CHAPTER 2. From the history of electrical ENGINEERING and electrical power engineering
    2.1.Prehistory of electrical power engineering
First observations of magnetic and electrical phenomena are dated to antiquity. Mysterious capabilities of a magnet to attract iron objects were mentioned in ancient Asian (Indian and Chinese) and Greek and Romanian chronicles and legends. 

From ancient legends and chronicles going back to the second millennium B. C. we have learned many interesting facts on practical applications of magnets. Ancient Indians used magnets to extract iron arrowheads from bodies of injured soldiers. Chinese chronicles tell us about magic magnetic gates through which a human with a hidden metal weapon could not pass. During excavations of the site of an ancient Olmec town in Central America, sculptures 3,000 years old cut from magnetic rocks were found. 

First compasses of various designs were used in China already in the second millennium B. C. A Chinese compass 1,000 years old is a museum piece.

Naturally, ancient scientists and naturalists pondered over a reason for the mysterious properties of magnets. For example, Plato explained them by their divine origin. 

Legends about the property of amber being rubbed to attract light bodies are connected with the name of Thales of Miletus (625–547 B.C.), an ancient philosopher. In his opinion, a soul being the first cause of attraction was present in amber and magnet. 

Amber adornments, shining and beautiful, were widely used by ancient people for decoration; therefore, it is quite probable that many people could observe that amber being rubbed attracted bits of straw, pieces of fabrics, and other light objects. 

The Greek word for amber is electron. The term electricity originated from this word many centuries later. A stone (probably precious) that, like amber, was electrified on being rubbed was described in one of the ancient Greek works. However, ancient Greeks did not know that other bodies could be electrified. 

One more curious phenomenon was observed by ancient people that lived on the shore of the Mediterranean and in the Nile basin. The case in point is electrical fishes – skates and sheat-fishes. A human in contact with these fishes having electrical organs was injured with a stroke of electric current. It is well known that Roman doctors used electrical skates to treat gout, headache, and other illnesses already in the 1st century A. D. 

Of course, ancient peoples heard threatening roars of thunder and saw bright flashes of lightning that inspired them with natural fear; however, sages of those times could not even think that the attraction of amber being rubbed, strokes of electric fishes, and thunderstorms in the atmosphere have the same origin. 

Decadence of ancient art adversely affected a study of electrical and magnetic phenomena. As evidenced by numerous sources, no discovery had been made in the field of electrical phenomena till 1600; in the field of magnetization, only the use of compasses by Arabian navigators in the 9th century and by European navigators in the 9th century had been described. 

For many centuries, the magnetic phenomena had been explained by the presence of a specific magnetic liquid. A. M. Ampère, an outstanding French physicist, first explained the electrical nature of magnetism in the 1820s.

In the 16–17th centuries, an experimental method of scientific research, one of the founders of which was Leonardo da Vinci (1452–1519), was increasingly employed. Inventions and discoveries of Leonardo da Vinci, a titan of the Renaissance epoch, astonish by their profundity and wide-ranging erudition. He was a skilled rider, fencer, poet, and musician as well as a designer of numerous machines and mechanisms, an ingenious painter, a mathematician, an astronomer, a geologist, botanist, an anatomist, a military engineer, and philosopher-materialist. 

His notebooks and drafts for different machines and mechanisms include more than 7,000 pages. It is very important to note that he made a breakthrough into future centuries and left not only drawings and drafts of flight vehicles and of the cylinder of a steam engine with a piston, but also predicted the wave nature of light and magnetism confirmed by the scientists only after a lapse of 400 years. In one of his notebooks he advised not to listen to doctrines of the philosophers whose reasoning was not confirmed experimentally. 

The experimental method of research adversely affected mysticism and various fictions and prejudices. 

The notion of electrical and magnetic phenomena radically changed in the early 17th century when the fundamental scientific work of W. Gilbert (1540–1603), an outstanding English scientist (a doctor of the English queen Elizabeth) “De magnete, magneticisque corporibus et de magno magnete tellure” was published (in 1600). Being a follower of the experimental method in natural sciences, W. Gilbert carried out more than 600 skilful experiments and opened, as he wrote, secrets of latent reasons for different phenomena. 

Studying the magnetism, W. Gilbert also started to investigate electrical phenomena. He proved that not only amber but also many other bodies, including diamond, sulfur, resin, and rock crystal were electrified on being rubbed. He called these bodies electrical. However, W. Gilbert failed to electrify metals without their insulation and came to the erroneous conclusion that metals could not be electrified by rubbing. This conclusion was convincingly disproved two centuries later by Academician V. V. Petrov (1761–1834), an outstanding Russian electrical engineer. 

W. Gilbert correctly established that the degree of electrical force is different and that the moisture reduces electrization of bodies being rubbed (triboelectrification). 

The idea that electrical phenomena are due to the presence of a special electric liquid similar to thermogen and luminogen were characteristic of science of that period when the mechanistic doctrine was dominant. 

Several editions of the fundamental Gilbert work were published in the 17th century; this was a favorite book of many naturalists from different European countries. This work played a very important role in the development of electricity and magnetism doctrines. G. Galilei (1564–1642), a great scientist, wrote about the Gilbert works that he gave an unstinted praise to this author and envied him. 

The Magdeburg burgomaster O. von Guericke (1602–1686), the famous inventor of an air pump who performed the well-known experiment with hemispheres having acquainted with the Gilbert book decided to obtain stronger manifestations of electrical forces. In 1650 he manufactured a sulfur sphere as large as a child head and fit it to an iron rod attached to a wooden support (Fig. 2.1). The sphere could be rotated by rotating a handle and could be rubbed with palms or pieces of smooth woolen cloth pressed with hands. 
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Fig. 2.1. The von Guericke electrostatic machine [2].

This was the first simplest electrostatic machine. O. von Guericke succeeded in observing a weak glow of an electrified sphere in the dark and, which was especially important, in establishing that flocks attracted by the sphere were repelled from it after a time. O. von Guericke and his contemporaries could not explain this phenomenon for a long time. G. W. Leibniz (1646–1716), a German scientist, initiated an electric spark using the von Guericke machine. This was the first mention of this phenomenon. 

In the first half of the 17th century, the electrostatic machine was updated: a glass sphere was used instead of the sulfur sphere (since glass could be better electrified) and then glass disks were used instead of spheres or cylinders (their manufacture was more difficult; in addition, they quite often exploded upon heating). Leather pads pushed to glass with springs were used for rubbing; later on, pads were covered with an amalgam to improve triboelectrificaton. 

