of an inductor with inductance L and current /
is
Equation 68: Energy in an Inductor

1772
U=1L
For an inductor in series, the total inductance is

Equation 69: Inductors in Series
L=L+L+L+-+L

total

For inductors in parallel, the reciprocal of the total inductance is

Equation 70: Inductors in Parallel

I 111 1
e
L. L L L L

Energy Density in a Magnetic Field

The average energy (in joules) in a magnetic field is
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Equation 71: Energy in Magnetic Field
Uave = %¢Nl

The average energy density at any point in this magnetic field is

Equation 72: Energy Density in Magnetic Field
U, , B

volume

ave

The average energy stored in inductors that are mutually coupled is given by Eq. 73. Here M is
the mutual inductance (with units of henries) and /1 and /> represent the currents in the two
inductors.

Equation 73: Energy in Mutually Coupled Inductors
U, =Ml

ave

PART 6: MAGNETOKINETICS

Speed and Direction of Charge Carriers

A positive free charge moving with velocity, v, in a magnetic field experiences a force given by
Eq. 74.

Equation 74: Magnetic Field Force
F=0vxB

The magnetic force can change a charge’s direction but not its kinetic energy. This is in
contrast to the force the charge experiences in an electric field, which does work on the charge
and therefore changes its kinetic energy.'?

If there are many charges flowing through a conductor in a magnetic field, that is, if a current-
carrying conductor exists in an external magnetic field, the differential force equation is

12 Consider that if a charge is not in motion with respect to a magnetic field, it cannot “see” the magnetic field and,
therefore, experiences no change in kinetic energy. A charge stationary with respect to an electric field can “see” the
field and, therefore, experiences a force that changes its kinetic energy.
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d¥ =(dg)(vxB)=(Idt)(vx B)=I(dIx B)

In Eq. 75, dl is a unit length in the direction of conventional (i.e., positive) current flow /. If the
conductor is straight and the magnetic field is constant along the length of the conductor, a
version of Ampere’s law results.

Equation 76: Ampere’s Law, General Magnetic
F = NIBlsm @

N represents the number of turns of current-carrying conductor in the magnetic field and 8 is the
angle between the conductor (i.e., the current element dl) and the magnetic field, B. If these are

at right angles, which is often the case, the force is represented by

Equation 77: Ampere’s Law, Right-Angle Magnetic
F = NIBI

The situations in Eq. 75 through Eq. 77 are illustrated in Fig. 16.

Figure 16: Conductor in a Magnetic Field

Care must be taken to properly interpret directions in the figure. If an external magnetic force is
applied in the direction shown, the conductor has a velocity in the same direction. Applying Eq.
74 then gives the direction of force on the charge carriers within the conductor—in this case, in
the direction of the current shown. This is the basis of generator theory. If instead a current is
applied to a loop of wire, of which the conductor represents one section, the velocity in Eq.74 is
in the direction of the charge carriers, that is, the direction of the current flow shown. In this case,
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the force given by Eq. 74 is in a direction opposite to the force arrow shown. This is the basis of
motor theory.

If a magnetic field, B, is uniform within a region and a charge has an initial velocity perpendicular
to this field, the resulting path of the particle is a circle of radius . The magnitude of the force is
determined by Eq. 74. Such a force would be directed toward the center of the circle. The
centripetal acceleration is of a magnitude w?r = v?*/r. Applying Newton’s second law gives the
following for the radius

Equation 78: Force in Uniform Magnetic Field
2

|Q|vB=mV—
-

Rearranging Eq. 78 gives

Equation 79: Radius of Charge in Uniform Magnetic Field
mv
y=—
o

When both electric and magnetic fields are in a given region at the same time, the force is given
by the Lorentz force equation, Eq. 80.

