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CHAPTER 1

NIKOLA TESLA AND POLYPHASE POWER



ARTICLE 1

THE ENGINEERING ACHIEVEMENTS
OF NIKOLA TESLA





The System of Polyphase Power, which is the subject of the following text, 
was conceived in the latter part of the 19th Century by Nikola Tesla (1888).

Nikola Tesla, 1856 to 1943, may be considered the most enigmatic character 
in recent history, adored by some, despised by others. However, it cannot be 
denied that his Polyphase System, in collaboration with the efforts of George 
Westinghouse, transformed America, and ushered in the Electric Age.

While it is generally known “who was” Nikola Tesla, it is not so well known 
“what was” Nikola Tesla.

Nikola Tesla acquired a classical education in the universities of 19th Century 
Europe. Here his efforts were directed into the study of Electrical 
Engineering, his interest starting at a young age.



This was a relatively new field of study since the practical application of 
Electric Forces was just beginning at this point in history, that is, the Electric 
Telegraph and the Electric Light. Hence, based upon his interests and 
education, Tesla was to become an Electrical Engineer.

Tesla acquired considerable practical experience working as an electrical 
engineer in the field of Electric Light and Power. Here he recognized the need 
for a superior Electric Motor, and thus began his efforts to create such a 
machine. Out of this effort came his conception of the Rotating Magnetic Field. 
Ultimately, his long and arduous effort made him quite wealthy, for a while.

With his newly acquired wealth and resources, Nikola Tesla established a new 
laboratory. Here he undertook his next major effort, High Voltage, High 
Frequency Phenomena. Many of Nikola Tesla’s most profound, and least 
understood, discoveries were made in this laboratory.



So stunning were his extraordinary displays of High Voltage effects, in 
addition to the remarkable impact, his experimental researches had on the 
electrical science of that era, Nikola Tesla would achieve world fame, for a 
while. Here would be the scenario for his next major achievement, The 
Longitudinal Electric Field.

One of Nikola Tesla’s principal efforts in this laboratory was the study of 
Electric Rays. He was continuing the work of Sir William Crookes, a leading 
pioneer in that field of endeavor, and someone who Tesla held in high 
regard. This was the era of the great minds in Electric Ray research, Leonard, 
Roentgen, and J.J. Thomson. Tesla had now become an electrical scientist, or 
what then was called an “Electrician”.



Tesla would have a distinct advantage over his contemporaries however. 
While everyone struggled to obtain effects with feeble and primitive 
laboratory apparatus, Tesla was to obtain very powerful effects due to the 
refinement of his apparatus. Remarkable was his ability to apply his 
engineering knowhow to his scientific endeavors. The apparatus of others 
would only produce milliwatts while the apparatus of Tesla would produce 
kilowatts. Accordingly, the Electric ray research of Tesla excelled over his 
contemporaries for a while.

In the course of his laboratory work, Tesla observed that his apparatus 
created a Longitudinal Electric Field. He knew that Herman Von Helmholtz 
had theorized the existence of Longitudinal Electric Waves. Accordingly, 
Tesla presented his findings to Helmholtz, who in turn verified Tesla’s 
expectations.



Nikola Tesla’s expectations were the transmission and reception of Electric 
Forces without the use of connecting wires. In a very roundabout about way 
this would eventually lead to what has become commonly known as 
“Radio”. However, the Electric Waves employed by Tesla were not the 
Electric Waves to be employed by contemporary Radio. Here begins the 
enigma of Nikola Tesla.

The 20th Century would have no use for Nikola Tesla, nor his ideas of 
Longitudinal Electric Waves. Modernistic science declared that such waves 
cannot possibly exist.

Thus ends the story of a scientist and engineer, Nikola Tesla.



ARTICLE 2

GOETHE AND THE VISION



Johann Wolfgang von Goethe (1749-1832)
painted by Heinrich Christoph Kolbe, 1806



Throughout much of Nikola Tesla’s life he would be plagued by severe 
hallucinogenic episodes. Despite this condition Tesla would learn to master 
it and put it to work for him. Accordingly, this provided him with an 
enhanced power of visualization.

The mind of Nikola Tesla had been overly occupied with the ideas relating 
to A.C. rotating machinery, most notably, the A.C. motor, the lacking 
element in electric utility system of his day.