A conductor (1744) – a metal tube suspended on silk threads and mounted on insulated supports – became an important new part of the machine design. The conductor accumulated triboelectric charges. After invention of the Leyden jar it was also placed near the machine. In the 1760s the electrostatic machine took its main modern features. 

Great progress in the study of electrical and magnetic phenomena have culminated in the discovery of unknown facts, including the two types of electricity and laws of their interaction, determination of the rate of electricity transmission, creation of new electrical equipment that allow large amounts of electricity to be generated and accumulated, investigation of atmospheric electricity, and creation of first theories of electrical phenomena. 

Considerable progress in the study of electric charges was made by S. Gray (1670–1736), a member of the English Royal Society, and C. F. Dufay (1698–1736), a member of the Parisian Academy of Sciences. 

Based on numerous experiments, S. Gray established that the capability of a glass tube to attract light bodies can be transferred to other bodies, and in 1729 he demonstrated that bodies can be subdivided into two groups: conductors (for example, a metal thread or a wire) and nonconductors (for example, a silk thread). 

Continuing the Gray experiments, C. Dufay found two types of electric charges, namely, “glass” and “resin” charges in 1733 and established their capability to repel like charges and to attract opposite charges. C. Dufay also constructed the prototype of an electroscope in the form of two suspended threads that moved apart after electrization. 

Once the division of bodies into conductors and nonconductors was established and experiments with electric machines became widespread, an attempt was quite natural to accumulate electric charges in a glass vessel to store them. 

Most famous among many physicists dealing with these experiments was P. Muschenbruk (1692–1761), a Dutch professor from Leyden. 

In 1745 he invented the Leyden jar (that got its name from Leyden) and soon after that the first simplest capacitor – one of the most widespread electrical engineering devices. 

One of the main consequences of invention of the Leyden jar was establishing the influence of electric discharges on the human organism, which brought electric treatment into being. This was the first rather wide practical use of electricity that played an important role in a closer examination of electrical phenomena. A. T. Bolotov (1738–1833), a famous Russian scientist-encyclopedist, was among the founders of electric treatment. He described in detail numerous methods of treating different diseases with an original and simple electrical machine equipped with the Leyden jar constructed by him and various instruments. He also invented compact portable machines with a glass sphere 20 cm in diameter. He organized the first Russian stationary electric treatment hospital in which he helped thousand patients. A. T. Bolotov wrote Electric Treatment Handbook (1793) and History of My Electrization and Electric Treatment of Different Patients in three volumes (1792). 

The design of the Leyden jar was gradually improved. The jar was coated inside and outside with tin foil and took the modern shape. 

Investigations with the jar (performed in 1746 by B. Wilson in England) demonstrated that the amount of electricity accumulated in the jar was proportional to the plate area and inversely proportional to the insulating layer thickness. In the 1770s, metal plates were separated by an air gap rather than by glass. Thus, the simplest capacitor appeared. 

Late in the 18th century progress in the study of electrostatic phenomena and their practical application set the stage for the discovery of new phenomena, development of sources of direct electric current, and study of its properties. All this resulted in the formation and subsequent fast progress in electrical engineering.

Not dwelling on a description of sources of electricity science, prehistory, and initial stages in the development of electrical engineering studied in institutions of general education, we now consider the formation of electrical engineering as an independent branch of science and technology and the formation of electric power engineering. 

2.2. Formation of electrical engineering as an independent engineering branch (1870-1890)
Electrical equipment systems were used only in laboratories, and consumers had no sufficiently high-power and economically efficient source of electric energy. Such a source was created in 1870. The next 15–20 years passed as years of creation of main electrical engineering devices for industrial and household applications and formation of new engineering branch – electrical engineering. 

2.2.1. Electrical illumination
The first large-scale consumer of electric energy was an electric lamp. It still remains the most widespread electrical engineering equipment even now. An electric candle invented by P. N. Yablochkov (1847–1894) in 1876 marked the beginning of wide practical application of electric energy. A light source in this electric candle was an electric arc initiated between carbon electrodes. 

Further progress in the development of electrical illumination was connected with the invention of an incandescent-filament lamp, a more convenient light source with the best economic and illumination characteristics. 

In 1870–1875 A. N. Lodygin (1847–1923), a Russian retired officer, worked at an incandescent lamp. He constructed an incandescent lamp with a thin carbon rod enclosed in a glass bulb (Fig. 2.2). 
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Fig. 2.2. Electric incandescent lamps [2] with a single carbon rod (a) and several carbon rods of different lengths (b).

The Lodygin lamp was first demonstrated in public in 1870, and in 1874 Lodygin received a Russian Privilege (a certificate of copyright) on the lamp. Then he patented his invention in several countries of Western Europe. He gradually improved the design of his lamps. The first lamps operated for 30–40 min, but when he used vacuum bulbs, the service life of lamps increased to a few hundred hours. 

The greatest amount of fame, honor, and glory for the electric lamp was paid to T. A. Edison (1847–1931). However, T. A. Edison did not invent the lamp. He developed in detail an electric illumination system and a centralized power supply system. 

In 1879 Edison formulated two problems: 1) a lamp should produce the moderate illumination intensity and 2) each lamps should be on independently of others. Thus he concluded that a high-resistivity filament is needed to connect lamps in parallel (rather than in series as before). 

On April 12, 1879 T. A. Edison obtained the first patent on a lamp with a high-resistivity platinum spiral filament, and then in January 1880 he obtained a patent on a lamp with carbon filaments. He constructed a system for bulb evacuation and suggested a method for fixing lead-in and carbon filament, and in January 1880 organized a public demonstration of lamps in Menlo Park, his Scientific Center near New York. 

To make illumination systems commercial, T. A. Edison had to invent a lot of equipment including a cap and a socket (Fig. 2.2), a tumbler switch, fuses, insulated conductors on supporting knobs, and an electric energy meter. Visitors of the First World Exhibition in Paris in 1881 were delighted with the Edison lamps, and the inventor was awarded with the highest prize. In 1882 T. A. Edison constructed the first central electric power station in the Pearl Street, New York. T. A. Edison transformed the electric energy into a good sold anyone who wished, and the electric station into a system of centralized power supply. This was the first example of the integrated solution of a large problem in the history of electrical engineering that greatly affected the development of material and general cultures of mankind. 

2.2.2. Invention of a transformer
The 1880s are known in the history of electrical engineering as a period of “transformer battles.” They have received this exotic name because the invention of a transformer was the strongest argument for the benefit of an alternating current. The battle itself was between the proponents of systems of direct and alternating currents and reflected a search for ways out from an urgent energy crisis connected with centralized electric power production and transmission at long distances. 