Equation 80: Lorentz Force Equation

F=Q(E+vxB)

Electromagnetic Oscillations and Waves

A time-varying electric field produces time-varying currents that generate magnetic fields. If the
electromagnetic variations are restricted to a small region, such as within a circuit, no spatial
variations of the field occur and electrical oscillations are produced. If the electromagnetic
variations are generated over large areas of space, compared to the wavelength of the oscillation,
electromagnetic waves are generated that propagate through space with a velocity given by

Equation 81: Propagation Velocity

sz
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When a conduction current generates the electromagnetic field, the magnetic field strength, H, is
proportional to the electric field strength, E, and an induction field is set up, keeping the energy
within the circuit. If the electromagnetic field is generated by a displacement current, the magnetic
field strength, H, is directly proportional to the rate of change of the electric field strength, dE/dt.
A radiation field is thereby created, and energy can leave the system (i.e., be radiated into space).

Electric and Magnetic Energy Conversion

Applying the law of conservation of energy to a lossless, energy-storing system in which charges
move in directed nonuniform motion means the sum of the instantaneous values of electric and
magnetic energy must remain constant. Changes in the electric energy necessarily mean changes
in the magnetic energy as given in Eq. 82.

Equation 82: Electric to Magnetic Conversion
Cfue = _dum

Voltage and the Magnetic Circuit

An electric potential or voltage is the work done on a unit charge to bring it from some specified
reference point to another point. The symbol Vis generally used for constant voltages and v is used
for time-varying systems. The unit is the vo/t with 1 V =1 J/C. By convention, current flows from
the positive terminal on a voltage source to the negative outside the source and from negative to
positive inside the source. Also by convention, the current flows from the positive terminal to the
negative terminal through a resistor.”® This situation is illustrated in Fig. 17 along with an
analogous magnetic circuit.

13 These directions are based on conventional current flow and are arbitrary. As long as one remains consistent when
choosing reference directions for both voltage and current, the correct results will be obtained.
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mean path
length, /

F,, =R

Figure 17 Magnetic-Electric Circuit Analogy

In a magnetic circuit, the flux density is proportional to the magnetomotive force (mmf), Fin, given
in Eq. 83.

Equation 83: Magnetomotive Force
F =IN

The magnetomotive force is in units of amp-turns. Turns, like revolutions or radians, are for
clarification only and can be disregarded in equation manipulations.

The reluctance, 9, measured in A/Wb, is analogous to electrical resistance and is given by

Equation 84: Reluctance

1
R=——

uA

The permeability depends on the flux density. Therefore, iterations between Eq. 84 and Eq. 83
may be needed if either the reluctance or flux density is an unknown.

The magnetic equation that correlates with Ohm’s law in electric circuits is

Equation 85: Ohm’s Law, Magnetic
F =Hl=¢R
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Example 9

A 0.001 m slice is taken from a cast-iron toroidal coil (- = 2000) with a 0.35 m mean toroidal
diameter and a 0.07 m core diameter. A steady unknown current flows through 300 turns of wire
wrapped around the coil, producing a constant flux density in the core and air gap.

What current is required to establish a flux of 107> Wb across the air gap?

>

/\0.001 m air gap

[
O 0.07m
!

cast-iron toroid

300 turns

Solution

The mean path length through the cast iron is
I,=(035m)-0.001m=1.0986 m

The cross-sectional area of the flux path is
A=22r* =" ="(0.07 m)’ =0.003848 m’
4 4

The total reluctance is the sum of the reluctances of the cast iron and air paths. From Eq. 84,

_r_ 151
sA  pA g
1 (1.0986 m 0.001 m]
[47: x 1077 ] (0_003848 mz) 2000 1
m

=3.204x10° A/'Wb

The flux, ¢, is given as 107> Wb. From Eq. 83, the magnetomotive force is
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Using Eqs. 83 and 85, the current is