Historically, Nikola Tesla would claim his revelation of the Rotating 
Magnetic Field, and its Polyphase Power System, which came to him in the 
form of an all-encompassing vision, or by his account, as a “flash of light”.



As the sun was setting Tesla was reciting from memory certain verses 
written by Johann Goethe;

 The glow retreats, done is the day of toil;
 It yonder hastes, new fields of life exploring;
 Ah, that no wing can lift me from the soil;
 Upon its track to follow, follow soaring.

At this moment the vision in Nikola Tesla’s mind was the sun acting as a 
whirling magnetic pole, carrying him around the Earth, to follow soaring. 
Hence the Rotating Magnetic Field was born.



The moment the Sun was setting at Nikola Tesla’s location, it was, at the 
same moment, at its noon position one quarter turn around the Earth ahead 
of him, figure (1). At this same moment, the Sun was at its sunrise position 
two quarter turns around the Earth ahead of him, figure (2). Likewise, at this 
same moment in time, the Sun was at its midnight position three quarter 
turns around the Earth, figure (3). Finally, at the same moment in time, four 
quarter turns around the Earth, is the location of Nikola Tesla at sunset. The 
cycle is complete, consisting of “Four Phases”, this in the mind of Tesla, 
figures (1,2,3,4, and 5).

Hereby, the four-unit positions of the Sun are:

1. Midnight (MN), start position
2. Sunset (SS), first position
3. Noon (ON) second position
4. Sunrise (SR) third position





THE SOLAR CROSS



ARTICLE 3

REPRESENTATION OF THE TESLA SYSTEM
OF POLYPHASE POWER



Electricity resides in the realm of the imponderable. It is only accessible 
through experimental research and the mathematical symbolism that these 
researches engender. Nikola Tesla was a master in the realm of experimental 
research, but he left nothing of the mathematical symbolic procedures 
required to engineer his discoveries. He stated that such work was best left 
to others. Most notable of the so-called “others” was Charles Proteus 
Steinmetz, the wizard of Schenectady. [1]



The mathematical representation required for the engineering analysis of 
Nikola Tesla’s discoveries is outside the realm of conventional mathematics. 
The complication which presents itself with regard to the Polyphase System 
is that it is no longer a common Alternating Current Condition, but rather it 
is a condition of a Rotating Direct Current. Moreover, when the number of 
phases is other than four, the common Cartesian Co-ordinate System is no 
longer useful. Evidently, a novel form of engineering analysis is required for 
Polyphase Systems.



Heaviside once wrote that “mathematics is an experimental science”, [2]. 
This comment raised the ire of academic mathematicians, with the exception 
of Charles Steinmetz.

Charles Steinmetz developed a revolutionary system of mathematics very 
well suited for the analysis of Alternating Current Systems. This he would 
call the “Symbolic Method”.



[3]. In his time, this would become known as the “Steinmetz Method”, [4]. 
In 1897 he published his first engineering textbook titled “Theory and 
Calculation of Alternating Current Phenomena”, which demonstrated the 
application of the Symbolic Method to the solution of the A.C. engineering 
problems encountered in practice. The publication of this textbook, and its 
widespread acceptance would elevate Steinmetz to world fame, [5], the one 
thing he held in common with Nikola Tesla.



The material presented in his book would also provide the groundwork for 
the analysis of Polyphase Systems, [6], in particular, his so-called “Roots of 
The Unit”. [6a] This is the basis for a more advanced Polyphase Theory. The 
work of Charles Steinmetz in this regard received further development by 
his protégé, Ernst Alexanderson, [7], and of this arrived the final established 
form of Polyphase Analysis, that of Charles Fortescue. [8]



Fortescue extended the work of Steinmetz and Alexanderson into what may 
be defined as the “Method of Multiple Co-ordinate Systems”. This 
established a solid mathematical basis for the analysis of Polyphase 
Systems. Moreover, this development would advance the General Theory of 
Numbers, and mathematics in general. [9] Today the “Fortescue Method” is 
known as the method of “Symmetrical Components”. [10] In the words of 
Fortescue, it is called a “Sequence Algebra”. [11]



ARTICLE 4

FOUR PHASE MATHEMATICS



The mathematical analysis of any Polyphase System is founded upon that 
methodology developed by Charles Fortescue. This method of analysis will 
be developed throughout the following articles of this text.