The first simplest transformer with a disconnected magnetic conductor was an induction coil. Its invention in the 1830–40s was associated with names of a number of scientists and inventors, but G. Rumkopf (1803–1877), a German mechanical engineer who created a perfect transformer design in 1848 was most famous. The induction coil was named for him. In the last third of the 19th century induction coils were widely used in ignition systems of internal-combustion engines. 

The role of the induction coil, which was subsequently transformed into the system called a transformer, as a means for electrical separation of ac circuits was clearly understood by P. N. Yablochkov. 

Even by the fact of patenting a system of light splitting in many countries he as though emphasized the importance of the new suggestion. 

Early in the 80s it became clear that systems of large-scale power supply based on dc have no perspectives. The experience of application of arc light sources demonstrated that a voltage of 110 V was optimal. The maximum range of power supply did not exceed a few hundred meters. Attempts to increase it resulted in the development of the so-called three-wire dc system. However, already in the 80s the development of electric power engineering was focused on an ac system. 

Brothers J. and E. Hopkins created the first transformers with a closed core in England in 1884. The transformer core was a steel bundle of laminations or wires separated with an insulating material to reduce eddy-current losses. High- and low-voltage coils were wound alternatively on the core. 

The electric energy transmission by a high-voltage alternating current became possible after the construction of a single-phase transformer with a closed magnetic system having fairly good performance characteristics. The Hungarian electrical engineers M. Déri (1854–1938), O. Bláthy (1860–1939), and K. Zipernovsky (1853–1942) developed several transformer modifications (ring-, shell-, and bar-type transformers) in 1884–1885. They also suggested the term transformer. Figure 2.3 shows the first prototypes of ring- and shell-type transformers together with an overall view of the commercial transformer produced by the Hanz & Co. Machine-Building Plant in Budapest. These transformers contained all main parts of modern design of single-phase transformers. 
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Fig. 2.3. The first transformers produced by the Hanz & Co. Machine-Building Plant in Budapest [2]: ring-type (a), shell-type (b), and commercial bar-type transformers (c). 

This firm mounted one of first ac systems in Russia to illuminate the Odessa Opera House in 1887. 

Nowadays, buildings of the Hanz Movag Plant producing electric trains and complex electric equipment for electric power engineering are situated in the territory of the former Hanz & Co. Machine-Building Plant in which the first transformer was produced more than a century ago. There is a museum in this Plant in which the main place is assigned for the history of transformer development. 

The first auto-transformer constructed by W. Stanley, an American electrical engineer, was manufactured by the Westinghouse Electric Corporation in 1885. D. Swinbery, an English electrical engineer, suggested oil cooling of transformers late in the 80s. 

2.2.3. Mastering long-range power transmission 
The experience on application of electromagnetic telegraph suggested the principal feasibility of transmission of significant electric energy amounts using conductors. Already in the 1840–1850s electrical engineers from USA, Italy, and some other countries came up with the idea of an electrified railroad equipped with power transmission at long distances. However, experiments of I. Fontaine (1833–1910), a French electrical engineer, became world-known. 

The international exhibition from which the history of power transmission began was held in Vienna in 1873. In this exhibition, I. Fontaine demonstrated reversibility of electrical machines. A cable more than 1 km long connected a generator and an engine. The engine actuated a pump of an artificial decorative waterfall. This experiment demonstrated the principal feasibility of power transmission at long distances. At the same time, I. Fontaine was not convinced of an economic efficiency of power transmission, because he observed significant decay of the engine power when he connected the cable and large energy losses in the cable. 

As is well known, the losses in a transmission line depend on the voltage and wire resistivity and cross sectional area. It is virtually impossible to decrease the resistivity of wires, since copper that became the main material for manufacturing wires has extremely low resistivity. Only now researchers are involved in theoretical and experimental works aimed at reducing the resistivity of transmission lines based on the superconductivity phenomenon (cryogenic transmission lines). Therefore, there were only two methods of decreasing losses in the transmission line, namely, to increase the wire cross-section or to increase the voltage. 

The first method was intensively studied in the 1870s, because an increase in the cross sectional area of conductors seemed more natural and easier for realization than an increase in the voltage. However, numerous attempts of implementation of this method have finally demonstrated the lack of its prospects. 

The deadlock character of the method for decreasing losses by increasing the cross sectional area of wires was rather quickly realized.

The third method of solving the problem of electric energy transmission had been comprehended theoretically for a long time. 

The most comprehensive studies of this problem were carried out independently by M. Deprez (1843–1918), a French engineer (later Academician) and D. A. Lachinov (1842–1902), Professor of Physics of the Petersburg Institute of Forest Sciences, in 1880. 

The report of M. Deprez entitled “On the Efficiency of Electric Engines and Measurement of the Amount of Energy in an Electric Circuit” was published in minutes of the Parisian Academy of Sciences in March 1880. M. Deprez is known in the history of electrical engineering as an inventor of several systems of an ammeter, wattmeter, deadbeat galvanometer, principle of mixed (compound) exitation of electric machines, electromagnetic hammer (reciprocating engine), and electrical motion synchronization system. 

In his report, M. Deprez mathematically proved that the efficiency of a system comprising an electric motor and a transmission line was independent of the line resistivity. This conclusion seemed paradoxical for M. Deprez, since from the very beginning he failed to establish that the increase of the line resistivity had no effect on the efficiency of electric power transmission only under a specific condition, namely, when the transmission voltage increased. 

These conditions were first pointed out by D. A. Lachinov in his paper entitled “Electromechanical work” published in June 1880 in the first issue of the Journal Electricity. Based on mathematical operations he demonstrated that the efficiency of electric energy transmission is independent of the distance only under condition of increasing rotation rate of the generator (that is, when the voltage in the line increased, because the EMF produced by the generator is proportional to its rotational speed). D. A. Lachinov also determined quantitative interrelationships among the parameters of the transmission line and proved that to keep the transmission efficiency constant when the resistivity increases n folds, the rotational speed of the generator should be increased 
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 times. 

In 1882 M. Deprez built the first Misbach–München transmission line 57 km long. A steam engine actuating a 3-hp dc generator producing a dc voltage of 1.5–2 kV was placed at one end of the test transmission line in Misbach. The energy was delivered through steel telegraphic wires 4.5 mm in diameter to the territory of the München exhibition where the same machine operated as an electric motor that actuated a pump of an artificial waterfall. Though this first experiment gave no favorable technical results (the transmission efficiency did not exceed 25%), its significance could not be underestimated, because the electric energy transmission from Misbach to München was the starting point for the development of methods and means of electric energy transmission at long distances. 