(10*2 Wb){3.203x 10° %}

N 300 turns

Magnetic Field-Induced Voltage

When a conductor “cuts” lines of magnetic flux at a given rate, a voltage called the induced
electromotance, or electromotive force (emf) is produced in the conductor, as illustrated in Fig.
16. The magnitude of such an electromagnetic induction is given in Eq. 86, which is the
mathematical statement of Faraday’s law. Faraday’s law states that the induced voltage is
proportional to the time rate of change of the magnetic flux linked with the circuit. The minus sign
is mandated by Lenz’s law, which states that the current flow in a conductor caused by an induced
voltage moves in a direction that creates a magnetic flux that opposes the magnetic flux inducing
the voltage. More succinctly, the direction of the induced emf is such as to oppose any change in
current. This is a consequence of the law of conservation of energy. (The minus sign indicates this
opposing nature of the induced voltage. It is not shown in all equations. Instead, the polarity of the
voltage in the circuit indicates the opposition.)

Equation 86: Electromagnetic Induction—Faraday’s Law

y—-n2
dt

Because the magnetic flux linkage is given by A = N¢, and the induced voltage is the time rate of
change of these linkages, the induced voltage can be written in terms of the velocity of the
conductors.

Equation 87: Electromagnetic Induction—Conductor Speed

V=N@=NBI§=I\BIV
dt dt

In both Eq. 86 and Eq. 87, N is the number of conductors, / is the length of the conductor in the
magnetic field, and ds is the differential distance traveled by the conductor through the field (see
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Fig. 16). Equation 86 is the flux-changing method of generating a voltage. Equation 87 is the flux-
cutting method of generating a voltage.

Eddy Currents

Eddy currents, also known as Foucault currents, occur as a result of induced voltages in a
conducting medium by a varying magnetic field. Because the currents so induced cannot leave the
conducting medium, they “deflect” off the edges to form loops, or circulating currents. Such
currents result in Joule heating of the conducting medium and can result in considerable losses if
not adequately addressed in the design of the system.

Displacement Current Magnetic Effect

The displacement current explained in earlier occurs only in dielectrics and insulators. The
conduction electrons in these materials are tightly bound and cannot move freely through the
material. Nevertheless, the displacement current creates a magnetic field intensity, H, proportional
to the time rate of change of the electric field intensity, E, producing the displacement current. (By
contrast, in a conduction current, H and E are in time phase.) Because H is proportional to dE/dt,
and E is proportional to dH/dt, it is possible to generate electromagnetic waves in nonconducting
material.

Magnetic Hysteresis

Plotting the values of the magnetic flux density, B, for various values of the magnetic field
strength, or magnetizing force, H, for a ferromagnetic material reveals a nonlinear relationship.
This is illustrated in Fig. 18. The phenomenon causing values of B to lag behind H so that the
fields differ in magnitude is called hysteresis. The loop traces a complete cycle of BH values and
is termed the hysteresis loop.
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Figure 18: Magnetic Hysteresis

PART 7: ELECTROMAGNETIC COMPATIBILITY AND INTERFERENCE

Electromagnetic Compatibility and Interference: Overview

Electromagnetic compatibility (EMC) is the ability of electronic circuits or systems to operate in
the expected electromagnetic environment at the designed efficiency levels.

Electromagnetic interference (EMI) is an electromagnetic disturbance that causes the performance
of a device, piece of equipment, or system to degrade. If the electromagnetic disturbance comes
from an external source, it is called radiated EMI. When it comes from an internal source, it is
called conducted EMI.

Conducted EMI and radiated EMI can each be divided into two types of interference: continuous
wave (CW) and transient. A continuous wave is generally sinusoidal, and its oscillations repeat
under steady-state conditions. A transient wave is a pulse, a damped oscillation, or any other
temporary phenomenon resulting in a deviation from steady-state conditions.

A circuit, device, or system is electromagnetically compatible if it complies with the EMI
standards for another device that it will operate in or near (i.e., it is not expected to disturb the
operation of the other device).

EMC also encompasses EMI, which is the discipline of controlling the unintentional generation of
electromagnetic energy. The term radio frequency interference (RFI) was used prior to the term
EMI given that radiated interference was generally associated with the spectrum of radio waves.
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Standards for protecting against interference in electronic systems were first developed and
controlled by the military. The Federal Communications Commission (FCC) has since started
regulating digital products.