FIG. 6



The “Fortescue Method” employs a set of Multiple Co-ordinate Systems, 
one for each phase. Hereby, the Tesla Four Phase System is analytically 
represented by four specific Co-ordinate Systems, one for each of the four 
phases, A, B, C, and D. These are portrayed by figure (6).



Each Co-ordinate System consists of four co-ordinates, which have been 
established as;

Midnight, 0, Sunrise, 1
Noon, 2, Sunrise, 3



Specific arrangements of these co-ordinates present themselves in each 
phase, as shown in figure (6). Each specific co-ordinate arrangement is 
identified as a specific “Sequence”. The interaction of these sequences is 
essential to the working of the Fortescue Method. Accordingly, Fortescue 
refers to his method in terms of “Sequence Algebra”.



In the analysis of Polyphase Systems, several orders of co-ordinate 
sequences present themselves. The number of these sequences is directly 
related to the number of phases.



FIG. 7



Foremost are the Positive Sequence, and the Negative Sequence, the two 
most fundamental sequences of any Polyphase System. For a Four Phase 
condition these sequences are portrayed by figure (7).

The interaction of the Positive and Negative Sequences will engender other 
less obvious sequences. This is an objective in the application of the 
Fortescue Method. These other sequences can be arrived at by forming a 
Composite Sequence pattern. For the Four Phase condition, this is portrayed 
in figure (7).



In the Four Phase composite configuration shown, the Positive Sequence is 
positioned horizontal, and the Negative Sequence is positioned vertical. 
This results in a four-by-four square, or lattice, of Four Phase Co-ordinates.

Repositioning the Four Phase Co-ordinate lattice of figure (7) into the form 
of a Pythagorean Co-ordinate System, or “Lambdoma”, figure (8), serves to 
emphasize the lesser order co-ordinate sequences. Two principle co-ordinate 
sequences present themselves as alternate horizontal rows, that is, the Even 
Alternate Sequence, and the Odd Alternate Sequence.



Unlike the Positive and Negative Sequences, the Alternate Sequences do not 
progress, but rather alternate, and thus represent an Alternating Current, or 
“Single Phase” condition.

In addition to the aforementioned Even and Odd Alternate Sequences, a 
third set of co-ordinates present themselves in the lattice of figure (8), this as 
a vertical row of zeros. This particular set of co-ordinates has no definite 
sequence and accordingly is called a Zero Sequence.



FIG. 8



In the development of Polyphase Theory, the analytical expression of the 
Zero Sequence component was the most difficult to arrive at. [12] Moreover, 
in any Polyphase Power System, the Zero Sequence is a parasitic mode best 
avoided or suppressed whenever possible.

For its existence, the Zero Sequence component required that the number of 
electric conductors in a Polyphase System exceeds the number of phases in 
that system by one. Thus, in a Four Phase System, a fifth conductor is 
required to support the Zero Sequence mode, and this additional conductor 
is called the “Neutral Conductor”.



FIG. 9



As portrayed by figure (9), the Four Phase condition yields a plurality of co-
ordinate sequences, that is;

1. The Positive and Negative pair of co-ordinate sequences which represent
the rotational components of the Four Phase System, Positive for
clockwise rotation, and Negative for counterclockwise rotation.

2. The Even and Odd pair of co-ordinate Sequences which represent the
Alternating components of the Four Phase System, Even for the co-
sinusoidal alternation, and odd for the sinusoidal alternation.

3. The Zero, or Null, co-ordinate sequence which neither rotates no
alternates, but rather it defines a harmonic relationship within the
Polyphase System.



THE SOLAR CROSS



From an analytical standpoint, as well as from a practical standpoint, the 
Tesla Four Phase System offers several advantages over other numbered 
systems.

The particular advantage of a Four Phase System from the analytical 
standpoint is that this Polyphase condition is based upon a Quadrant-Polar 
arch form as shown by figure (5). However, this arch form is also the basis 
for Alternating Current itself. [13] Hence, the Four Phase condition, as with 
the Alternating Current condition, can be treated analytically in terms of the 
commonly understood Rectangular or Cartesian, Co-ordinate System, 
whereas the analysis of other numbered systems require more exotic forms 
of mathematics.