In 1885 new experiments on power transmission between Crale and Paris at a distance of 56 km were conducted. Specially constructed machines that yield the output voltage as high as 6 kV were used as dc high-voltage generators. The mass of this machine was 70 t, its output power was about 50 hp, and its transmission efficiency was about 45%. 

During the same period, case transmissions of electric power at long distances were performed for industrial applications with the efficiency as great as 75%. 

Nevertheless, attempts to transmit the electric power using the direct current carried out in the 80s did not brought desirable results. In this case, it is important to emphasize the arising contradiction. On the one hand, the design and production of dc electric machines and systems had gained wide acceptance and the dc engines had good performance characteristics that met the majority of industrial requirements. Therefore, there were no severe obstacles for electrification of the industrial stock of machines. However, on the other hand, large-scale industrial electrification could be realized only in the case of centralized production of electric power and hence only when it could be transmitted at long distances. 

Difficulties connected with dc energy transmission set scientists thinking over the theory and technology of alternating current. 

Once the main parts of ac systems (generators and transformers) had been developed, attempts of industrial ac power transmission were undertaken. In 1883 L. Golyar transmitted a power of 20 hp at a distance of 23 km to supply the illumination system of the London Subway. Transformers stepped up the voltage to 1500 V. Next year L. Golyar demonstrated the transmission of a power of (40 hp. at 2,000 V at a distance of 40 km in the Turin Exhibition. 

However, in the second half of the 1880s a problem of connecting a motive load into an electric circuit arose that troubled the engineers and scientists. Thus, the transmission of electric power in single-phase ac circuits involved contradictions no less serious than the dc transmission. The voltage in single-phase ac circuits could easily be stepped up and down in any desirable limits using transformers. Therefore, there were no difficulties in the electric power transmission. However, single-phase ac engines had characteristics unsuitable for practical applications. In particular, they either had no starter at all (synchronous engines) or were hard to start up because of difficult conditions for current commutation (collector engines). Therefore, the application field of single-phase ac circuits was limited almost exclusively by illumination systems, which certainly could not meet the requirements of the industry. 

2.2.4. Discovery of a rotating magnetic field and creation of asynchronous motors
The current stage in the development of electrical engineering dates back to the 1890s when the necessity of solving the comprehensive energy problem gave impetus to the construction of an electric transmission and electric actuator. The electrification began when it became possible to built large electric power stations in places rich in primary resources, to integrate them into a common system, and to deliver electric power to any centers and objects of power consumption. 

The technical component of electrification involved the development of multiphase systems from which the practice had chosen a three-phase system. The most important and at least new components of the three-phase system were electric motors whose operation was based on a rotating magnetic field. 

Several years of work and search of many scientists were spend to develop these motors in the 1880s. Worthy of mention among these scientists are M. Deprez who developed a system of synchronous commutation of two motions, I. Thomson (1853–1937), an American scientist who invented a repulsion motor, C. Bradley, an American electrical engineer, F. Haselwander (1859–1932), a German engineer, etc. 

The history of discovery of the rotating magnetic field and multiphase systems is very complicated. Many trials were held in the 1890s on which different firms that purchased patents from inventors tried to gain rights to multiphase systems. Only the American Westinghouse Electric Corporation conducted more than 25 trials. 

However, G. Ferraris (1847–1897), an outstanding Italian scientist, and N. Tesla (1856–1943), an outstanding Serbian scientist, carried out independently the most famous and exhaustive experimental and theoretical investigations of the rotating magnetic field. Figure 2.4 shows an external view of a two-phase asynchronous motor model from the Turin Museum headed by G. Ferraris to his end.
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Fig. 2.4. Model of the Ferraris engine.

G. Ferraris made a significant contribution to the theory of alternating currents. In 1886 in his work entitled “On the Current Phase Difference, Induction Phase Delay, and Losses in the Transformer” he first considered the phase difference of currents in the primary and secondary transformer windings and also presented methods of calculating the hysteresis and eddy-current losses. In 1898 its fundamental work “Scientific Principles of Electrical Engineering” was published. This work was soon translated into Russian. 

N. Tesla, one of the best known and prolific scientists in the field of electrical engineering, begun his scientific carrier in the 1880s and obtained 41 patents only in the field of multiphase systems. In 1882–1884 he worked in the T. A. Edison Company in Paris and then went to the USA. In 1888 N. Tesla sold all his patents on multiphase systems to G. Westinghouse, the head of the well-known firm, who relied upon N. Tesla works while planning the development of ac technology. N. Tesla gave much attention to high-frequency technology (the Tesla transformer) and wireless electric power transmission technology. An interesting detail: when choosing a mains frequency standard from the proposed frequency range 25–133 Hz, N. Tesla firmly advocated a frequency of 60 Hz he used in his pilot systems. Exactly this frequency was adopted in the USA as a standard. 

N. Tesla patents describe different modifications of multiphase systems. Unlike G. Ferraris, N. Tesla reasoned that currents should be produced by multiphase sources rather than by phase-shifting devices. He stated that a two-phase system being the minimum modification of the multiphase system would be most efficient. N. Tesla and the Westinghouse Electric Corporation focused their efforts exactly on this system. 

Financial and technical problems retarded the introduction of the two-phase system into practice. The Westinghouse Electric Corporation built several stations based on this system; the largest from them was the Niagara hydroelectric power station. 

2.2.5. Three-phase systems and asynchronous motors
Whereas N. Tesla and his employees attempted to improve the two-phase system, a better three-phase electric system had been developed in Europe. In 1887–1889, scientists and engineers developed multiphase systems more or less successfully. 

M. O. Dolivo-Dobrovolskii (1862–1919), who managed to assign the practical character to his work, was most successful in the development of multiphase systems. Therefore, he is correctly considered a founder of three-phase system technology. 

M. O. Dolivo-Dobrovolskii was born in St. Petersburg, studied in Riga Polytechnic Institute, and completed his education in Higher Technical School in Darmstadt (Germany). In this School much attention was given to practical applications of electricity. 

M. O. Dolivo-Dobrovolskii developed a three-phase electric system and a perfect design of the asynchronous motor that still remained unchanged. 

The first important step made by him was the invention of a rotor with a winding reminiscent of a squirrel wheel. 

