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Abstract: This paper presents a foundational and practical analysis of three-phase power systems, focusing on the mechanics of 

alternating current (AC) generation, grid voltage regulation, distribution network reliability, and generator synchronization. By 

mapping mechanical rotor rotation directly to the geometry of the sinusoidal waveform, the text demystifies the origin of an electrical 

"cycle" for practicing engineers. It details utility-scale voltage control techniques, including the use of inductive reactors, automated 

On-Load Tap Changers (OLTC), and the operational physics of running hydroelectric units in synchronous condenser ("synchro") 

mode to provide reactive power compensation. Special emphasis is placed on the critical role of the neutral network in low-voltage 

(LV) distribution. Through mathematical and empirical evidence, this paper analyzes the catastrophic effects of floating or broken 

neutrals on unbalanced residential loads, highlighting why utility linesmen treat an open neutral as a high-priority emergency. 

Finally, the paper outlines the principles of phase-locking and synchronous operation, illustrating a practical, lamp-based 

synchronization method governed by rotor DC excitation adjustments. 

Keywords: Three-Phase Power Systems, AC Generators (Synchronous Generators), Grid Voltage Regulation, Neutral Network 

Integrity, Broken Neutral Faults. 

 

INTRODUCTION 
This paper focuses on the operation of generators 

in the grid. Fig. 1 and Fig. 2 depict the generation 

of current and voltage within the generator. 

Assume a single wire enters the stator (the 

stationary outer component) of the generator, 

forming a clockwise coil at the top and an 

anticlockwise coil at the bottom. As the North (N) 

pole of the rotor (the rotating inner component) 

passes the top coil, electricity is generated, 

creating the positive portion of the sine wave. As 

the N pole passes the bottom coil, the negative, 

bottom portion of the sine wave is created 

[Calvert, J. F. 1931]. 
 

Initially, a low voltage is induced as the magnet 

approaches the clockwise stator coil. This voltage 

gradually increases until it reaches the peak 

voltage (Vp) when the magnet is positioned 

directly beneath the coil. As the magnet moves 

away, the voltage decreases back to zero volts. 
 

As shown in Fig. 2, when the AC voltage is at 0 V, 

the rotor’s magnetic N-pole is horizontal. As it 

moves to the vertical position and passes the 

clockwise coil, the positive peak voltage is formed. 

Then, as the rotor magnet becomes horizontal 

again, the voltage drops to 0 V. As the rotor’s 

magnetic N-pole passes the anticlockwise coil, the 

negative peak voltage is formed. Finally, as the 

rotor’s magnetic N-pole returns to the horizontal 

position, the voltage becomes 0 V. Consequently, 

as the rotor’s magnet completes a full turn, a full 

AC sine wave is formed. 

  

 
Fig. 1: Winging method for three phase generator and induction motor 
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Fig. 2: Waveform of voltage generated as the rotor magnet passes one complete cycle around a generator 

 

Some may wonder: when the rotor’s N-pole passes 

the top coil, the S-pole simultaneously passes the 

bottom anticlockwise coil—what is the cumulative 

effect of this? The effect is that the amplitude of 

the generated voltage is doubled. 
 

Many engineers who study pure 

telecommunications read extensively about cycles, 

yet they often struggle to visualize where the term 

―cycle‖ actually originates. In reality, a cycle 

stems from one full mechanical rotation of a rotor 

within a generator [Dunlop, J. 2017]. 
 

Voltage is regulated and maintained at a fixed 

value by the power utility—typically 120 V (or 

240 V in the UK system). In fact, maintaining the 

main grid voltage at 275 kV was the author's 

primary responsibility while working at a power 

company. This regulation is achieved by 

continuously calling power stations to start 

additional generators, or by energizing and de-

energizing reactors online. These reactors are large 

inductive coils located at major substations (note: 

coils, inductors, and reactors are synonymous in 

this context). By maintaining the highest voltage 

level on the grid, all downstream voltages are 

inherently supported.  
 

Voltage is also regulated at low voltage (LV) 

substations within the distribution network, 

primarily through tap changers on distribution 

transformers. At 33 kV substations, adjusting the 

secondary tap is handled automatically via an On-

Load Tap Changer (OLTC), whereas at 11 kV 

substations, tap adjustments are performed 

manually. Consequently, the voltage supplied to 

the consumer (home, office, or factory) remains 

fixed at 120 V (or 240 V) per phase [Ram, G. et 

al., 2014]. 
 