The particular advantage of a Four Phase System from the practical 
standpoint is its co-operative relationship with Alternating Current. Hereby, 
a rotational co-ordinate sequence can be directly derived from a 
complimentary pair of alternate (non-rotational) co-ordinate sequences. 
Conversely, a complimentary pair of alternate co-ordinate sequences can be 
directly derived from a rotational co-ordinate sequence. In other words, a 
“Poly-Phase” condition can be derived from a pair of so-called “Single 
Phase” conditions, or conversely, a pair of so-called “Single-Phase” 
conditions can be derived from a Poly-Phase condition.



This is an important advantage when transformation is required between 
“Single-Phase” and Poly-Phase Systems, and allows for unique interactions 
between the four phases and the four aspects of the Alternating Currents 
which constitute the Four Phase System.

The synthesis of a Rotating Sequence, either positive or negative, from a pair 
of complimentary Alternate Sequences, odd or even, is portrayed by figures 
(10) and (11). It is evident from figure (10) that by reversing a particular 
Alternate Sequence, odd or even, the result is the reversal of the Rotating 
Sequence. In figure (10), the reversal of the odd Alternate Sequence reverses 
the Rotating Sequence from positive to negative.



FIG. 10



FIG. 11



ARTICLE 5

THE WESTINGHOUSE-TESLA SYSTEM
OF ELECTRICAL POWER







The first full scale application of the Tesla Four Phase System was 
constructed by the Westinghouse Electric Company for the purpose of 
providing light and power for the 1893 Chicago World’s Fair. This was the 
largest such plant of that era, figure (12) and (13). Ref [14]

Several sets of paired Synchronous Alternators of a rotating field 
construction were employed in this effort. The stator poles of one Alternator 
of the pair are displaced by one unit Four Phase step, or 90 degrees with 
respect to the stator poles of the other Alternator of the pair, figure (14). 
Hereby this pair of Alternators are unified into a single Polyphase machine.



FIG. 14



FIG. 14



The rotating field coils of this pair of Alternators are configured so as to 
allow independent excitation for each sequence, Odd Alternate, Even 
Alternate, and Rotational, figure 15. [15]

At this point in history, it became common practice to designate each 
Alternate Sequence as a “Single Phase”, and correspondingly designate the 
joint pair of Alternators as “Two Phase”. Unfortunately, this practice exists 
to the present day. This stands in contradiction in the process of analysis.



FIG. 15



By definition, the number of phases in any Polyphase System is numerically 
equivalent to the number of conductors required to produce a Rotation 
Sequence. Hence, a system of three phases requires three conductors, 
whereas a system of four phases requires four conductors, etc. Accordingly, 
the two conductors for an Alternate Sequence define a system of two phases, 
which is not a Poly-Phase System. Hereby, the pair of Alternators derives a 
pair of two conductor system, that is, four conductors which hence derives a 
“Four Phase System”, figure (16). This figure presents a schematic portrayal 
of the quadrature arrangement of a pair of alternators which establish a 
Four Phase condition.



FIG. 16





In common practice the mutual sets of armature coils (0, 1, 2, 3) are 
designated the “phases” of the system, and the external leading conductors 
(A, B, C, D) are designated the “lines” of the system. The phases are 
sometimes referred to as the “legs” of the system. Hence, a distinction is 
established regarding what relates to the phases, such as the “Phase 
Voltage”, or what relates to the lines, such as the “Line Voltage”. The 
relationship between phase and line values is dependent upon the particular 
configuration of any given Polyphase System.



A single unit of the World’s Fair Power Plant is portrayed by figure (17). The 
function of this plant is to convert the steam engine shaft horsepower into 
the electric line kilowatt power, this delivered to the electrical load.



FIG. 17



In this setup the alternators, through the actions of the rotating field 
windings, figure (18), serve to automatically regulate the transfer of the 
mechanical power of the engine to the electrical power of the load. The 
function of the alternators in this transfer of power is analogous to the 
function of the automatic transmission in an engine driven automobile.