He manufactured the rotor in the form of a steel cylinder (to decrease the rotor reluctance) and inserted copper rods into channels drilled on the periphery of this cylinder (to decrease the rotor resistance). These rods were well connected on the frontal parts of the rotor. Figure 2.5 shows drawings from the first Dolivo-Dobrovolskii patent in the field of three-phase systems. In this patent he claimed the invention of the rotor reminiscent of a squirrel wheel the design of which remained virtually unchanged up to now. 
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Fig. 2.5. Configurations of the rotor with a winding reminiscent of a squirrel wheel (from the Dolivo-Dobrovolskii patent) comprising steel cylinder 1, copper rods 2, and copper plates or rings 3.

The next step of Dolivo-Dobrovolskii work was the replacement of the two-phase system by a three-phase system. The first three-phase asynchronous motor with an output power of about 100 W was constructed in spring of 1889. This motor was supplied by the current from a three-phase single-armature converter and passed tests quite satisfactorily. 

After the first single-armature converter he created the second high-power modification. Then manufacturing of three-phase synchronous generators began. Designs of engines constructed by M. O. Dolivo-Dobrovolskii were so perfect that remained virtually unchanged for more than 100 years of their existence. 

The three-phase system became so widespread from the first years of its construction because it did solve successfully the problem of power transmission at long distances. However, the power transmission is efficient at high voltage, which for the ac can be obtained using a transformer. The three-phase system presented no principal difficulties for energy transformation, but required three single-phase transformers instead of one. Such an increase of the number of rather expensive transformers sent M. O. Dolivo-Dobrovolskii in search for a better solution. 

M. O. Dolivo-Dobrovolskii invented a three-phase transformer. In October 1891 he submitted an application for a patent on a three-phase transformer with parallel rods arranged in one plane. This design is still retained. 

Works devoted to three-phase circuits were also aimed at improving the power transmission characteristics. To adjust voltages in separate phases and to have two voltages in the system, namely, phase and linear voltages, M. O. Dolivo-Dobrovolskii suggested a four-wire scheme for three-phase circuit or in other words, a system with a neutral wire in 1890. Simultaneously he indicated that the earthing could be used instead of neutral or zero wire. Thus, all basic elements of the three-phase system of power supply including a transformer, three- or four-wire transmission line, and an asynchronous motor in two main modifications (with phase and cage rotors) was constructed for 2–3 years. From all possible designs of multiphase synchronous generators the principle of construction of which had already been known, only three-phase machines have received wide application. In such a way, the three-phase electric current system came into being and received wide recognition. 

M. O. Dolivo-Dobrovolskii recommended a sine curve as a main current waveform. He also recommended a current frequency of 30–40 Hz. However, only two mains frequencies were chosen after a critical analysis: 60 Hz in the USA and 50 Hz in other countries. These frequencies were optimal, because an increase in the mains frequency led to an excessive increase of the rotation speed of electric machines (with the same number of poles), whereas a decrease in the mains frequency adversely affected the uniformity of illumination. 

2.2.6. Electric drive, transport, and technologies
As is well known, mechanical processes are most widespread in industry. Therefore, already in the 1870–80s the trend was toward the electrification of these processes, that is, electrical driving of different final control elements. However, electric drivers were used only occasionally until the early 1890s. Only in some cases in which enterprises had block stations for electrical illumination, electric motors were used to drive fans, pumps, elevators, and other mechanisms. It should be noted that V. N. Chikolev first demonstrated an electrically-driven sewing machine in the All-Russia Polytechnic Exhibition in 1872; it was the first electrified machine in the world. 

The situation radically changed after the invention of the asynchronous motor. The motor of this type became dominant for the system of electric actuators of industrial enterprises. An extraordinary simplicity of the asynchronous motor, especially with a cage rotor, its reliability, and low cost allow hundred and thousand motors to be mounted in any workshop with a small number of attendants. These motors can be enclosed in hermetic housings and can be used under unfavorable conditions including a humid atmosphere, gasoline vapor, etc. The asynchronous motors withstand without damages considerable short-term overloads. 

An essential disadvantage of the asynchronous motor is that it is difficult to control its rotational speed. Therefore, the fraction of adjustable dc machines in the system of industrial electric drivers is still very high. A disadvantage of asynchronous motors with a cage rotor is their limited power because of the start-up conditions. For this reason, motors with a cage rotor were rejected in many cases in the initial stage of the development of three-phase technology when output powers generated by electric stations were low. High-power motors with a cage rotor were used only when they were supplied from a separate generator. Such systems were often used, for example, in pump stations. 

In practice, electric drivers were developed by two nonequivalent methods. The first most typical method was the replacement of steam engines for transmission systems. This method involved the creation of a large-scale grouped electric driver that can be used under adverse productive-hygienic conditions determined by the presence of transmission. The second method involved occasional applications of a single actuator. As a rule, it was used only with large and critical final control elements that imposed specific requirements on the driving motor (cranes, centrifuges, rolling mills, etc.). However, the practice vividly demonstrated advantages of a single driver already late in the 18th century. 

In the 1870s and especially in the 1880s much work was done to electrify the transport.

When the electric energy for power supply of a propulsion engine was generated by an autonomous source or a storage battery, the engineering problem was solved by the creation of an autonomous propulsion system in which the generating system and the electric motor were arranged on board the vehicle or vessel. When electric energy generators were drived by steam engines, the system of autonomous electrical propulsion fell from favor. The problem of electrical propulsion could be solved only if efficient methods of electric power transmission from the generator to the moving vehicle, van, etc. were developed. Thus, the non-autonomous electrical propulsion could be developed only with the use of efficient methods of electric power transmission at a distance. 

The system of autonomous electrical propulsion, however, was not completely rejected; the refinement of accumulators allowed a system of autonomous propulsion to be built using a storage battery mounted on board the vehicle or vessel. The electric motor was supplied with a current from this battery. 

W. Siemens demonstrated the first small electrical railroad in an industrial exhibition in 1879. The electric energy through a separate contact rail was delivered to the engine of a small van; the rails on which a “locomotive” moved served return conductors. Three cars with 18 passengers were coupled to the locomotive. 

F. A. Pirotskii, a Russian military engineer, put into operation an electric streetcar moving along the experimental route in the Rozhdestvenskii Park region of the horse railroad in St. Petersburg in August 1880. This streetcar was supplied from a small electric power station built in the Park and equipped with a generator having first an output power of 4 hp and subsequently increased to 6 hp. 

The streetcar line 9.6 km long was put into operation in Portum, Ireland in 1883; in 1884 streetcar lines were put into operation in Brighton, England (1.5 km long) and Frankfurt am Main, Germany (6.56 km long). The first streetcar line in Russia was put into operation in Kiev in 1892. 