Sources of interference include lightning, relays, motors, fluorescent lights, transmitting radio
antenna, digital computers, and any circuit that pulses.'* Noise from these sources, whether
conducted or radiated, can prevent the proper operation of circuits. Additionally, noise decreases
the signal strength within the available bandwidth, resulting in potential errors. The throughput of
a communication schema is measured by the spectral efficiency, which is the information rate that
can be transmitted over a given bandwidth minus the bandwidth used by error correcting codes.
Spectral efficiency is measured in bits/s/Hz. Thus, the spectral efficiency is the net bit rate (bit/s)
per hertz of bandwidth.

Equation 88: Spectral Efficiency
R

.= Bw

A system is electromagnetically compatible if three general criteria are met:
* The system does not interfere with other systems.
* The system is not susceptible to interference from other systems.

* The system does not interfere with itself.

Crosstalk is one example of internal interference. The four basic EMI problems are shown in Fig.
19.

14 While not often thought of as a source of EMI, the pulses can be the 1 and 0 signals used inside computers.
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Figure 19: Basic EMI Problems
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The relative size of a component determines whether it will be an EMC/EMI concern. For

nonconductive media (i.e., lossless media), the wavelength, 4, and frequency, f, are related to the
speed of wave propagation, v, which is usually close to the speed of light, c.

Equation 89: Wavelength of EMI/EMC

A="=F
ff

If a given electronic circuit, potentially susceptible component board (PCB) trace, component, or
wire is small compared to the wavelength of concern, it is not expected to suffer interference from

the wavelength.”> The following equation is derived from Eq. 89, where the k-factor (i.e.,

wavelength factor) is a unitless term used to compare the largest dimension, Dy, to the wavelength

of concern.

15 Essentially, the wavelength can’t “see” the item in question. This is the reason one can use lumped parameters such

as resistors, inductors, and capacitors to represent a circuit of components connected by perfectly conducting wires.

The lumped parameters also simplify the mathematics involved. If the wavelength is near that of the system, a
distributed parameter model is used, for example, on long power transmission lines. The variable & is often used in

wave equations.
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b, _DJ
A v

k=

A structure or circuit is electrically small if its largest dimension, Dy, is much smaller than the
wavelength, that is, Dr << 1 or k£ < 1. Although no set criteria exist, a rule of thumb is that the term
electrically small indicates Dz < 0.14.

Equation 90 can be used if the velocity of propagation is known. If not, the velocity can be
calculated from Eq. 91.

Equation 91: Velocity of Propagation
1 c

V=——=

Relative permittivity and permeability vary widely. A quicker way to determine the wavelength of
a given signal is to remember the following: in free space (including air), one wavelength is 1 m
for a frequency of 300 MHz. Thus, as shown in Eq. 92, the frequency can be determined from this
ratio. The subscripts used for the variables for frequency and wavelength indicate that as the known
value of the frequency increases, the unknown value of the wavelength decreases.

Equation 92: Unknown Wavelength

Ao 300 MHZ

Im fknovm

Example 10

A telephone system used for sending and receiving faxes has a download rate of 112 kbit/s. The
filtering on the network limits the bandwidth to 3000 Hz.

What is the spectral efficiency of this setup?
Solution

The spectral efficiency is given by Eq. 88.
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(112 kbit){l(ﬁ %} {1 %}

“BW 3000 Hz

7. =373=373bit-s/Hz

The result is a unitless quantity consistent with normal efficiency, but it is shown in this manner
for clarification.