FIG. 18



FIG. 18



The alternator armature pole pairs, figure (14), are analogous to the gear 
teeth of a mechanical transmission. Hereby, for a given engine R.P.M., the 
electrical frequency, in cycles per second, of the alternator is established by 
the number of pole pairs within the armature. The relation is given as:

𝐹 =
𝑛

60
× 𝑅𝑃𝑀

Where,

F = Electrical frequency in cycles per second
n = Number of pole pairs
60 = Ratio of seconds per minute
RPM = Engine speed in revolutions per minute



FIG. 14



The required frequency of alternation, and the required Electro-Motive 
Force (Voltage), to be provided by the power plant is determined by the 
character of the connected load. The dominant load at the World’s Fair was a 
vast electrical lighting system.

The distances to be spanned by the connection between the power plant and 
its load were quite long, thousands of feet. Accordingly, the voltage 
supplied by the alternators would be in the kilovolt range. The exact voltage 
is unknown, but voltages of 550, 1100, and 2200, were in common use in this 
era. The practitioner adage became; one volt of E.M.F., to span a distance of 
one foot, the Volt per Foot Law.



Electrical illumination devices, when operating on alternating current, are 
subjected to an objectionable flicker, that is a pulsation in illumination 
intensity. This pulsation presents itself at twice the frequency of alternation, 
and is most annoying at lower frequencies, 50 cycle per second and lower. 
Obviously, no flicker exists when operating on direct current.

At this point in history, the most common frequency employed in electrical 

illumination was 133
1

3
 cycle per second, this based upon 800 R.P.M. 

multiples of rotation. Nikola Tesla, however, settled upon 60 cycle per 
second, this based upon 360 R.P.M. multiples of rotation. This lower, or 
slower, frequency accordingly favors the operation of electric motors as well 

as allowing for the design of more economical alternators. Either 133
1

3
, or 60, 

cycles per second may have been employed at the World’s Fair.



A single electric lamp, having only a single pair of terminals is inherently an 
alternate sequence device, hence the flicker effect. Individually, these lamps 
do not require Polyphase power for their operation. However, when groups 
of lamps are connected in a Polyphase manner, the net result is the 
cancellation of the flicker effect. This is because during the pulsation of the 
intensity, a lamp operating on phase, A, may be in the dimming part of its 
pulsation, while a second lamp operation on phase, B, will in turn be 
operating in the brightening part of its pulsation. Accordingly, the 
illumination intensity of this pair of lamps will remain relatively constant, 
thus the cancellation of the flicker effect. This allows for a somewhat lower 
frequency of operation, which is particularly effective in the operation of 
vapor (arc) lamps since these devices are very prone to the flicker effect.



It is estimated that approximately 8,000 kilowatts (11,000 H.P.) of electrical 
power, this generated by the Westinghouse-Tesla Alternators, was required 
to provide the illumination of the 1893 World’s Fair. The Power Plant 
Switchboard, shown in figures (19, 20, 21, 22), regulates and directs this 
electric power produced by the various alternators.



FIG. 19



FIG. 20



FIG. 21



FIG. 22



It is evident from figures, (19) through (22), shown that this switchboard is 
divided into two decks, a lower, forward, deck, and an upper, after, deck. 
The upper deck consists of a row of forty, 40, identical panels, while the 
lower decks consist of five, 5, simple panels on the left side, and thirteen, 13, 
complex panels to the right. Four field rheostat dials present themselves on 
four of the larger panels, and thirteen field rheostat dials present themselves 
on each of the smaller panels. These rheostats serve to regulate the power 
produced by their corresponding alternators. Accordingly, a total of 
seventeen alternators are controlled by this switchboard.



Examination of the photographs which portray the switchboard would 
indicate the lower deck group of thirteen panels directly serve the same 
number, 13, of Two-Phase feeders.









These feeders in turn extend to the outside plant. However, by inspection, it 
is seen that the lower deck group of four panels have no related feeder 
apparatus. Thus, it may be inferred that the related feeder apparatus is the 
upper deck group of forty panels. These serve the same number, 40, of Four 
Phase feeders which in turn extend to the outside plant. It can also be 
inferred that the lower deck group of four panels control four large direct 
engine driven alternator sets, figure (28).



FIG. 28



The primary function of the Power Plant is to supply the required electric 
power to illuminate the 1893 Chicago World’s Fair. Two methods of 
electrical illumination had come into common use at this point in history;

1. The conductive filament incandescent lamp, these connected in multiple
(parallel), and operating from a low voltage, constant potential source of
electric power.

