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Abstract: This paper provides a simplified yet technically rigorous exploration of the fundamental principles governing electrical 

power generation and transmission. By bridging the gap between theoretical physics and practical engineering, the author examines 

the "duality" of the generator and motor principles, the mechanics of magnetic domain alignment—analogous to laser coherence—

and the critical role of varying magnetic flux density (dΦ/dt) as the prerequisite for induction. The discussion extends to the physical 

constraints of power systems, including the necessity of laminated iron cores to mitigate eddy current losses and the practical 

advantages of three-phase systems over single-phase alternatives. Furthermore, the paper investigates the impact of frequency on 

generator design, specifically contrasting the standard 50/60 Hz utility grid with high-frequency 400 Hz aerospace applications and 

their subsequent influence on the “skin effect.” Integrating historical context and statistical theory, the author invokes the Law of 

Large Numbers to explain the equilibrium of magnetic domains and biological gender ratios, ultimately suggesting a teleological 

perspective on universal design. Through the use of mechanical analogies, such as the “reciprocating rope” and the “spring,” the 

paper demystifies the behavior of alternating current, concluding with a reflection on Nikola Tesla’s visionary work at Wardenclyffe 

regarding the Earth’s role as a global conductor. 

Keywords: Electromagnetic Induction, Three-Phase Power Systems, Magnetic Flux Density, Eddy Currents, Skin Effect, 

Magnetic Permeability. 

 

INTRODUCTION 
The generator operates based on Fleming’s Right-

Hand Rule. As taught in school, the first three 

fingers of the right hand are extended at right 

angles to each other to represent Force (F), 

Magnetic Field (B), and Induced Current (I) 

[Libres, D. 2023]. 
 

The rule states that the thumb, forefinger, and 

middle finger represent: 

 F (Force/Motion): The direction of the 

conductor's movement - the author suggests 

“varying Flux density” may be more 

descriptive and where F can still be used). 

 B (Magnetic Field): The direction of the field, 

with the index finger pointing from North to 

South. 

 I (Current): The direction of the induced current 

in the conductor. 
 

A helpful way to remember this is to hold the right 

hand like a gun; the three fingers represent the FBI 

(top to bottom: Force, B-field, and Induced 

current). Fleming’s Right-Hand Rule (the 

generator principle) is shown in Fig. 1, while 

Fleming’s Left-Hand Rule (the motor principle) is 

shown in Fig. 2. 
 

 
Fig. 1: Fleming’s Right-Hand Rule generator rule 

 

 
Fig. 2: Fleming’s Left-Hand Rule or motor rule 
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THE THEORY 
When a magnet passes by a conductor, a current is 

induced following the Right-Hand Rule; this is the 

generator principle. Conversely, when current 

flows through a wire situated between north and 

south magnetic poles, the wire moves; this is the 

motor principle. In electrical engineering, there are 

many such “dual” rules; it is often easier to master 

one and recognize its opposite. For instance, many 

find it simplest to remember: Left hand for the 

Motor. 
 

If you move a magnet past at right angle to a 

straight, uncharged wire, a current is induced 

according to Fleming’s Right-Hand Rule. 

However, the magnitude of the current produced 

this way is negligible. To increase the output, one 

could theoretically use a long magnet and a longer 

wire, but this is mechanically impractical and 

inefficient; the magnet will be prone to breaking.  
 

Instead, the long wire is wound into a coil. By 

doing this, a small, compact magnet can pass its 

magnetic field through many loops of wire (turns) 

simultaneously. This concentrates the effect, 

allowing a short magnet to produce a significantly 

larger current [Stone, G. C. et al., 2009]. 
 

The rotor of a generator functions as a solenoid. 

By passing direct current through its windings, it is 

transformed into an electromagnet. While 

permanent magnets are common in small 

generators, they are essentially iron-based 

materials where the electron spins in the magnetic 

domains are aligned in a uniform direction. This is 

analogous to a solenoid, where electrons in the coil 

windings move in the same direction to create a 

unified magnetic field. These parallel electron 

spins within the domains of iron (Fe) make each 

domain a tiny magnet. People often ask why there 

isn’t a “default” direction that a majority of 

domains orient toward, which would cause any 

piece of iron to naturally attract others [Wada, M. 

et al., 2002]. 
 