This regulation ensures that, at any given instant, 

the sum of the voltages across the three phase 

wires is 0 V. It is vital to note that while the three-

phase voltages always sum to 0 V at every instant, 

the three-phase currents do not add up to 0 A 

unless the system is powering a perfectly balanced 

three-phase load, such as an induction motor. For 

current, the sum of the three phase values plus the 

neutral (N) current will always equal 0 A, unless 

an earth leakage has occurred. 
 

This principle can be observed in Fig. 3 by 

tracking the voltage values at the peak (normalized 

to 1) or halfway down the sine wave (normalized 

to 1/2): 
 

 At 5 ms: L3 = +1, L1 = -1/2, and L2 = -1/2. 

Therefore: +1 - 1/2 - 1/2 = 0 V. 

 At 8 ms: L3 = +1/2, L1 = +1/2, and L2 = -1. 

Therefore: +1/2 + 1/2 - 1 = 0V. 

 At 15 ms: L1 = +1/2, L2 = +1/2, and L3 = -1. 

Therefore: +1/2 + 1/2 - 1 = 0V. 
 

Ultimately, at every single moment in time, the 

instantaneous sum of the three-phase voltages will 

equal 0 V. 
 

Summarizing the current in a factory where the 

only loads are induction motors: the current load 

across all three phases is always the same; 

therefore, the neutral (N) wire in that factory will 

record zero current. It will also read zero voltage 

for two reasons: first, because it is connected to the 

neutral grid (with some substations connecting the 

N wire to up to 40 ground rods), and second, 

because it is a Star Point where the voltages of the 

three phases always sum to 0 V at every instant. If 

the three phases (3Φ) power unequal loads, the 

current is not perfectly balanced, and the 

unbalanced current will flow through the N wire. 
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By looking at the waveforms in Fig. 3, it can be 

seen that the instantaneous sum of the currents in 

L1, L2, and L3 never exceeds the peak current of 

any single phase under balanced conditions. Of 

course, Fig. 3 represents the voltage waveform, 

which is controlled by the power utility. For the 

current waveform, the load on each phase is 

normally not the same (unless all connected loads 

are three-phase induction motors); therefore, the 

waveforms of the three phases will often have 

different amplitudes. 

 

 
Fig. 3: AC sine waves 

 

As far as timing is concerned, the current 

waveform can stray from the voltage waveform, 

meaning the two waveforms do not cross the X-

axis at the same time. This phenomenon is known 

as a power factor (PF) problem. Power companies 

utilize various PF compensation techniques to 

ensure that the timing of the voltage and current 

waveforms closely match [Mitchell, J. E. 1992]. 
 

For example, a single-phase home connected to the 

L1 phase might use several high-consumption 

appliances, while another single-phase home 

connected to the L2 phase might use very little 

electricity. This will cause the current waveform 

for L1 to have a high amplitude and the waveform 

for L2 to have a low amplitude. 
 

A recent phenomenon called harmonics in 

electrical systems is caused by modern electronic 

equipment like SMPS (Switched Mode Power 

Supply) and VFD (Variable Frequency Drive), 

harmonics disrupt the rule that the N current 

cannot exceed the current in any of the three-phase 

cables. Under normal, non-harmonic conditions, 

however, the N (return) wire does not need to be 

three times the size of a phase wire, unlike a return 

water pipe that must accommodate the combined 

volume of three incoming pipes. Fig. 4 depicts the 

waveforms generated by the generator 

[Kularbphettong, K., & Boonseng, C. 2020].  
 

The three wires, designated as L1, L2, and L3, 

form six coils; each wire is wound into both a 

clockwise and an anticlockwise coil (as shown in 

Fig. 4). To determine the magnetic polarity 

created by a coil, look at the direction of 

electron flow (which is opposite to conventional 

current flow): a clockwise turn forms a North 

(N) pole, while an anticlockwise turn forms a 

South (S) pole [Lietor-Santos, J. J. 2014]. 
 