The electrotransport was almost completely based on the direct current, which ensured reliable operation of propulsion electric motors and convenient velocity control. Therefore, convertor substations were increasingly put into operation as the ac technology was developed. 

Industrial electrochemistry and electrothermics, new branches of the commercial production for which the electric power became the main technological factor, were of the utmost significance for the development of productive forces. The industrial electrochemistry came into being together with electrodeposition workshops and enterprises that produced oxygen and hydrogen by the electrolytic method. 

Experiments on the application of electric-arc furnaces for melting ores, metals, and other substances begun late in the 1840s, but only in 1878 W. Siemens managed to construct a design of the arc furnace which could be used in commercial production. 

To judge the importance of electrothermics late in the 19th century, it would be suffice to remind that due to the electrotechnology, aluminum was no longer a precious metal. The electrolytic method of aluminum production was developed by C. M. Hall, an American engineer and P. L. T. Heroult, a French engineer in 1886–1888. After aluminum electrolysis, a number of other electrothermic productions were started. Late in the 19th century, a method of obtaining carborundum was discovered. At the same time, a method of obtaining calcium carbide consumed in large amounts in the production of acetylene was developed. More recently, different configurations of electrical furnaces for the production of high-quality steels were invented and improved. 

2.3. Formation and development of electric power engineering
Electrification in the history of science and technology dates back to 1891 when a three-phase electric transmission system was demonstrated and tested in the International Electrical Engineering Exhibition in Frankfurt am Main.

In August 1891, 1000 incandescent lamps supplied by a current from the Laufen hydroelectric power station were first lit in the exhibition; on September 12, 1891 the M. O. Dolivo-Dobrovolskii engine put into operation a decorative waterfall.

What was this first three-phase system of electrotransmission like? 

In the Laufen hydroelectric power station, the electric power generated by a turbine was transmitted through a conical gear to the shaft of a three-phase synchronous generator (with an output power of 230 kV(A, rotation speed of 150rpm, and voltage of 95 V in which windings were connected in star). In Laufen and Frankfurt there were three three-phase transformers with a prismatic magnetic core. The transformers were immersed in tanks filled with oil.

The three-wire transmission line supports were made from wooden with an average span of about 60 m. Pin-type porcelain-oil insulators carried copper wires 4 mm in diameter. An interesting feature of this transmission line was the installation of fuses on the high-voltage side: a segment 2.5 m long consisting of two copper wires each having a diameter of 0.15 mm was connected in the gap of each wire at the beginning of the line. To switch off the line in Frankfurt, a simple device was used to short the three-phase circuit. The fuses blew, the turbine started to increase its speed, and when the machine operator noticed this, he stopped the machine. 

In the exhibition site in Frankfurt, a step-down transformer was placed from which 1000 incandescent lamps arranged on a huge board were supplied at a voltage of 65 V. The Dolivo-Dobrovolskii three-phase asynchronous motor that drived a hydraulic pump with an output power of about 100 hp that put into operation a small artificial waterfall was also demonstrated in this exhibition. Simultaneously with this high-power motor, M. O. Dolivo-Dobrovolskii exhibited a 100-W three-phase asynchronous motor with a fan fitted to its shaft and a 1.5-kW motor with a dc generator fitted to its shaft.

Tests of transmission system conducted by the International Commission gave the following results: the minimum electrotransmission efficiency (the ratio of the power on the secondary terminals of the transformer in Frankfurt to the power on the turbine shaft in Laufen) was 68.5%, the maximum efficiency was 75.2%, the linear voltage during the tests was about 15 kV and increased to 25.1 kV at a higher voltage, and the maximum efficiency was 78.9%.

These tests not only demonstrated the capabilities of electrical energy transmission but also resolved the old debates: the alternating current conquered the direct current.

The creation of the three-phase system was the most important stage in the development of electric power engineering and electrification. When the Frankfurt exhibition was over, the electric power station in Laufen became the property of Halbern situated at a distance of 12 km from Laufen. It was put into operation in early 1892. The electric power was used to supply all urban lighting mains as well as a number of small plants and workshops. The step-down transformers were established directly for consumers.

In 1892, the Bulakh–Erlikon line was put into operation in Switzerland. A hydroelectric power station with three three-phase generators having a power of 150 kW each was built at a waterfall in Bulakh. The electric power was transmitted at a distance of 23 km to supply a plant. After these first stations, a number of electric power stations was built rather fast. Most of them were built in Germany.

In America, the first three-phase station was built in late 1893 in California. The hydroelectric power station had two generators with power of 250 kW each and two transmission lines at a generated voltage of 2500 V. The first line (12 km long) delivered energy for lighting, and the second line (7.5 km long) supplied a three-phase asynchronous motor with a power of 150 kW.

At the beginning, the rate of use of three-phase systems in America was much less than in Europe. This is explained by the fact that one of the largest American firms – the Westinghouse Electic Corporation – persistently attempted to organize building of the Tesla two-phase electric power stations and electric networks.

The American firm General Electric, the main competitor of the Westinghouse Electric Corporation, fast redirected and in counterpoise to the competitive firm organized building of three-phase systems. The Westinghouse Electric Corporation lost the competition.

Attempts of combining outdated and new engineering solutions were characteristic of transition periods of any engineering branch. Thus, during almost two decades since 1891 attempts were undertaken to combine three-phase systems with other systems. In these years there were electric power stations having generators of constant and alternating single-phase current together with two-phase and three-phase generators or any their combination. The voltages and frequencies were also different, and the consumers were supplied through separate lines. Attempts to use outdated systems together with electric equipment mastered by plants resulted in the creation of hybrid systems.

However, already since 1901–1905 three-phase electric power stations, which at the beginning were predominantly stations of plant-factory type, have been built.

Three-phase engineering allows large electric power stations to be built in places of fuel extraction, at waterfalls, or on a suitable river and to deliver generated electric power through transmission lines to industrial regions and cities. Such electric power stations were called regional. The first regional electric power stations were built in the second half of the 1890s, and in the 20th century they provided the basis for the development of electric power engineering. The first regional electric power station was the Niagara hydroelectric power station. Regional electric power stations have been built intensively from the beginning of the 20th century. This was promoted by an increase in the current consumption connected with increasing industrial applications of the electric driver, the development of the electriotransport, and electrical illumination of cities.

