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Basics of Electromagnetic Induction

Fundamental Electromagnetic Quantities and Units

(Systéme Internationale, SI, or MKS)

Symbol

=TT Q=3 “thmlbalg*e*tqlbl<qk1~$@

Quantity

electric charge

electric charge density, free
electric current

electric or conduction current density

electric potential

electric potential difference or voltage

electric displacement or electric flux density

electric field strength
magnetic flux

magnetic induction or magnetic flux density

magnetic field strength
energy

power

electric conductivity
resistance

inductance
capacitance

electric resistivity

electrical permittivity or dielectric constant

magnetic permeability

Units

coulomb, C

C/m?

ampere, A = C/s
A/m?

volt, V

volt, V

C/m?

V/m

Weber, Wb = V-s
tesla, T = weber/m?, Wb/m?

A/m
joule, J = N-m = V-C
Watt, W = J/s

siemen/m, S/m, or mho/m
ohm, €}

henry, H

farad, F

ohm-m, 2-m

farad/m, F/m

henry/m, H/m

Maxwell’s macroscopic equations

Some Interrelations
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(Gauss’ Law)
(Gauss’ Law)

(Faraday’s Law)

(Ampere-Maxwell Law)
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Circuit Theory Review (General)

L

V voltage

L inductance
R : resistance
C capacitance

Circuit current, I, is

7 V. voltage
~ Z  impedance

v

R + wlL — i

) . . wC
resistance inductive capacitive
reactance

reactance
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where ¢ is v/ —1, w is the angular frequency defined by w = 27 f, and f is the
temporal frequency.

Vector Plot of Impedance
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Capacitance C: measures the charge required to raise the potential of a body.
Perfect conductor can not be charged .. C' — oo.
For C — oo, —i/wC — 0
*. a good conductor is essentially only R and L.
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Inductive EM Coil Configurations
Basic Coil Systems

Transmitter, T and receiver, R coils

Vertical loop (Horizontal dipole)
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Primary and Secondary Magnetic Fields
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Frequency Domain EM (FEM)

Phase Relations of Primary, Secondary, and Total Magnetic Fields in a
Conductor, C

Primary Field, Hp
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Hp = |Hp|sinwt




Voltage in a Conductive Body, V¢

v, L/ /NN
Jl NS

Phase lag of T'/4 or 90° (7/2)

where ¢, is magnetic flux.

Current in a Conductive Body, /- or Secondary Field, Hg
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Additional phase lag, § = tan—' 22c
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1. "Poor" Conductor
UJLC
— —0,0=0°
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Phase of secondary field is 7/2 (90°) behind (lags) primary field.
2. "Good" Conductor

L
% — 50, 6 = 90°
Phase of secondary field is 7 (180°) behind (lags) primary field.
3. "General" Conductor

Generally Hg lags Hp between 90° and 180°.



Resultant Total Magnetic Field (Hr)
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Phase lag of total field behind primary field, ¢

"Real" Component of Hyp
Component in-phase with Hp
"Imaginary" Component of Hrp

Component out-phase (90°) with Hp; also called quadrature

FREQUENCY DOMAIN (FEM)

TRANSMITTED FIELD
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Relations Between Primary, Secondary, and Total
Magnetic Fields (see Appendix)

Hp

v

Hp on the real axis represents amplitude of primary field.

Convention: Clockwise angle relative to Hp direction lags behind Hp by this
temporal angle.

*. For a general conductor, C'
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Expansion of Hg

Hs in P hase
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Where ¢ is the resultant temporal phase angle (lag) between the total field,
Hrp and the primary field, Hp

Good Conductor, § = 90° and ¢ = 0°

HT HJ

e
N

]

.
P

Hyg is large and in phase

Poor Conductor, # = 0° and ¢ — 0°

Hp
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Hyg is small and out of phase




Transition from Poor to Good Conductor
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Appendix: Vector Diagrams and Complex Nota-
tion

The relative temporal phase between harmonic waves can be expresses as in-
phase and out-of-phase components of one with respect to the other. This can
be graphically presented in polar form using complex notation.
Let us assume that the phase reference field is the horizontal magnetic field at
the surface in the z direction, H,,. This plots on the horizontal (or real) axis.
A quantity leading H,, in phase plots CCW from the real axis; one lagging
H,, in phase plots CW from the real axis, e.g.,
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The temporal phase lag of H,, with respect to H,, is ®.
The in-phase (or real) part of H,, with respect to H,, is the projection of H,,
onto the real axis, i.e.,
ReH,, = H,,cos®

The out-of-phase (or imaginary or quadrature) part of H,, with respect to H,,
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is the projection of H,, onto the vertical (or imaginary axis), i.e.,
ImH,, = H,,sin®
This all can be expressed in complex notation using Euler’s formula

H,e ' =H, cos® —iH,, sin®