The answer lies in the law of large numbers, much 

like flipping a coin. If you flip a coin ten times, 

you might not get exactly five heads and five tails. 

However, if you flip it a billion times, the result 

will almost certainly be a 50/50 split. Because 

there are billions of domains in a piece of iron, the 

statistical likelihood of any one direction 

dominating by chance is effectively zero [Erd, P. 

1970]. 
 

The Law of Large Numbers is often cited by 

scientists as the reason for the near-equal ratio of 

males to females. However, I have written a paper 

arguing that this is a divine design intended to 

ensure that every individual can find a partner 

[Karunakaran, P. 2014]. 
 

When a magnet is passed over a piece of iron, it 

forces the domains to align in the same direction, 

turning the iron into a magnet. This process is 

analogous to a laser. White light consists of waves 

vibrating in many different planes and phases; for 

instance, one sine wave may be oriented at 20 

degrees, another at 30 degrees, and another at 270 

degrees—including every angle in between. A 

laser aligns these waves into a single, coherent 

beam. Just as aligning light waves creates a beam 

strong enough to cut through steel, aligning 

magnetic domains creates a powerful, unified 

magnetic field [Slusher, R. E. 1999]. 
 

However, if a permanent magnet is heated, it 

reaches a point where it reverts to regular, non-

magnetic iron. This occurs because extreme heat 

causes the material to reach its Curie temperature, 

at which point the magnetic domains lose their 

alignment. Because the internal environment of a 

large generator is extremely hot, permanent 

magnets are often impractical; they risk losing 

their magnetism and returning to a non-magnetic 

state. This is why large generators utilize 

electromagnets, which maintain a strong, 

controllable magnetic field even at high operating 

temperatures [Ranjan, P., & Kalla, U. K. 2024]. 
 

There are cases, such as in AC contactors, where 

the solenoid is energized with AC because 

converting AC to DC requires additional 

components and increased cost. In an AC 

electromagnet, the polarity of the pole face 

switches between North and South every half-

cycle—approximately every 10 ms (or 8.3 ms in 

60 Hz systems) [Panda, R. K., & Veeramalla, J. 

2014]. 
 

In Fig. 3, the first two images illustrate that both 

magnetic North and South poles attract iron. The 

third and fourth images demonstrate that inserting 

an iron core into a solenoid significantly increases 

its magnetic pull. This occurs because the 

magnetic permeability of iron is far higher than 

that of air, allowing flux lines to travel much more 

efficiently.
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Fig. 3: The leftmost two images depict that both magnetic North and South poles attract iron. The third and 

fourth images indicate that placing an iron core inside a solenoid increases its magnetic pull tremendously. 
 

While this constant switching means the magnetic 

field is not as steady as that of a DC 

electromagnet, it is still sufficient for a contactor, 

since both North and South poles exert an 

attractive force on the iron. However, this rapid 

switching can cause “chatter” or humming because 

when the AC current passes the zero-crossing 

point causing the solenoid to exert zero magnetic 

force on the iron piece. This is why AC contactors 

use a shading coil—a small copper ring—to create 

a secondary, delayed magnetic field. This phase-

shifted field holds the iron in place during those 

brief moments of zero current. 
 

But in applications requiring immense magnetic 

strength—such as scrap metal yards—cranes 

utilize large electromagnets to sort and lift ferrous 

materials. These magnets are energized with DC to 

ensure a powerful, constant, and steady magnetic 

pull. This allows the crane to effectively separate 

iron and steel from other non-magnetic scrap 

metals. 
 

Three-phase power involves three separate sets of 

windings (coils) within the generator’s stator. As 

the rotor—the rotating electromagnet—spins, its 

magnetic field induces a current in each of these 

coils sequentially. Consequently, a three-phase 

generator is essentially three single-phase 

generators housed within a single frame, sharing a 

common rotor [Panda, R. K., & Veeramalla, J. 

2014]. 
 

Because these three coils are physically spaced 

120° apart around the stator, the resulting AC 

waveforms are also phase-shifted by 120° from 

one another as shown in Fig. 4. In practice, the 

current from the first coil is carried by the L1 wire, 

the second by the L2 wire, and the third by the L3 

wire.