Electric power stations became large industrial enterprises that produced electric power; different stations were integrated and first electric power systems were formed. By the electric power system we mean a set of electric power stations, transmission lines, substations, and central heating systems having the common operation mode and uninterrupted process of production and distribution of electrical and heat energy.

The need to combine the operation of several electric power stations in a common system arose already in the 1890s. It was elucidated that joint operation decreased the power reserve at each station, the equipment could be repaired without switching off the main consumers, and conditions arose for equalization of the production load of the main stations to increase the efficiency of utilization of power resources.

Two three-phase electric power stations were first combined in 1892 in Switzerland.

Russian electrical engineers managed to understand fast the advantages of the three-phase system. Two15-kW three-phase Dolivo-Dobrovolskii machines were demonstrated in the 4th St. Petersburg Electrical Engineering Exhibition in January 1892.

In Russia, the first enterprise with three-phase power supply was the Novorossiisk elevator. This was a huge set of buildings, and the problem of power distribution over floors and buildings could be solved in the best way only with the help of electricity. Drawings of three-phase machines were ordered to the Swiss Brown-Bovery Plant in summer of 1892. In 1893 the elevator was electrified. It is interesting to note that all machines designed abroad were manufactured in workshops of the elevator.

Four synchronous generators having power of 300 kV(A each were mounted in the electric power station built near the elevator. Thus, the total power of the electric power station was 1200 kW(A, that is, it was the most powerful three-phase electric power station in the world at that time. Three-phase engines having a power of 3.5–15 kW worked in elevator rooms. They actuated various machines and mechanisms. A portion of energy was used for illumination.

The system in the Pavlovsk Gold Field in Siberia was the first extended electrotransmission line in Russia. The electric power station was constructed in 1896 on the river Nygra. A three-phase generator (98 kW, 600 rpm, and 140 V) and a transformer increasing voltage up to 10 kV were placed there. The electric power was delivered to the Gold Field located at a distance of 21 km from the station. Three-phase asynchronous motors having a power of 6.5–25 hp (a voltage of 260 V) were used in this Gold Field to actuate systems of water pumping out. Thus, the number of three-phase electric power stations built in Russia gradually increased.

In 1897 the electrification of large cities Moscow, St. Petersburg, Samara, Kiev, Riga, Kharkov, etc. began.

It is interesting to note that in the period of fast development of three-phase high-voltage (up to 150 kW) transmission lines, M. O. Dolivo-Dobrovolskii, based on technical-economic calculations, concluded that when power was transmitted at a distance of a few hundred kilometers at voltage above 200 kV, it would be expedient to generate and to distribute the alternating current and to transmit the high-voltage direct current. The dc line at the beginning and end should be connected to a convertor substations equipped with mercury rectifiers. He had come to this conclusion not knowing at all such problem of high-power ac transmission lines as stability.

Nowadays his prediction is justified, and in many countries superhigh-voltage dc transmission lines operate successfully.

In conclusion it is necessary to say that the historical evolution of electrical engineering can be attributed to the work and discoveries of the scientists, matemathicians, and physicist who weren`t referenced throughout the text, but included in the following list.

Charles A. Coulomb (1736-1806), French engineer and physicist, published the laws of electrostatics in seven memoirs to the French Academy of Science between 1785 and 1791. His name is associated with the unit of charge. 

James Watt (1736-1819), English inventor, developed the steam engine. His name is used to represent the unit of power.
Alessandro Volta (1745-1827), Italian physicist, discovered the electric pile. The unit of electric potential and the alternate name of this quantity (voltage) are named after him.

Hans Christian Oersted (1777-1851), Danish physicist, discovered the connection between electricity and magnetism in 1820. The unit of magnetic field strength is named after him.

Georg Simon Ohm (1789-1854), German mathematician, investigated the relationship between voltage and current and quantified the phenomenon of resistance. His first results were published i'n 1827. His name is used to represent the unit of resistance.
Michael Faraday (1791-1867), English experimenter, demonstrated electromagnetic induction in 1831. His electric transformer and electromagnetic generator marked the beginning of the age of electric power. His name is associated with the unit of capacitance.
Joseph Henry (1797-1878), U.S. physicist, discovered self-induction around 1831, and his name has been designated to represent the unit of inductance. He had also recognized the essential structure of the telegraph, which was later perfected by Samuel F. B. Morse.
Carl Friedrich Gauss (1777-1855), German mathematician, and Wilhelm Eduard Weber (1804-1891), German physicist, published a treatise in 1833 describing the measurement of the earth's magnetic field. The gauss is a unit of magnetic field strength, while the weber is a unit of magnetic flux. 

James Clerk Maxwell (1831-1879), Scottish physicist, discovered the electromagnetic theory of light and the laws of electrodynamics. The modern theory of electromagnetics is entirely founded upon Maxwell's equations. 

Ernst Werner Siemens (1816-1892) and Wilhelm Siemens (1823-1883), German inventors and engineers, contributed to the invention and development of electric machines, as well as to perfecting electrical science. The modern unit ol conductance is named after them. 

Heinrich Rudolph Hertz (1857-1894), German scientist and experimenter, discovered the nature of electromagnetic waves and published his findings in 1888. His name is associated with the unit of frequency.

In Table 2.1 is given a short chronicle of discoveries and inventions in the field of electricity and magnetisme.

Table 2.1. Chronicle of discoveries and inventions in the field of electricity and magnetism 

No.
Discoveries, inventions 
Dates
Authors

1. Prehistory of electrical engineering (up to 1800)

1.1
Electrization of amber (attraction of light bodies by amber being rubbed). 
 


About 600 B. C.
Thales of Miletus (625–547 B. C.)

1.2
Publication of the fundamental scientific work De magnete, magneticisque corporibus et de magno magnete tellure. 
  
 
1600 A. C.
W. Hilbert (1540–1603 A. C.)

1.3
Invention of an electrostatic machine.
1650
O. von Guericke (1602–1686)

1.4
Initiation and description of an artificial lightning (an electric spark).
About 1680
G. W. Leibniz (1646–1716)

1.5
Subdivision of all bodies into two groups: conductors and nonconductors (dielectrics). The property of electrified bodies to electrify other bodies in contact with them. 
1729
S. Gray (1670–1736)

1.6
Detection of two types of electric charges, namely, glass and resin ones, and their property to repel like and to attract opposite charges. Creation of the prototype of an electroscope.
1733
C. F. Dufay (1698–1736)

1.7
Invention of the Leyden jar – the first simplest capacitor (condenser).
1745
P. Muschenbruk (1692–1761)

1.8
Creation of the electric pointer – a moving needle (linen thread) device for measuring the quantity of electricity
1745
G. W. Richman (1711–1753)

