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Introduction To Resonance

What is Resonance?

Resonance is a phenomenon that occurs when a system is driven at its natural frequency, causing
it to oscillate with maximum amplitude. In electrical circuits, resonance occurs when the inductive
and capacitive reactances are equal, creating conditions for energy storage and voltage
magnification.

The Physics of Resonance

Every physical system has one or more natural frequencies at which it tends to oscillate. When
energy is applied at this frequency, the system absorbs energy most efficiently, leading to large-
amplitude oscillations. This principle applies to:

e Mechanical systems: A child on a swing, a vibrating tuning fork
e Acoustic systems: Musical instruments, resonant cavities
e Electrical systems: LC circuits, antennas, oscillators

Electrical Resonance

In electrical circuits containing both inductance (L) and capacitance (C), resonance occurs at a
specific frequency where the inductive reactance equals the capacitive reactance:

Resonant Frequency Formula:

f?2 =1/ (22?2(LO))

Where:

e fo = resonant frequency (Hz)
e L = inductance (Henries)
e C = capacitance (Farads)




Why Resonance Matters for VIC
Circults

In Stan Meyer's Voltage Intensifier Circuit (VIC), resonance is the key mechanism that enables:

1. Voltage Magnification: At resonance, voltages across reactive components can be
many times greater than the input voltage

2. Efficient Energy Transfer: Energy oscillates between the inductor's magnetic field and
the capacitor's electric field with minimal loss

3. Impedance Matching: At resonance, the circuit presents a purely resistive impedance to
the source

Types of Resonance

Series Resonance

In a series LC circuit, at resonance:

e Impedance is minimum (equals resistance R)
e Current is maximum

e Voltages across L and C can be very high (Q times the source voltage)

Parallel Resonance

In a parallel LC circuit, at resonance:

e Impedance is maximum
e Current from source is minimum
e Circulating current between L and C can be very high

Energy Storage at Resonance

At resonance, energy continuously transfers between the magnetic field of the inductor and the
electric field of the capacitor:

Energy in Inductor: E = %L

Energy in Capacitor: Ec = 7%2CVv?



At resonance, the total energy remains constant, oscillating between these two forms.

Practical Implications

Understanding resonance is fundamental to designing effective VIC circuits because:

e The primary side (L1-C1) must resonate at the driving frequency

e The secondary side (L2-WFC) should be tuned for optimal energy transfer

e Component values must be carefully calculated to achieve the desired resonant frequency

e The Q factor determines how "sharp" the resonance is and how much voltage
magnification occurs

Key Takeaway: Resonance is not just a theoretical concept—it's the working principle behind the
VIC's ability to develop high voltages across the water fuel cell while drawing relatively low current
from the source.

Next: LC Circuit Fundamentals —»



LC Circuits

LC Circuit Fundamentals

An LC circuit consists of an inductor (L) and a capacitor (C) connected together. These circuits form
the foundation of resonant systems and are central to understanding how the VIC operates.

Components of an LC Circuit

The Inductor (L)

An inductor stores energy in its magnetic field when current flows through it. Key properties:

e Inductance (L): Measured in Henries (H), represents the inductor's ability to store
magnetic energy

e Inductive Reactance: XL = 2nfL (increases with frequency)

e Current lags voltage by 90° in a pure inductor

The Capacitor (C)

A capacitor stores energy in its electric field between two conductive plates. Key properties:
e Capacitance (C): Measured in Farads (F), represents the capacitor's ability to store
electric charge

e Capacitive Reactance: XC = 1/(2nfC) (decreases with frequency)
e Current leads voltage by 90° in a pure capacitor

Series LC Circult

Circuit Configuration: L and C connected in series with the source

Total Impedance:
Z =?(R + (X - X)?)

At Resonance (X, = Xy):



e Z =R (minimum impedance)
e Current = V/R (maximum current)

* Voltage across L = Voltage acrossC=Q X V__

Series LC Behavior

f<fo XC > X, Capacitive (current leads voltage)

f=fo Xe=X_ Resistive (current in phase with
voltage)

f>fo X, > Xe Inductive (current lags voltage)

Parallel LC Circuit

Circuit Configuration: L and C connected in parallel

At Resonance:

e Impedance approaches infinity (in ideal case)
e Current from source is minimum
e Large circulating current flows between L and C

Also called: Tank circuit, because it "tanks" or stores energy

Characteristic Impedance (Z?)