One end of each of the three wires is tied together 

at a common junction called the star point. As 

previously mentioned, there are three ways to 

achieve zero volts: 

1. Joining all three phases together 

2. Connecting to a Neutral 

3. Connecting to a Ground (Earth) 
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Fig. 4: Three-phase generator and induction motor on right 

 

This star point is connected to a transformer before 

being routed to the Ground, thereby providing a 

high-impedance or elevated neutral ground for 

protection purposes as shown in Fig. 5. The 

opposite ends of the L1, L2, and L3 wires supply 

power to homes and industries, as depicted in Fig. 

5. 
 

The output of large power generators typically 

ranges from 11 kV to 13 kV. This often prompts 

the question: why generate at 11–13 kV only to 

immediately step it up to 275 kV at the power 

station’s substation, rather than generating at 275 

kV directly? The simple reason is safety. 

Operating a power station generator at 275 kV 

would be incredibly dangerous for the personnel 

working there. Furthermore, it would cause 

electrical arcs to jump across the generators, as it 

is highly impractical to maintain the clearance 

distances required to properly isolate live 

components from the ground [Manikanta, G. et al., 

2020]. 
 

As shown in Fig. 5, when the rotor’s N pole passes 

the clockwise coil of L1, a positive peak is 

generated on the L1 phase wire. The magnet then 

passes the L3 anticlockwise coil, generating a 

negative peak for the L3 phase wire. Next, as the 

magnet passes the L2 clockwise coil, a positive 

peak is generated in the L2 wire. It then continues 

past the anticlockwise L1 coil—generating a 

negative peak in the L1 wire—and subsequently 

creates a positive peak in the L3 wire and a 

negative peak in the L2 wire. 
 

Because the clockwise coil of the L1 phase and the 

adjacent clockwise coil of the L2 phase are 

physically spaced 120 degrees apart, the phase-to-

phase angle of the generated waveforms is also 

separated by 120 degrees. For example, the 

interval between the positive peak of L1 and the 

positive peak of L2 spans exactly 120 degrees. 
 

 
Fig. 5: Wiring in a generator 
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In the 50 Hz systems utilized by most countries, a 

generator rotor makes 50 complete revolutions per 

second (or a factor of this, as determined by 

Equation 5.1). Conversely, generators in the USA 

and Japan operate at 60 cycles per second (60 Hz). 

Generally, steam turbines (STs) rotate at 50 

revolutions per second—perfectly synchronized 

with an induction motor running in a factory 1,000 

km away. However, hydro and gas turbines 

operate at different rotational speeds based on 

Equation 1. This adaptation is necessary because 

gas turbines naturally spin too quickly (which is 

why they cannot be used to power a standard 

automobile), while hydroelectric turbines rotate 

too slowly [Mixon, P. 2008].  

 
   

    

 
 

 

(1) 

 

Ideally, the voltage and current waveforms should 

move in perfect alignment. However, inductive 

loads used daily in homes and factories—such as 

fans, air conditioners, and various industrial 

motors—naturally cause the current waveform to 

lag behind the voltage waveform. This 

misalignment between the voltage and current 

waveforms is known as the Power Factor (PF) 

problem. As a fundamental rule, inductive coils 

cause the current waveform to lag behind the 

voltage waveform, whereas capacitors cause the 

current to lead ahead of the voltage waveform. 
 

To manage these grid-wide Power Factor issues, 

power utilities utilize several major methods: 

1. Mandatory Factory Regulations: Requiring 

large industrial facilities, commercial offices, 

universities, and shopping malls to install 

capacitor banks managed by automated Power 

Factor Regulators (PFRs) to maintain a PF 

greater than 0.85. 

2. Distribution Substation Capacitors: Installing 

utility-owned capacitor banks inside standard 

33 kV distribution substations. 

3. Transmission Substation Capacitors: 

Deploying massive 275 kV capacitor banks 

within select, strategic 275 kV grid substations 

located near major load centers. 

4. Synchronous Condenser Operation (Synchro 

Mode): Utilizing existing hydroelectric 

generators to provide reactive power support. 
 

To understand how this fourth method works, 

consider a hydroelectric power plant equipped 

with four penstock pipes (the large pipes that 

deliver water down mountainsides) feeding four 

separate generators. If grid conditions require PF 

correction, the water flow is completely shut off to 

one of the penstocks, halting power generation. 