615.pdf

Electromagnetic Compatibility and Interference: Requirements

The requirements imposed on a design come from the product manufacturer and, of course, the
various government agencies tasked with regulating the use of radio frequency devices. These
rules and regulations are detailed in the Code of Federal Regulations (CFR), Title 47, Part 15
(47CFR15). The purpose of 47CFR15 is to control the emissions from radio frequency devices.
This is done by separating digital devices into classes (by radiative distance) and limiting the
electric fields allowed to be radiated (in pV/m) or conducted (in pV).'*

If the interference is intentional, it is called jamming instead of interference. Numerous methods
of jamming exist, the simplest being to send noise at the target frequency, thus lowering the signal-
to-noise ratio (SNR). A method of overcoming jamming is called spread-spectrum modulation in
which the carrier frequency constantly changes, making it more difficult to jam.

The radio spectrum for radio and all other frequencies is controlled by the FCC for nonfederal use,
and by the National Telecommunications and Information Administration (NTIA) for federal use.
The spectrum allocation chart is much too detailed to show here, but it is available online. The
takeaway from the chart is the complexity of the allocations and, for EMI purposes, the frequencies
that may be in use and of concern in electronic design.

Electromagnetic Compatibility and Interference: Electrical Components

Any electrical component can contribute to EMI. Conductors, that is, wires and PCB lands, are
important in this respect. In the conducted emission range of 150 kHz—30 MHz and, more
importantly, in the radiated emission range of 30 MHz—40 GHz, the electrical response of wires is

16 The Greek letter mu, 4, in this case is NOT the efficiency. It is an abbreviation for 107, which is a common usage.
The CFR rules also use dBxV/m and dBuV.
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not ideal.!” Specifically of concern is the inductance of wires, both internal and external, due to
nearby wiring. The nonideal behavior of electrical components over these frequency bands impacts
the EMC design process. The inductance, capacitance, resistance, and frequency behavior of
distributed versus lumped components is covered in Refs. [A] and [B]. Bode plots and filtering,
essential to EMC and EMI, are also covered in of Refs. [A] and [B].

Wires can also experience crosstalk, which is the unintended transfer of electromagnetic energy
between wires or PCB lands. Crosstalk occurs when both the source of the emission and the
receptor are within the same system, and thus is an example of a system interfering with itself.
Crosstalk can only occur when there are three or more conductors in a system since adding a third
conductor provides the possibility of creating interference. Near-field and far-field effects on
electronics and electrical components are addressed in the FCC regulations.

Electromagnetic Compatibility and Interference: Shielding

A shield is a device that limits propagated waves to a finite space. It can be a room or a metal braid
around a cable. Shields can prevent external electromagnetic fields from the internal dimensions
(the finite space) of the circuit. Shields can also retain the field within the circuit space to prevent
the energy from radiating. To be effective, shields must be attached to a zero potential point.'

The shielding effectiveness is the ratio of the incident field to the transmitted field. While a positive
quantity, shielding effectiveness measures the reduction in intensity of the field across the shield.
For electric and magnetic fields, the shielding effectiveness, #, is measured in decibels.

Equation 93: Shield Effectiveness
E,
E,

=20log

nsh.ield

17 Conducted emission measurements are made with a circuit called a line impedance stabilization network (LISN),
which is used to remove differences in AC power supplied to the components being tested. The radiated emission
measurements are made in an electromagnetic isolated room (e.g., a Faraday cage).

18 A rule of thumb for the connection (i.e., grounding) of wire overbraids used as shielding is to ground the shield at
the equipment to be protected. That is, if the source is being protected, ground the shield to the source zero potential.
If the load is to be protected, ground the shield to the load zero potential. Exercise caution, however, as numerous
cases exist where grounding at both ends is warranted—such as secure communication links. Guidance can be found
in the Department of Defense Military Handbook publication Grounding, Bonding, and Shielding for Electronic
Equipments and Facilities (MIL-HDBK-419A) and various IEEE documents.
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Course Equation 94: Shield Effectiveness
b,
=,

The incident, transmitted, and reflected conditions are shown in Fig. 20. If the shield is larger than
the skin depth, the multiple reflections and transmission can be ignored, and the initial reflection
on the left and transmission on the right are the most impactful components. However, all these
components can be measured and either graphed or placed in tables (usually in decibels). The
shielding effectiveness is the function of three components: the reflection loss, Ras, the absorption
loss, Aas, and multiple reflections, Mds. The shielding effectiveness is determined by adding all
three of these components.