 

 
Fig. 4: AC sine waves 

 

Electrons can be envisioned as tiny magnets; 

consequently, when they flow through a wire, a 

magnetic field is generated around the conductor. 

In 1905, Albert Einstein published a paper on 

special relativity demonstrating that electric and 

magnetic fields are two aspects of the same 

phenomenon, observed from different frames of 

reference [Lorentz, H. A. et al., 1952]. 
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In a typical generator, a rotor coil is energized with 

DC current via carbon brushes, transforming the 

rotor into an electromagnet (or solenoid). While 

smaller generators often use permanent magnet 

rotors, they have historically been avoided in 

large-scale generators [Ormerod, J., & 

Constantinides, S. 1997].  
 

In a typical generator, a rotor coil is energized with 

direct current via carbon brushes, transforming the 

rotor into an electromagnet. While smaller 

generators often use permanent magnet rotors, 

these were historically avoided in large-scale 

power generation.   However, the magnetic 

strength of permanent magnets is steadily 

advancing, largely due to innovations by 

companies like Hitachi [Souma, K. et al., 2011]. 

Consequently, permanent magnet rotors are being 

adopted for increasingly higher-power 

applications. The primary advantage of this design 

is the elimination of carbon brushes and the need 

for an external DC supply. Yet, as carbon brush 

technology has progressed—with brushes in 

professional-grade tools (like Hilti, Hitachi or 

DeWalt) now lasting up to 20 years—the incentive 

to switch to permanent magnets has, in some 

cases, diminished [Fukuda, T. 2019]. 
 

What is actually happening when a magnet passes 

over a wire? When the magnet is far from the wire, 

the magnetic flux lines intersecting the conductor 

are few. As the magnet moves closer, the magnetic 

flux increases until it reaches a maximum as the 

magnet passes directly over the wire, before 

decreasing as it moves away. Consequently, the 

wire experiences a varying magnetic flux density. 

This change in flux over time is the fundamental 

prerequisite for inducing a current in the wire. This 

same concept provides the basis for explaining 

both transformer action and the skin effect. 
 

In a transformer consists of two coils: the primary, 

which is energized, and the secondary, where 

current is induced. If direct current (DC) is sent to 

the primary, no current will be generated in the 

secondary. This is similar to the fact that even if 

the most powerful magnet in the world (such as 

those at CERN) is placed stationary above a wire, 

no current will be generated [Krause, M. R. 2014]. 

Although the wire experiences a tremendous 

magnetic flux density, there is no current induction 

because the field is static. The magnet must move 

to generate current; as it moves, the magnetic flux 

density experienced by the wire varies, inducing 

current flow. 
 

Similarly, even a massive DC current—such as in 

an HVDC system—will not induce current in a 

transformer’s secondary because the resulting 

magnetic field is constant. However, if AC is 

applied to the primary, current is generated in the 

secondary because the flux density is continuously 

varying. As the AC current follows a sine wave, 

the flux density starts at zero, peaks with the 

current, returns to zero, and then repeats the 

process in the negative direction. This varying 

magnetic flux is the prime mover of 

electromagnetic induction, allowing us to step 

voltage and current up or down by simply varying 

the number of turns in the primary and secondary 

windings. 
 

Skin effect is the observation that in AC systems, 

electron flow is concentrated at the “outer skin” 

rather than using the entire cross-sectional area of 

the conductor. This occurs because AC involves 

electrons moving back and forth. Since electrons 

act as tiny magnets, their motion generates a 

varying magnetic flux density within the wire itself 

[Kim, K. T. et al., 2021]. 
 

As the electron flow oscillates, the magnetic flux 

density within the conductor also varies. 

According to Lenz's Law and the right-hand rule, 

this varying flux induces internal eddy currents 

which moved from the center of the wire to the 

outer diameter. This eddy current pushes the 

current flowing in the wire (from the generator) 

also to the outer diameter. In overhead grid cables, 

only about the outer 8 mm of the conductor is 

utilized for current flow; consequently, the center 

is often occupied by steel strands for mechanical 

strength. 
 