2. The carbon vapor arc lamp, these connected in series and operating from
a high voltage, constant current source of electric power.



In all likelihood, the 40 upper deck panels and their related alternators 
served the parallel connected incandescent lamps, and were regulated for 
constant potential, the current in proportional variation with the magnitude 
of the applied load. Likewise, the, 13, lower deck panels and their related 
alternators served the series connected arc lamps and were regulated for a 
constant current, the potential (Voltage) in proportional variation with the 
magnitude of the applied load.



The installation of nearly one hundred thousand electric lamps served to 
illuminate the entirety of the 1893 World’s Fair. Accordingly, a vast array of 
electric power feeders extended outward from the switchboard terminals to 
the various points of distribution and utilization. These feeders were carried 
throughout by an extensive arrangement of underground passageways, 
figure (29).



FIG. 29



Two distinct categories of electric power distribution present themselves at 
this installation;

1. That of constant potential (Volts) serving a complex arrangement of load
centres with their related “step down” transformers, which in turn deliver
electric power to the parallel connected incandescent lamps, figure (30).

2. That of constant current (Amperes) serving simple arrangement of series
connected arc lamps, figure (31).



FIG. 30



FIG. 31



In the parallel connected constant potential system the current in Amperes 
varies in direct proportion to the number of incandescent lamps involved, 
figure (32), whereas, in the series connected constant current system the 
potential in Volts varies in direct proportion to the number of arc lamps 
involved, figure (33).



FIG. 32



FIG. 33



The incandescent lamp illumination operates at a high current with a 
correspondingly low voltage, employing the “Stanley Transformer” to 
transform condition from the high voltage, low current delivered by the 
switchboard. Hereby this system is relatively safe for human contact, 
Conversely, the arc lamp illumination operates at a high voltage with a 
correspondingly low current, this without the employment of transformers. 
Accordingly, this system is dangerous for human contact. Consequently, 
incandescent lamp illumination is well suited for indoor operation in close 
proximity to human activity, whereas the arc lamp illumination is 
predominantly an outdoor system, or indoors far from human reach, in 
either case operating remotely from human activity.



A practical example of the comparison of parallel versus series operation is 
presented by figure (34). In this example three identical incandescent lamps 
are employed. Each lamp is rated at 110 Volts, producing a conduction 
current of 0.11 Ampere, or conversely, rated at 0.11 Ampere, producing an 
Electro-Motive Force of 110 Volts.



FIG. 34

FIG. 35



It is evident from figure (34) that for the parallel connection of these lamps 
the applied Voltage is identical across all three lamps, 110 Volt, but the 
current drawn by them together is additive, 0.33A or 330 Milli-Ampere. The 
total electric power consumed by this configuration of lamps is the product 
of the applied Voltage, 110V, and the total current, 300mA, that is, about 36 
Volt-Ampere, or Watt.

Likewise, the apparent electric conductance offered by this connection of 
lamps to the source of electric power is the ratio of the total current drawn, 
330mA, to the applied Voltage, 110V, that is, 1.0 Milli-Siemens.





Conversely, it is also evident from figure (35) that for the series connection 
of these lamps the applied current is identical through all three lamps, 0.11 
Ampere, or 110 Milli-Ampere, but the Electro-Motive Force produced by 
them is additive, 330 Volt. Again, the total electric power consumed by this 
configuration of lamps is the product of the applied current, 110mA, and the 
total Electro-Motive Force, 330V, that is, about 36 Ampere-Volt, or Watt.
Likewise, the apparent electric resistance offered by this connection of 
lamps to the source of electric power is the ratio of the total applied Electro-
Motive Force, 330V, to the total current drawn, 110mA, that is, 1.0 Kilo-
Ohm.





Hence, the electric power consumed by either the parallel, or series 
connection of these three lamps is identical, 36 Watts, since the Volt-
Ampere, or Ampere-Volt products are equivalent. However, their ratios, 
Ampere per Volt, or Volt per Ampere, presented to the source of electric 
power are reciprocal with respect to each other.

Hereby, through a basic analysis of the somewhat primitive arrangements 
utilized at the 1893 World’s Fair, the most fundamental laws of electricity 
have been derived.







ARTICLE 6

THE NIAGRA POWER PLANT
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CHAPTER 3
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CHAPTER 4
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