=20log

M giiesa

Equation 95: Shield Effectiveness Components

/. =RdB+AL{B+1\/IdB
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Figure 20: Shield Reflections and Transmissions

N\

SUMMARY

This course is meant to provide an overview of the items of concern. I hope the task is
accomplished. All the best.
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Appendix A: Equivalent Units Of Derived And Common SI Units

Symbol Equivalent Units
A Cls W/V V/Q J(s-V)
C A-s A% (N-m)v V-F
F cv c¥J s/Q (A-s)v
F/m ¢/(V-m) C*/(7-m) c*/(N-m?) /(©-m)

H W/A (V-s)a Q-s (T-mz)/A
Hz 1/s 57! cycles/s radians/ (27 -5)
J N'm V-C W-s (kg m?)ss
m/s? Jkg (N-m)/kg (VC)kg | (C-m?)(A-s)

N J/m (V-C)m (W-C)/(A-m) (kg-m)/s”
AT | Wh/(Nm?) | (Ves)/(N-m?) TN 1/(A-m)

Pa N/m? J/m? (W-s)/m?® kg/ (m -sz)

Q V/A W/A2 VW (kg-mz)/ (A2 -33)

S AV 1/Q AYW (A2 -s3)/(kg -mz)

T Wh/m? N/(A-m) (N-s)/(C-m) kg/(A -s2)

\Y% J/IC W/A C/F (kg-mz)/ (A-s3)
V/m N/C W/(A-m) V(A -m-s) (kg-m)/(A-s3)
W s V-A V1 Q (kg-mz)/s3
Wb Vs H-A Tm? | (kem?)/(A-5?)
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Appendix B: Physical Constants

Table Note 1

615.pdf

Quantity Symbol US Customary SI Units

Charge
electron e -1.6022x10™" C
proton p +1.6022x10" C
Density
air [STP][32°F, (0°C)] 0.0805 lbm/ft’ 1.29 ke/m’
air [70°F, (20°C), 1 atm] 0.0749 lbm/ft> 1.20 kg/m’
sea water 64 Ibm/ft? 1025 kg/m?
water [mean] 62.4 Ibm/ft> 1000 kg/m?
Distance
Earth radius® D 2.09x10° fi 6.370x10° m
Earth-Moon separation? dC 1.26 x10° i 3.84x10° m
Earth-Sun separtion? $0) 4.89x10" fi 1.49x10" m
Moon radius® C | 571x10° fi 1.74x10° m
Sun radius’ © | 228x10° fi 6.96 x10° m
first Bohr radius ao 1.736 x107" ft 5292x10™" m
Gravitational Acceleration
Earth [mean] g 32.174 (32.2) ft/sec’ | 9.8067 (9.81) m/s?
Mass

40T My 1.6606 x 10”7 kg
atomic mass unit lm(” C) 3.66x107% Ibm or 5 .

12 10~ kg mol /N,
Earth? @D 4.11x10” slugs 6.00x10* kg
Earth [customary U.S.]? D 1.32x10* Ibm -
Moon? C | 1.623x10% Ibm 7.36x10” kg
Sun’® ® | 4387x10” Ibm 1.99 x 10* kg
electron rest mass e 2.008x107° Ibm 9.109x10°*" kg
neutron rest mass M 3.693x10% Ibm 1.675x107” kg
proton rest mass myp 3.688x10% Ibm 1.672x107" kg
Pressure

www.SunCam.com
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atmospheric 14.696 (14.7) Ibf/in® | 1.0133x10° Pa
Temperature
standard 32°F (492°R) 0C (273 K)

absolute zero

—459.67F (0'R)

~273.16'C  (0K)