While grid frequencies are 50 Hz or 60 Hz, aircraft 

systems typically operate at 400 Hz. The higher 

frequency allows for a greater rate of change in 

magnetic flux which results in greater current 

generation. When F of the FBI increases, the I 

increase. This enables smaller, lighter generators 

to produce the same power—a critical factor in 

aviation. However, at 400 Hz, the skin effect is 

even more pronounced. Therefore, while a 2.5 

mm² wire might suffice for a 21A load in a house, 

an airplane would utilize multiple thinner, bundled 

strands to provide enough surface area to carry that 

same current effectively. 
 

One more factor is that the magnetic field travels 

best in iron. For electron conductance (equivalent 

to current conductance), the best is silver (Ag), 

copper (Cu) and Gold (Au) but for magnetic field 
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conductance, the best conductor is Iron (Fe). But 

scientists do not call this flow of magnetic field 

conductance, they call it permeability. So, Fe has 

the best permeability and there is no number two 

because iron is so cheap and number two is too 

expensive to be even considered as a main 

magnetic material. Iron has the highest 

permeability among elements. In fact, permeability 

of air, silver, copper, aluminum, or gold is around 

1 but the permeability of iron is 1000. With 

addition of other elements, it can even reach 

10,000. So, in generators, current carrying copper 

conductors are surrounded by Fe to increase the 

permeability of the magnetic fields around the 

copper wires [Khadka, C. B. 2022].  
 

As shown in Fig. 3 right two images, when the Fe 

core is taken out of a contactor solenoid and 

energizing it, the magnetism can be felt to be much 

higher when the core in surrounding the solenoid. 

A screwdriver is then held near the solenoid and 

there is attraction to the solenoid but only with 

very little strength. When the core is placed back 

into the solenoid, the pull on the screwdriver 

increases very greatly. So, this proves the flow of 

the magnetic flux is much greater in iron compared 

to air.  But Fe also conducts electrons and we do 

not want electron flow in the Fe. So, to prevent 

eddy current flowing in the Fe, laminates of Fe are 

used instead of a solid Fe; in-between these 

laminates is insulating varnish. This way, the 

unwanted eddy current generated can only flow 

within one laminate. This eddy current generates 

heat and any flow of current, especially in a not-

so-good conductor like Fe will build up heat. But 

another even bigger problem caused by random 

eddy current is that it can be so big and when it is 

in the opposite direction, it will superimpose on 

the rotor solenoid’s magnetic field, weakening it 

and therefore reducing the current generation in 

the stator coils. In the stator also, the random eddy 

current in a solid iron core could nullify the 

generation of current in the stator. Lamination 

prevents all these problems.  
 

As shown in the two images on the right in Fig. 3, 

if the iron (Fe) core is removed from a contactor 

solenoid while it is energized, the magnetism 

becomes noticeably weaker. If a screwdriver is 

held near the air-core solenoid, the attraction is 

very slight. However, when the Fe core is 

reinserted into the solenoid, the pull on the 

screwdriver increases tremendously. This 

demonstrates that magnetic flux flows much more 

efficiently through iron than through air. 
 

Since iron also conducts electricity, we must 

prevent unwanted electron flow within the core. 

To inhibit these eddy currents, the core is 

constructed from iron laminations instead of a 

solid block. The goal is to allow magnetism to 

flow through the high-permeability iron while 

preventing electrons from doing the same. For 

example, if you hold a magnet above a piece of 

paper, a nail can be suspended below it; the 

magnetism flows through the paper effortlessly. 

Conversely, if you cut a current-carrying wire and 

separate the ends with even a thin sheet of paper, 

the current stops. Magnetism can pass through an 

electrical insulator, but electrons cannot. 
 

These laminations are separated by a layer of 

insulating varnish, ensuring that any induced eddy 

currents are confined to a single thin layer. This is 

crucial because eddy currents generate significant 

heat, especially in a relatively poor conductor like 

iron. Furthermore, large, random eddy currents can 

create their own magnetic fields that oppose and 

weaken the primary field of the rotor, thereby 

reducing current generation in the stator. In the 

stator itself, eddy currents in a solid core could 

effectively nullify the induction of current. 

Lamination prevents these losses and ensures 

maximum efficiency. 
 