Because all large utility generators are 

synchronous machines, they can operate 

interchangeably as either a generator or a motor 

[Brar, J. K., & Sharma, Y. P. 2024]. 
 

By keeping the machine connected to the grid, it 

begins running as a synchronous motor driven by 

the grid's electrical energy. While operating in this 

"synchro mode," operators can alter the grid's 

phase angle by adjusting the DC excitation current 

fed into the rotor. 
 

Increasing the DC current supplied to the rotor 

intensifies its magnetic field. This stronger 

magnetic coupling between the rotor and the stator 

creates greater electromagnetic resistance, making 

the rotor physically harder to turn. Conversely, 

reducing the rotor’s DC current weakens the 

magnetic field, making it slightly easier to turn. 
 

In other words, over-exciting the rotor of a 

machine operating in synchronous condenser mode 

supplies a leading Power Factor to the grid. This 

leading PF directly counteracts the lagging Power 

Factor caused by industrial and residential 

inductive loads (coils).  
 

As a rule of thumb, coils (inductors) cause a 

lagging current waveform, whereas capacitors and 

over-excited synchronous motors cause a leading 

waveform. In electrical engineering phasor 

diagrams, the voltage is typically taken as the 

reference baseline (aligned with the positive X-

axis); the current phasor can then be represented as 

either lagging (rotating behind the voltage 

baseline) or leading (rotating ahead of the voltage 

baseline). 
 

An easy way to remember this mechanism is that 

increasing the DC supply to the rotor creates more 

magnetic resistance to rotation. Because the 

mechanical position of the rotor dictates the 

voltage waveform, this electromagnetic drag 

causes the voltage waveform to lag behind the 

current waveform. Consequently, the current 

waveform finishes ahead of the voltage waveform, 

resulting in a leading PF [Eberly, T. W., & 

Schaefer, R. C. 2002]. 
 

One complete cycle in a 60 Hz system takes 16.67 

milliseconds (≈ 17 ms), whereas a 50 Hz system 

(such as the British standard) has a period of 20 

ms. At the low-voltage distribution level, the 

single-phase peak voltage (Vp) is controlled to be 

169 V (339 V in the British system). The Root 
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Mean Square (RMS) voltage—120 V (240 V 

British)—is measured by placing a voltmeter 

between any phase wire (L1, L2, L3 and the 

neutral N or ground G. This value is derived by 

multiplying the peak voltage by 0.707 (a number 

easily remembered by associating it with the 

Boeing 707 aircraft). 
 

Notably, traditional AC voltmeters do not display 

raw peak values to the user; instead, they are 

calibrated to show the effective RMS value. In 

older analog multimeters, the physical scale or 

internal circuitry scales the reading down by a 

factor of 0.707, while digital multimeters perform 

this conversion electronically using internal 

processing algorithms to display the true RMS 

voltage directly. 
 

The phase-to-phase voltage, measured by placing 

voltmeter probes across any two of the three phase 

wires, is 208 V (415 V British). This phase-to-

phase value can be mathematically derived by 

multiplying the phase-to-neutral voltage—120 V 

(240 V British)—by the square root of three: 

      √        

      √        
 

The historical reason for this convention traces 

back to early electrical applications, which 

primarily involved water heating. Thomas Edison's 

company originally achieved this using Direct 

Current (DC). Imagine two identical water heaters 

placed in containers holding equal volumes of 

water. One heater was supplied with 120 V DC. 

Pioneers discovered that to bring the second 

container to a boil within the exact same 

timeframe using Alternating Current (AC), the AC 

wave required a peak voltage of 169 V. Because 

technicians and electricians of that era preferred 

not to memorize an entirely new operating number 

(169 V), Nikola Tesla noted that this wasn't an 

issue; one could simply multiply 169 V X 0.707 to 

yield the equivalent 120 V rating. 
 

This is how the concept of Root Mean Square 

voltage (VRMS = 120 V or 240 V British) was 

established. Ultimately, the sole purpose of the 

RMS standard is to ensure that AC and DC deliver 

the exact same effective heating power at identical 

voltage ratings, sparing electricians from having to 

memorize separate peak voltage parameters (Vp = 

169 V or 339 V) [Thomas, R. et al., 2020]. 
 

Large utility generators typically output power at 

11 kV. By industry convention, voltages on high-

voltage (HV) overhead transmission lines and 

generator outputs are always defined by their 

phase-to-phase values, rather than the phase-to-

neutral values used in residential sectors. The 11 

kV generator output is immediately stepped up to 

extreme transmission levels, such as 275 kV or 

500 kV. The mechanical falling water is converted 

to electrical energy following the Equation 2. 