Velocity®

Earth escape

3.67 x10* fi/sec

1.12x10* m/s

light (vacuum) c,co | 9.84x10° fifsec 2.9979 (3.00) x10° m/s
sound [air, STP] a 1090 ft/sec 331 m/s

sound [air, 70°F, (20°C), 1 atm] 1130 fifsec 344 fifs

Volume

Volume: molal ideal gas (STP)* 359 ft* / Tbmol 22 41 m? /kmol

Table 1 Notes

1. Units come from a variety of sources, but primarily from the Handbook of Chemistry and Physics, The Standard
Handbook for Aeronautical and Astronautical Engineers, and the Electrical Engineering Reference Manual for the PE
Exam. See also the NIST website at https://pml.nist.gov/cuu/Constants/.
2. Symbols shown for the solar system are those used by NASA. See https://science.nasa.gov/resource/solar-system-

symbols/.

3. Velocity technically is a vector. It has direction.
4. The unit “lbmol” is an actual unit, not a misspelling.
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Quantity Symbols US Customary SI Units
Avogadro’s number Na, L 6.022 > 10" mol™
Bohr magneton oB 92732x10* I/T
Boltzmann constant 3 5.65x107 fi-Ibf/"R 1.3805x 10 J/T
(e)
dectronvolt | — | J v et
n v LCJ € 1.602x1077 J
Faraday constant,
N F 96485 C/mol
A€
fine structure constant, o 7207 %1073 (=1137)
inverse & ! 137.035
gravitational constant ge 32.174 1bm-ft/Ibf-sec’
Newtonian gravitational & o4 4 —11 2 2
constant G 3.44%x10° ft"/ Ibfsec 6.672x107" N-m"/kg
nuclear magneton o 5.050 x107¥ J/T
cability of
permeability of a ” 1.2566%10°° N/A* (H/m)
yacuuam
pemittivity of a
vacuum,
electric constant F) 8.854x10™" C*/N-m” (F/m)
1/ )uoc2
Planck’s constant h 6.6256x 107" J-s
Planck’s constant: h/2n O 1.0546x 107 J-s
Rydberg constant R 1.097 10" m™
ifi nstant
FPECIC o ConTI R 53.3 fi-lbfIbm-"R 287 Jkg-K
Stefan-Boltzmann o 2 o 4 _g 2 1
constant 1.71x10~ BTU/It*-hr-"R 5.670x10" W/m"-K
triple point, water 32.02°F, 0.0888 psia 0.01109°C, 0.6123 kPa
universal gas constant R* 1545 fi-IbfTbmol-"R 8314 Vkmol-K

1.986 BTU/Ibmol-"R

Table Notes

1. Units come from a variety of sources, but primarily from the Handbook of Chemistry and Physics, The Standard Handbook for
Aeronautical and Astronautical Engineers, and the Electrical Engineering Reference Manual for the PE Exam. See also the NIST
website at https://pml.nist.gov/cuu/Constants/. The unit in Volume of “lbmol” is an actual unit, not a misspelling.
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Appendix D: Mathematical Constants

Quantity Symbol Value
Archimedes’ constant (pi) T 3.1415926536
basc of natural logs e 27182818285
Euler’s constant Cort 0.5772156649
Appendix E: The Greek Alphabet
A o alpha N v nu
B B beta = ¢ xi
r 4 gamma O 0 omicron
A o delta I T p1
E £ epsilon P P tho
Z 4 zeta X o sigma
H n cta T T tau
e [ theta Y v upsilon
I L iota ()} ¢ phi
K «x  kappa X X chi
A A lambda ¥ L4 psi
M H mu Q ® omega
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prefix
atto
femto
pico
nano
micro

value
1018
10—15
10712
10
10°¢
10
10
10!
10
102
10°
106
10°
10]2
10]5
10]8
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Appendix G: Coordinate Systems & Related Operations