The characteristic impedance is a fundamental property of any LC circuit:

Z? = ?(L/ Q)



This value represents:

e The impedance at resonance for a parallel LC circuit
e The ratio of voltage to current in a traveling wave
e A design parameter for matching circuits

Energy Transfer in LC Circuits

In an ideal LC circuit (no resistance), energy oscillates perpetually between the inductor and
capacitor:

Capacitor fully charged: All energy stored in electric field (E = »2CV?)
Current building: Energy transferring to inductor

Maximum current: All energy stored in magnetic field (E = »LI?)
Current decreasing: Energy transferring back to capacitor

Cycle repeats at the resonant frequency

e whH

LC Circuits in the VIC

The VIC uses LC circuits in two critical locations:

Primary Side (L1-C1)

e L1 = Primary choke inductance

C1 = Tuning capacitor

Tuned to the driving frequency from the pulse generator
Develops the initial voltage magnification

Secondary Side (L2-WFC)

L2 = Secondary choke inductance

e WFC = Water Fuel Cell capacitance

May be tuned to the same or a harmonic frequency
Delivers magnified voltage to the water

Design Principle: The relationship between L and C values determines not only the resonant
frequency but also the characteristic impedance, which affects how much voltage magnification is
achievable.



Practical Considerations

Component tolerances: Real components have tolerances that affect the actual
resonant frequency

Parasitic elements: Inductors have parasitic capacitance, capacitors have parasitic
inductance

Temperature effects: Component values can drift with temperature

Losses: Real circuits have resistance that dampens oscillations

Next: Quality Factor (Q) Explained -



Q Factor
Quality Factor (Q) Explained

The Quality Factor, or Q, is one of the most important parameters in resonant circuit design. It
quantifies how "sharp" a resonance is and directly determines the voltage magnification achievable
in a VIC circuit.

What is Q Factor?

The Q factor is a dimensionless parameter that describes the ratio of energy stored to energy
dissipated per cycle in a resonant system. A higher Q means:

Lower losses relative to stored energy
Sharper resonance peak

Higher voltage magnification at resonance
Narrower bandwidth

Longer ring-down time when excitation stops

Q Factor Formula

For a series RLC circuit, Q can be calculated several ways:

Primary Definition:
Q=(2? xf? xL) / R

Alternative Forms:
Q=X / R=(?L) / R

Q=1/ (?CR = X./ R

Q=(1/R x ?(L/IC) =271 R

Where:



fo = resonant frequency (Hz)

e L = inductance (Henries)

R = total series resistance (Ohms)

C = capacitance (Farads)

w = 2mfo (angular frequency)

Zo = V(L/C) (characteristic impedance)

Physical Meaning of Q

Q can be understood as:
Q = 2nt X (Energy Stored / Energy Dissipated per Cycle)

A Q of 100 means the circuit stores 100/(2m) = 16 times more energy than it loses per cycle.

Q Factor and Voltage Magnification

At resonance, the voltage across the inductor (or capacitor) is magnified by the Q factor:
VL = VC = Qx Vinput
Example: With Q = 50 and Vinput =12V:

VL =50 x 12V = 600V across the inductor!

This is why Q factor is so critical in VIC design—it directly determines how much voltage
amplification the circuit provides.

Factors Affecting Q

Resistance Sources

Wire DCR DC resistance of the wire Use larger gauge, shorter length, or
copper



Skin Effect

Core Losses

Capacitor ESR

Connection Resistance

AC resistance increase at high
frequency

Hysteresis and eddy currents in core

Equivalent series resistance of
capacitor

Resistance at joints and connections

Wire Material Impact on Q

Different wire materials have vastly different resistivities:

Copper

Aluminum

SS316

SS430 (Ferritic)

Nichrome

1.0x (reference)

1.6x

~45x%

~60X%

~65x%

Typical Q Values

e Air-core inductors: Q = 50-300 (very low losses)

e Ferrite-core inductors: Q = 20-100 (depends on frequency)

e Iron-powder cores: Q = 50-150

e Practical VIC chokes: Q = 10-50 (with resistance wire, lower)

Use Litz wire or multiple strands

Use appropriate core material for
frequency

Use low-ESR capacitors (film,
ceramic)

Use solid connections, avoid
corrosion

Highest Q (best for resonant circuits)

Good Q, lighter weight

Lower Q, but corrosion resistant

Much lower Q, magnetic properties

Very low Q, used for heating
elements

Q and Bandwidth Relationship

Q is inversely related to bandwidth:

BW=f?/ Q



Where BW is the -3dB bandwidth (the frequency range where response is within 70.7% of peak).
Example: At fo = 10 kHz with Q = 50:

BW = 10,000/50 = 200 Hz

Practical Q Measurement

Q can be measured experimentally by:

1. Frequency sweep method: Find fo and the -3dB points, then Q = fo/BW
2. Ring-down method: Count cycles for amplitude to decay to 1/e (37%)
3. LCR meter: Direct measurement at specific frequencies

VIC Design Insight: While higher Q gives more voltage magnification, it also means the circuit is
more sensitive to frequency drift and component tolerances. A practical VIC design balances high Q
for voltage gain against stability and ease of tuning.