In a standard modern generator, three sets of 

windings are utilized because a single-phase 

design does not fully exploit the internal space or 

magnetic flux. While some early designers 

suggested using 19 or 27 phases, Tesla’s three-

phase system proved to be the optimal balance of 

efficiency and simplicity for the following reasons 

[Sethuraman, L., & Dykes, K. L. 2017]: 

1. Phase Cancellation: In balanced linear loads—

such as induction motors, which consume 

approximately 68% of industrial energy—the 

phase currents sum to zero. Because the phases 

are 120° apart, their vector sum is zero, 

resulting in minimal current in the neutral 

return path. 

2. Vibration Reduction: Balanced three-phase 

power delivers constant torque to motors, 

reducing mechanical vibration. This principle 

of symmetry is also seen in the three-blade 

design of modern wind turbines. 

3. Synchronous Operation: Three-phase motors 

are inherently simple because they rotate in 

synchronization with the rotating magnetic field 

generated at the power station. 

4. Optimal Economy: Three is the lowest number 

of phases that provides a constant power flow 

and self-starting capability for motors. 
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Regarding factor (1), this summation allows for 

the reduction or elimination of the neutral 

conductor. In a perfectly balanced system, the 

neutral current (N) is zero. Even in unbalanced 

systems, N is significantly reduced compared to 

the phase currents. For instance, if at a specific 

moment L1 = 6 A, L2 = -4 A, and L3 = 3 A, the 

instantaneous sum is +5 A, requiring the neutral to 

carry only -5 A. 
 

Conceptually, the AC system acts like a 

mechanical rope being pushed and pulled; the 

generator provides the oscillation, and the neutral, 

being grounded to the Earth, provides the 

reference potential. While Tesla’s Wardenclyffe 

Tower famously explored the Earth’s role in power 

transmission, in modern grids, the ground rod 

serves as a safety and stability reference rather 

than a source of energy. 
 

The circuit from the power station to the neutral 

(N) can be envisioned as a rope; as the generator 

pushes, the neutral pulls, and when the generator 

pulls, the neutral releases. Devices connected 

along this line are energized by this oscillating 

“rope” of electrical potential. Another analogy is 

pushing and releasing a spring against a wall; if 

this reciprocating motion is used to drive a 

mechanism, it would be analogous to an AC 

system powering electrical devices. This leads to 

an intriguing question: could we continuously pull 

from a ground rod to extract power? 
 

Historically, Nikola Tesla explored this concept 

with the Wardenclyffe Tower. Descriptions of the 

project suggest a massive grounding system 

beneath the tower, designed to facilitate a high-

voltage discharge from the dome into the 

conductive ionosphere. Tesla’s vision was to use 

the Earth and the atmosphere as a global 

conductor, directing power to homes, factories, 

and ships across the world without the need for 

wires [Hurwitz, R. 2000]. 
 

CONCLUSION 
The evolution of electrical power systems is a 

testament to the mastery of electromagnetic 

principles, beginning with the fundamental 

behavior of the electron. As explored in this paper, 

the generator is not merely a mechanical device 

but a sophisticated application of Fleming’s Right-

Hand Rule, where the alignment of magnetic 

domains and the manipulation of varying flux 

density allow for the conversion of motion into 

usable energy. 
 

 

Through the implementation of three-phase 

systems, engineering has achieved an optimal 

balance of structural symmetry, reduced 

mechanical vibration, and electrical efficiency. 

The historical transition from permanent magnets 

to controllable electromagnets—and the modern 

return to high-power permanent magnet rotors—

demonstrates an industry that is constantly 

adapting to innovations in material science and 

cooling technologies. Furthermore, the mitigation 

of skin effect and eddy currents through lamination 

and specialized conductor design highlights the 

ongoing battle against the inherent physical 

limitations of copper and iron. 
 

Ultimately, whether we are examining the 50 Hz 

grid powering a home or a 400 Hz generator 

propelling an aircraft, the underlying physics 

remains a "dual" reality of electric and magnetic 

fields. From the visionary concepts of Nikola 

Tesla to the relativistic insights of Albert Einstein, 

the history of power engineering proves that while 

the "rope" of alternating current may be complex, 

its potential to energize the world—and perhaps 

even the Earth itself—remains one of humanity's 

greatest achievements. 
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