Math em atical Rectangular A - _ -
Operations Coordinates Cylindrical Coordinates Spherical Coordinates
z
o ¥:2)
Conversion to E y
Rectangular i
Coordinants N
(xy) N
X X
x=x x=rcos@ x=rsingcosd
_y y=rsing y= rsingsin®
2=z Z=z Z=rcos¢
Gradient Vf:a'—fi+a'—fj+a'—fk Vf:gr+lge+gk Vf= ﬂr+la+f¢ 1 o
ox oy oz ar r oo 3z or rog rsing o6
Dvergenes | voA_ A Oh 24 | 19(A) 104, 04 va 1dra) 1 Aagng) 1 o,
ox oy @&z r or rog &z roér rsing O rsing o0
1 1 1 1 1
- -r 6 -k r L
1 i k r r rsing Jv'zsinﬁ?‘1> r
8 @ @ b} b7 b}
Cod VxA= 3 i 2 VxA=| — — — VxA= — — —
8x 8y o=z o 80 oz or o o0
4 A 4 4, 4, 4 A, rd,  rde4,
1 ) 1&f & (&
Laplci - 62{+62]2" 62_{ V2 ( f\ L f+l vipo Ll a{ af} 1 L ¢6f} 1 (&N
o' 8y oz ror a0* a9z "ol o) Psingdg ¢ LaezJ
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Appendix H: Comparison of Electric & Magnetic Equations

equation description

electrie version

magnetic version

remarks

force between two current elementa

Ldl,
. . B w(fdly % 1)
Coulonébé law dF = [4—f —1 21 The term Jdl in the
F [—1—‘,] . r magnetic column is the
dmer” equivalent of a “magnetic
experimental force law E dF charge” g,.. The Ior the dl
% ‘?"mﬂ can be the vector. Ther iz
// p 2 aunit veetor pointing from
Q A r rs 1to2
s
’
\\/
1dly
dF = IxBdl
current element The Vused in this row
field definitions from force F=—QE dF = JxBdV represents volume, not
lawr - distributed current element voltage. The v iz the
dF = gvxB wvelocity.

moving charge

general force law

F = ¢E +vxB)

dF = (pE + JxB)dV where d} = pdV

The Vin this row
repregenta the volume, not
voltage. The v ia the
velocity.

definition of scalar and A A is the magnetic vector
vector potential S B vxa potential.
From a knowledge of the
) ) - . . charge distribution, the
Pl vv=-£ VA= —pd potential can be found and
P then the E and B fields
determined.
i . [fD-dA =
auss’s law encloging i ot )
charge and Ampére'a law J]]- pdV =0 § Hdl =1 The Vin this row
. UwH=1J representa volume.
encloging current vD
=g
The second set of
L | it
constitutive relationa D—cE+P B—pHituM ] ]
oB Ho Ho medium iz linear and
isotropic.
_ €
definitions of relative by I m= £
Hy

permittivity and
permeability

€=
8.854 x 107 F/m

py =4 x 107" H/m
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equation description

electric version

magnetic vergion

remarks

Field cells are a construct
designed to represent free
space in terms of a parallel
plate capacitor and an

capacitance and P L) _ £ inductor. Thi it

inductance of a field cell 0 Ho 1 tnductar. | s capacriance
and inductance exist
regardless of the presence
of an electric or magnetic
field.

capacitance and c=2 e A is the flux linkage

inductance V I i :

. : Both energy and

energy dengity of a field U l eE* U= %;..:Hz momentum are carried by
a field.

energy stored by . , L

capacitance and W= ?CV W= FLI'

inductance

: The £ iz the emf, not the

electromotive and permittivity. Without

magnetomotive foree with 555- dl=£E=V ﬁ Hd =NI=E,= PR Y

sources present =
integrals are equal to zero.

m
dipole moments d A g
p=gd m=1JA T

This torque occurs due to

dipole torque T=pxE T=mxB the dipole being immerzed
in an external E or B field.

dipole potential energy W=—pE W=—-mB
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