Next: Bandwidth & Ring-Down Decay —



Bandwith Ringdown
Bandwidth & Ring-Down Decay

Understanding bandwidth and ring-down decay is essential for designing VIC circuits that maintain
resonance under varying conditions and for predicting how the circuit behaves when the driving
signal stops.

Bandwidth Fundamentals

Bandwidth describes the frequency range over which a resonant circuit responds effectively. It's
measured as the difference between the upper and lower frequencies where the response drops to
70.7% (-3dB) of the peak value.

Bandwidth Formula:
BW=f?/ Q

Or equivalently:

BW= R/ (22L)

Where:

e BW = bandwidth in Hz

e fo = resonant frequency

e Q = quality factor

e R = total series resistance
e L = inductance

Bandwidth and Q Relationship



Q=10 1000 Hz +5% (very forgiving)

Q=50 200 Hz +1% (requires tuning)
Q =100 100 Hz +0.5% (precise tuning needed)
Q =200 50 Hz +0.25% (critical tuning)

Practical Implications of Bandwidth

Narrow Bandwidth (High Q)

e Advantages: Maximum voltage magnification, better selectivity
e Disadvantages: Sensitive to frequency drift, requires precise tuning, may need PLL
control

Wide Bandwidth (Low Q)

o Advantages: Easier to tune, more stable, tolerant of component variations
e Disadvantages: Lower voltage magnification, less efficient energy storage

Ring-Down Decay

When the driving signal stops, a resonant circuit doesn't immediately stop oscillating—it "rings
down" as stored energy dissipates through resistance. This behavior provides insight into the
circuit's Q factor.

Decay Time Constant (?)

Decay Time Constant:
? =2L/ R

This is the time for the oscillation amplitude to decay to 1/e (=37%) of its initial value.

Relationship to Q:

2 =Q/ (? x f?)

Decay Envelope



The amplitude of oscillations during ring-down follows an exponential decay:

A(t) = A? x et/? = A? x e 7t

Where a = R/(2L) is the damping factor.

Damped Oscillation Frequency

During ring-down, the actual oscillation frequency is slightly lower than the natural frequency due
to damping:

Damped Frequency:
fq=2(f22 - 22/(4722))

For high-Q circuits (Q > 10), f, = fo (the difference is negligible).
d

Ring-Down Cycles

A practical measure of how long oscillations persist:

Cycles to 1% Amplitude:
Nig, ? Q x 0.733

This is the number of oscillation cycles before amplitude drops to 1% of initial.

Examples:

e Q=10: =7.3 cyclesto 1%
e Q =50: =36.7 cycles to 1%
e Q =100: =73.3 cycles to 1%

Ring-Down in VIC Circuits

Understanding ring-down is important for VIC operation because:



Pulsed Operation

e VIC circuits are typically driven by pulsed waveforms
e Between pulses, the circuit rings down
e The ring-down period affects how energy is delivered to the WFC

Step-Charging Considerations

e Each pulse adds energy to the resonant system
e If pulses arrive before ring-down completes, energy accumulates
e This can lead to voltage build-up (step-charging effect)

Measuring Ring-Down

To experimentally determine Q from ring-down:

1. Apply a burst of oscillations at the resonant frequency

2. Stop the driving signal and observe the decay on an oscilloscope
3. Count the number of cycles for amplitude to drop to 37% (1/e)

4. Q = n x (humber of cycles to 1/e)

Oscilloscope Tip: Use the "Single" trigger mode to capture the ring-down event. Measure from
the point where driving stops to where amplitude reaches ~37% of initial peak.

Summary Table

Bandwidth BW=1?2/Q= R (27L) Resistance, inductance
Decay Time Constant ? = 2L/R Inductance, resistance
Damping Factor ? = R(2L) Resistance, inductance
Cycles to 1% N2 0.733 x Q Q factor only

Design Insight: The VIC Matrix Calculator shows bandwidth and ring-down parameters for your
circuit design. Use these to understand how sensitive your circuit will be to frequency variations
and how it will behave during pulsed operation.