          (2) 
 

Neglecting the power factor (cos Ɵ), which 

typically approaches unity (one) right at the power 

station, the relationship simplifies to Equation 3:  

      (3) 
 

When the voltage (V) is drastically increased, the 

current (I) must decrease proportionally because 

the total power (P) is fixed by the mechanical 

energy driving the turbine—such as the kinetic 

energy of falling water in a hydroelectric station.  
 

Because a transformer merely scales the individual 

voltage and current components of total power, 

stepping up the voltage forces the current down. 

When this significantly lower current value is 

applied to the transmission line power loss 

formula, Equation 4: 

           (4) 
 

It results in a minimal line loss (Ploss) across long-

distance transmission corridors that often span 

over 1,000 km before reaching urban load centers. 

Once the power reaches the city, it is stepped 

down to safe, usable distribution levels. Therefore, 

the primary purpose of a transformer is to 

minimize transmission line losses. Because 

transformers rely on electromagnetic induction—

which requires a continuously varying sinusoidal 

magnetic field to induce a current in the secondary 

winding—they cannot operate on static DC. This 

fundamental limitation is what ultimately led to the 

demise of Edison’s DC system in favor of Tesla's 

AC infrastructure. 
 

On a typical high-voltage transmission tower, each 

electrical phase can consist of multiple conductors 

bound together, a configuration known as bundled 

cables. Most commonly, two or four individual 

conductors are held together using specialized 

spacers. For a double-circuit tower using a two-

cable bundle, there are four conductors per phase 

(two on each side of the tower structure), totaling 

12 cables across the three phases. For a four-cable 

bundle configuration, this total scales up to 24 

individual cables. 
 

Due to the ultra-high transmission voltages 

(ranging from 500 kV to as high as 1,000 kV), the 

current passing through each of these individual 
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phase wires remains remarkably low, typically 

between 70 A and 110 A, yet they successfully 

transport the immense power required by the entire 

grid. To put this in perspective, a line current of 

70–100 A is lower than the 110 A cold-cranking 

current drawn briefly from a small 12 V car battery 

during engine ignition. 
 

However, a standard car battery operates at 12 V, 

which is well below the 40 V threshold generally 

considered necessary to overcome human skin 

resistance and cause dangerous electrical shock. 

That said, touching an active spark plug wire while 

an engine is running delivers an intense, painful 

shock. While this may initially seem paradoxical 

given the battery's low voltage, the automotive 

ignition system utilizes a switching mechanism 

and a step-up induction coil (transformer action) to 

convert the low-voltage DC into an oscillating 

high-voltage pulse. This process generates 

between 25,000 V and 30,000 V—the high 

potential difference required to force electrons to 

ionize the air and jump the physical gap of the 

spark plug [Shimasaki, Y. et al., 1993]. 
 

As illustrated in Fig. 6, the three-phase distribution 

system splits the power coming from the generator 

or local substation to serve individual residential 

consumers. For example, the phases L1, L2, L3 are 

distributed such that each home ideally receives a 

single phase. In practice, depending on the service 

conductor's current-carrying capacity, groups of 

two, three, or more homes may share a single 

phase to distribute the load across the grid.
 

 
Fig. 6: Housing three phase wiring 

 

The neutral N return wires originating from each 

home are tied together at a common junction point, 

leaving a single shared neutral conductor to run 

back to the star point of the Low Voltage (LV) 

substation transformer, which is solidly bonded to 

Ground G. 
 

If this neutral path is broken at a point between the 

L2 and L3 phases the L1 and L2 phase circuits 

become connected in series across a phase-to-

phase voltage. This subjects the appliances in 

those two homes to a line-to-line potential of:  

       √        
 

           √                   

(5) 

 

Under this fault condition, the broken neutral wire 

inside these homes becomes energized at a 

hazardous voltage. Novice electricians are 

occasionally confused by this phenomenon; they 

falsely assume that because a wire follows a 

specific color code (such as white in the USA or 

black in traditional British standards), it will 

always rest at zero volts. However, a floating or 

broken neutral completely invalidates this safety 

assumption. The resulting overvoltage condition 

will heavily damage or destroy household 

electrical appliances because they are subjected to 

nearly double their rated operating voltage. 
 