1.9
Formulation of the law of capacitor charging: the charge that is stored is directly proportional to the area of the capacitor plates and is inversely proportional to the width of the dielectric layer separating them.
1746
B. Wilson 

1.10
Discovery of the material (the smallest particles) nature of electricity. Discovery of the electric induction. Charging of the Leyden jar from a cloud (the famous experiment with a kite). Putting the terms battery (pile), charge, and discharge into use. Modernization of a lightning arrester.
1747

1749
B. Franklin (1706–1790)

1.11
Elaboration of the first theory of atmospheric electricity. Elucidation of the nature of a lightning. Development of the ether theory of electricity.
1753
M. V. Lomonosov (1711–1765)

1.12
Discovery of the likeness of electric and magnetic phenomena.
1758
F. Epinus (1724–1802)

1.13
Construction of an electric machine for charging of the Leyden jar. Refinement of the ether theory of electricity.
1761
L. Euler (1707–1783)

1.14
Creation of a torsion balance – a device for measuring small electric and magnetic forces. Formulation of the electrostatic law subsequently called Coulomb’s law.
1785
C. A. Coulomb (1736–1806)

1.15
Foundation of electric medicine. Publication of monographs Electric Treatment Handbook and History of My Electrization and Electric Treatment of Different Patients (in 3 volumes). 
1792

1793
A. T. Bolotov (1738–1833)

2. The first stage of the development of electrical engineering (1800–1870)

2.1
Publication of the Treatise about Electricity Forces by Muscle Movement.
1781
L. Galvani (1737–1798)

2.2
Creation of the Galvanic or Voltaic pile – the first source of a continuous electric current. Publication of the treatise About Identity of Galvanic and Electric Fluids. Foundation of electric metrology. 
1800
A. Volta (1745–1827)

2.3
Discovery of chemical, thermal, light, and magnetic actions of electric current. Development of principles of electrical engineering. 

In the early 19th century
A. Carleil (1768–1840)

W. Nikolson (1753–1815)

W. Creksheick (1745–1800)

D. Romaniozy (1761–1835)

V. V. Petrov (1761–1834)

H. C. Oersted (1777–1851)

2.4
Creation of the highest-power electric battery (U = 1.7 kV, Р = 60–80 W, and 1sh = 0.2 А) by the early 19th century. Publication of News about Galvanic Experiments. Putting the term electrical resistance into use. Discovery of an electric arc and indication of its applicability for illumination, metal smelting, and reduction of metals from oxides. Investigation of a vacuum electric discharge.
1803
V. V. Petrov (1761–1834)

2.5
Discovery of an electric arc (independently of V. V. Petrov). Establishing the chemical nature of an electric current in galvanic cells. Electrolysis of potassium, sodium, magnesium, boron, barium, strontium, and calcium.
1808
H. Devy (1778–1829)

2.6
Development of principles of electrodynamics: 

–formulation of the law of interaction of linear conductors with a current (Ampere’s law), 

–putting the terms electric current and direction of electric current into use, 

–publication of the Theory of Electrodynamic Phenomena on the Basis of Experiments.
1820

1826-1827
A. Ampere (1765–1836)

2.7
Development of the basis of theoretical electrical engineering: 

–formulation of the law of an electric circuit (Ohm’s law), 

–publication of Theoretical Investigations of Electric Circuits.
1827
G. S. Ohm (1789–1854)

2.8
Discovery of self-induction. Creation of a telegraph apparatus later perfected by S. F. B. Morse
1832–1842
J. Henry (1797–1878)

2.9
Discovery of electromagnetic induction. Formulation of two laws of electrolysis.

Creation of an electromagnetic direct-current generator. 
1831

1836

1867
M. Faraday (1791–1867)

2.10
Discovery of two fundamental laws of theoretical electrical engineering (Kirchhoff's laws) formulated in the monograph About Current Flow through the Flat Plate, for Example, with Round Shape.
1845
G. R. Kirchhoff (1824–1887)

2.11
Creation of electromagnetic field theory
About 1865
J. C. Maxwell (1831–1879)

2.12
Energy conservation and conversion laws (formulation and quantitative description by the middle 19th century)

M. V. Lomonosov

A. L. Lavoisier (1743–1794)

S. Carnot (1796–1832)

M. Faraday

E. H. Lenz (1814–1878)

R. Mayer (1814–1878)

W. Tomson (Kelvin) (1824–1907)

3. Formation of electrical engineering as an independent engineering branch (1870-1890)

3.1
Invention of an inductor – the simplest transformer with a disclosed magnetic core.
1848
G. Rumkopf (1870–1890)

3.2
Invention of an incandescent filament lamp with a coal rod.
1870
A. N. Lodygin (1847–1923)

3.3
Demonstration of the possibility of long-range power transmission.
1873
I. Fontaine (1833–1910)

3.4
Invention of an electric candle.
1876
P. N. Yablochkov (1847–1894)

3.5
Invention of an incandescent-filament lamp with a platinum spiral. Creation of an electrical illumination system and a centralized power supply system.
1879
T. A. Edison (1847–1913)

3.6
Development of the method of decreasing power losses in transmission lines by using high voltage.
1880
M. Deprez (18431918)

D. A. Lachinov (1842–1902)

3.7
Development of several configurations of ammeter, wattmeter, and deadbeat galvanometer systems, electromagnetic hammer (reciprocating engine), principle of compound excitation of electric machines, and an electrical motion synchronization system. Creation of the first 57-km transmission line (Misbach–Munich).
The last quarter of the 19th century
M. Deprez

3.8
Experimental and theoretical investigations of a rotating magnetic field.
1882–1888
G. Ferraris (1847–1897)

N. Tesla (1856–1943)

3.9
Creation of three-phase systems: 

–three-phase asynchronous motor,

–rotor reminiscent of a squirrel wheel, 


–three-phase transformer, 


–four-wire scheme for a three-phase circuit  (a system with a neutral wire). 

1885–1892
M. O. Dolivo-Dobrovol’skii (1862–1919)

3.10
Electric drive, transport, and technologies:

–electrified machine (sewing machine with an electric drive),

–electric arc furnace, 

–electrified railroad (experimental site),

–electric streetcar, 

–electric furnace for aluminum production.
1872

1878

1879

1880

1886–

1888
V. N. Chikolev (1845–1898)

W. Siemens (1823–1883)

W. Siemens

F. A. Pirotskii

P. L. T. Heroult (1863–1914)

C. M. Hall (1863–1914)
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