Next: Voltage Magnification at Resonance -






Voltage Magnification

Voltage Magnification at
Resonance

Voltage magnification is the cornerstone of VIC circuit operation. At resonance, the voltage across
reactive components (inductors and capacitors) can be many times greater than the input voltage.
This is how the VIC develops high voltages across the water fuel cell while drawing modest current
from the source.

The Principle of Voltage Magnification

In a series resonant circuit, even though the total impedance is at minimum (just resistance), the
individual voltages across L and C can be much larger than the source voltage. This isn't "free
energy"—it's the result of energy continuously cycling between the inductor and capacitor.

Key Insight:

At resonance, V| and Ve are equal in magnitude but opposite in phase. They cancel each other in
the circuit loop, but individually each represents a real voltage that can do work.

Voltage Magnification Formula

Q-Based Magnification:
V = Qx V

out put i nput

Impedance-Based Magnification:
Magni fication = Z2? / R= (1/R) x ?(L/C

Both formulas give the same result since Q = Zo/R for a series circuit.

Practical Examples



Input Voltage m Output Voltage Application

120V Low-Q experimental setup
12V 50 600V Typical VIC circuit
12v 100 1200V High-Q optimized circuit
24V 50 1200V Higher input voltage
approach

Where the Magnified Voltage Appears

In a Series LC Circuit

e Across the inductor: vV, =Qx VSource (leads current by 90°)
e Across the capacitor: Vc =Q X VSource (lags current by 90°)

* Across resistance: V, =V__ (in phase with current)

In the VIC Circuit

The water fuel cell acts as the capacitor, so the magnified voltage appears directly across the
water:

VIC Voltage Path:
Source = L1 - C1 (series resonance for initial magnification)
Transformed via coupling to -» L2 -» WFC (secondary resonance)

Result: High voltage across water fuel cell electrodes

Two Approaches to Magnification

Method 1: Maximize Q

Increase Q by reducing resistance:

e Use copper wire instead of resistance wire
e Use larger gauge wire



e Minimize connection resistances
e Use low-ESR capacitors

Method 2: Optimize Z?/R Ratio

Increase characteristic impedance relative to resistance:

e Increase inductance (more turns, larger core)
e Decrease capacitance (for same resonant frequency, requires more inductance)
e The ratio v(L/C) determines Zo

Design Trade-off:

For a given resonant frequency fo = 1/(2nvLC):

e Higher L with lower C —» Higher Zo - Higher magnification (but more wire,
more DCR)

e Lower L with higher C —» Lower Zo —» Lower magnification (but less wire, less
DCR)

The optimal design balances these factors.

Energy Considerations

Voltage magnification doesn't violate energy conservation:

Power In = Power Dissipated

At steady-state resonance:

e Current through circuit: | =V /R

cnliircea



. p = = 2
e Power from source: P VSource X | VSource /R

e Power dissipated in R: P = I?R = VsourceZ/R (same!)

The high voltage across L and C represents reactive power—energy that sloshes back and forth but
isn't consumed.

Real Power vs. Reactive Power

Real Power Watts ( Actually consumed, heats
resistors

Reactive Power Q (or VAR) Volt-Amperes Reactive Oscillates, stored in L and
C

Apparent Power S Volt-Amperes (VA) Total power flow

Magnification in the VIC Matrix
Calculator

The VIC Matrix Calculator displays voltage magnification in several ways:

In Choke Designs

e Q Factor: Calculated from inductance and DCR

e Voltage Magnification: Equals Q for series resonance
e Zo/R Magnification: Alternative calculation method

e Example Output: Shows actual voltage with 12V input

In Circuit Profiles

e Q L1C: Q factor of primary side (L1 with C1)
e Q_L2: Q factor of secondary side (L2 with WFC)
e Voltage Magnification: Expected magnification at resonance



Practical Note: Real circuits achieve somewhat less than theoretical magnification due to losses
not accounted for in simple models (core losses, radiation, dielectric losses in capacitors, etc.).
Expect 70-90% of calculated values in practice.

Safety Warning

?? High Voltage Hazard

Resonant circuits can develop dangerous voltages even from low-voltage sources:

A 12V source with Q=50 produces 600V peaks

These voltages can cause electric shock or burns

Energy stored in capacitors remains after power is removed
Always discharge capacitors before handling circuits

Use appropriate insulation and safety equipment

Chapter 1 Complete. Next: The Electric Double Layer (EDL) —