Conversely, if the neutral connection breaks 

specifically between the L1 and L2 phase 

junctions, the L1 household loses its complete 

electrical circuit. Because there is no longer a 

return path back to the substation transformer's 

neutral star point, the L1 home simply experiences 

a total blackout. Meanwhile, the L2 and L3 homes 

will continue operating normally without any 

immediate indication of a system fault. The 

occupants of the L1 home will simply report a 

power outage to the utility company, with no 

equipment damage taking place. 
 

A far more dangerous scenario occurs if the 

neutral conductor breaks downstream, right 

between the L3 consumer junction and the main 
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outgoing utility neutral line. When this happens, 

the interconnected neutral junctions of the three 

homes are forced to act as an isolated, floating star 

point. 
 

While a star point configuration is an established 

method to maintain a neutral reference point (often 

utilized in three-phase induction motors), it 

introduces a severe voltage stability problem when 

applied to residential distribution. In a star-

connected induction motor, the three internal stator 

windings have perfectly equal current loading 

across L1,L2, and L3. In a typical housing estate, 

however, the electrical loading among the three 

phases is highly unbalanced. 
 

Utility linesmen have reported to the author that 

when an overhead neutral line is physically 

snapped—such as by a passing truck—it routinely 

causes widespread appliance burnouts across the 

connected neighborhood. Initially, this claim 

seemed counterintuitive, as the outgoing side of 

the three homes should theoretically form a self-

balancing star point identical to a star-connected 

induction motor. However, as more utility 

personnel documented identical damage patterns, 

it became clear that the fundamental cause is the 

severe current differential (unbalanced loading) 

among the households. 
 

Because the loads are unequal, the neutral voltage 

"floats," which drastically shifts the phase voltages 

and drives excessive current through the 

equipment connected to the lightly loaded phases. 

Because Alternating Current (AC) is sinusoidal, 

these instantaneous values fluctuate continuously. 

For example, consider a specific moment in time 

where the instantaneous phase currents are L1 = 10 

A, L2 = -20 A, and L3 = -30 A. According to 

Kirchhoff's Current Law L1 + L2 + L3 = -40 A, 

with the residual current returning safely through 

the neutral wire. 
 

When that vital neutral path is severed, the star 

point's potential shifts violently to force a new 

equilibrium among the phases. The loads in L1 

which prior to that moment taking only 10A is 

now experiencing a current of 10 + 40 = 50 A. 

This forces the current on a single phase to wildly 

overshoot its normal operational limits and destroy 

the load. This severe current spike acts like a 

surge, instantly destroying electronic equipment 

along that line. 
 

For this reason, power utilities treat an open or 

broken neutral as a critical, high-priority 

emergency. A distribution linesman’s primary 

preventative responsibility is ensuring the absolute 

integrity of the neutral network. Highlighting the 

scale of this danger, a university engineer shared a 

case with me where an entire computer laboratory 

was destroyed due to a single faulty neutral 

connection in the building's main distribution 

board. 
 

SYNCHRONIZING OF GENERATORS 
When there is a need to parallel two generators to 

provide more power than a single unit can sustain, 

they must be synchronized. The schematic for this 

synchronization process is illustrated below in 

Fig.7. 
 

Across an interconnected electrical grid, 

generators communicate with each other 

dynamically at nearly the speed of light. The 

terminology used to describe this unified state is 

phase-locking or synchronous operation.

 

 
Fig. 7: Generator synchronizing 



  

 
 

20 
 

Karunakaran, P. et al.,  Sarc. Jr. Eng. Com. Sci. vol-5, issue-6 (2026) pp-12-21 

Copyright © 2022 The Author(s): This work is licensed under a Creative Commons Attribution- NonCommercial-NoDerivatives 4.0 
(CC BY-NC-ND 4.0) International License 

Publisher: SARC Publisher 
 

 
Fig. 8: AC sine waves 

 

To understand the mechanics of synchronization, 

imagine connecting the L1 phase wire of 

Generator 1 and the L1 phase wire of Generator 2 

to the two opposing terminals of an incandescent 

bulb (Edison bulb). If the AC waveforms of the 

two generators are out of phase, a voltage potential 

will exist across the filament, causing the bulb to 

light up. This is functionally equivalent to 

connecting the bulb between the L1 and L2 phases 

of a single generator, where the potential 

difference would be: 

       √        

      √                         

(5.5) 

 

As shown in Fig. 7, at almost any given moment in 

time (represented by the X-axis), an instantaneous 

voltage amplitude difference exists between two 

unsynchronized phases. This voltage differential 

drives current through the bulb, lighting it up 

[Karunakaran, P. 2018]. 
 

However, by adjusting the DC excitation current 

fed into the rotor windings of Generator 1, 

operators can alter its magnetic field intensity. 

This variation in field strength modifies the 

electromagnetic torque, changing how heavily the 

rotor interacts with the stator. When the DC 

excitation is increased, the rotor's magnetic field 

couples more intensely with the stator's magnetic 

field (the stator coils having become 

electromagnets themselves due to the generated 

current flowing through them). This heightened 

magnetic braking effect creates greater rotational 

resistance, slowing down the rotor and shifting the 

phase of the generated AC waveform. Conversely, 

reducing the DC current weakens this magnetic 

coupling, allowing the rotor to accelerate relative 

to the grid. 
 

By precisely adjusting this DC excitation, the rotor 

can be tuned until its output waveform perfectly 

matches the phase and frequency of Generator 2. 

At the exact moment the two waveforms achieve 

perfect synchronization, the voltage potential 

across the test bulb drops to zero volts, causing the 

light to go dark. Once the bulb goes completely 

dark, the synchronization switch can be safely 

closed to connect the L1 wire of Generator 1 to the 

L1 wire of Generator 2. 
 

In practice, only a single lamp connected between 

the L3 phase of Generator 1 and the L3 phase of 

Generator 2 is required to confirm synchronization 

across all three phases. Because the physical stator 

windings are fixed at permanent 120-degree 

intervals inside a rotating machine, synchronizing 

a single phase guarantees that the remaining two 

phases are perfectly aligned as well. Consequently, 

the L1, L2, and L3 phases of Generator 1 can be 

safely coupled to the corresponding L1, L2, and 

L3 phases of Generator 2 simultaneously. 
 

As a practical observation, the author has 

experimented with varying the voltage to an 

incandescent Edison bulb from 0 V up to 415 V, 

and the filament routinely survives these extreme 

fluctuations without burning out. This robust 

thermal inertia makes traditional incandescent 

bulbs uniquely resilient compared to modern 

electronics; they are likely one of the few everyday 

devices capable of surviving the devastating surge 

of an Electromagnetic Pulse (EMP) attack 

[Karunakaran, P. 2018]. 
 

CONCLUSION 
The operational stability of a modern electrical 

power grid relies on a precise equilibrium between 

mechanical rotation and electromagnetic control. 

As demonstrated, a single mechanical cycle of a 
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generator rotor dictates the exact geometry of the 

resulting AC sine wave, establishing a physical 

foundation for the 120-degree phase separation 

essential to three-phase power. 
 

Grid reliability requires diligent multi-tiered 

regulation. At the transmission level, maintaining 

an unyielding voltage profile via reactors and 

generator management supports all downstream 

infrastructure. At the distribution level, the 

integrity of the neutral network proves to be the 

ultimate safeguard for end-user equipment. While 

balanced three-phase loads, such as induction 

motors, naturally maintain a net-zero star-point 

potential without neutral current, highly 

unbalanced residential distribution systems depend 

entirely on a solid neutral connection to prevent 

violent voltage shifts. The catastrophic appliance 

burnouts and surge-like overcurrents caused by a 

broken neutral underscore the necessity of treating 

open-neutral faults as critical emergencies. 
 

Lastly, the dynamic process of paralleling 

generators emphasizes that power systems are 

living, phase-locked networks. By manipulating 

the DC excitation of a rotor, operators can 

introduce precise electromagnetic drag to align 

wave frequencies and phases perfectly. Whether 

using advanced algorithmic controls or traditional, 

highly resilient incandescent lamp synchronization 

techniques, achieving a zero-potential differential 

across phase boundaries remains a fundamental 

prerequisite for safe, grid-wide parallel operation. 
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