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Abstract—Distinctive attributes of power electronics equipment
are high power capability, controllability and static switching to NETWORK LOAD 1
meet the goals of high efficiency and high dependability. Aspects CONTAINING |—
of the early history of power electronics are traced from magnetic VARIABLE | —
amplifiers, thyratrons, and ignitrons to power semiconductors. IMPEDANCE LOAD N
Index Terms—AC—AC power conversion, AC-DC power conver- ELECTRICAL STATIC ELECTRICAL
sion, DC-AC power conversion, DC-DC power conversion, his- SOURCE POWER LOADS

tory, magnetic amplifiers, power conversion, power electronics. ACorDC  CONVERTER  ACorDC

Fig. 1. To control the flow of electric energy between a source and one or more

I. INTRODUCTION loads requires an intervening variable impedance.

POWER electronics has a history that is much older thamat the author is neither a historian nor even what might be

_many of us prac_hcmg in the field today are likely to '€ described as a serious student of history. The author is one who
alize. As we will see, its growth and development have not been

what one would call smooth and orderly. The “life changinggonSIderS himself a serious engineer, who has had more than

. . forty years of experience in government, private industry and
eplsc_)des that have brought abou_t Fhe most dramatic Changetse!';\ching, concentrating most of his professional effort in the
the field have been largely unanticipated.

To provide a framework both for looking backward towar(li"ea we usually identify today as power electronics. As such,
e has had the good fortune to observe at close range many of

our roots and at the same time for better understanding ttrﬁe

context in which power electronics engineers work today, it 5 events and to know personally many of the individuals who
P . > engineer . Y ' Rave had and will yet have a major hand in shaping the direction
helpful to adopt the following working definition:

o ) ) of this field during the last half of the 20th century and into the
Power electronics is the technology associated with the 51 ¢ century.

efficient conversion, control and conditioning of electric |, hreparing the material for this paper, the author has tried

power by static means from its available input form into ¢, pe a5 careful in recounting events of the past as he would

the desired electrical output form. _ iin describing a laboratory experiment. The reader, however,

This technology encompasses the effective use of electricdly,id be alert to the fact that it is upon the memory of

and electronic components, the application of linear and nqfyiyiduals rather than hard documentation that some of the
linear circuit and control theory, the employment of skillful degescribed events rest.

sign techniques, and the development of sophisticated analytical
tools toward achieving the following purpose:

The goal of power electronics is to control the flow of i

energy from an electrical source to an electrical load with A+ Géneral Requirements

high efficiency, high availability, high reliability, small In this section, we first identify certain features that are char-

size, light weight, and low cost. acteristic of power electronic systems in general, and then other

We begin by identifying certain significant technical featurefeatures that serve to distinguish one class or type of power elec-
that set power electronic systems apart from other electrical syrenics system from another [1]. Of the many synonymous ti-
tems. In addition, we point out features that serve to identifies applied to power electronics equipment such as electronic
four classes of power electronic systems. Within this contextpwer processor, static power converter, power conditioner, and
we then look back into the history of electrical engineering arsb forth, the almost universal inclusion of the waqralvercon-
seek to identify a few of the people and events that have bemstes the important fact that a primary goal of this equipment
particularly influential in shaping some of the major developis the ability to process substantial amounts of electric power,
ments in the ever changing field of power electronics. ideally, as much as desired by any application load.

As we have often heard, “Beauty is in the eye of the beholder.”Fig. 1 illustrates one of the basic functions performed by
One could also say, “History is in the eye of the historian.” Fall power electronic systems. The power electronics equipment
this reason, it needs to be clearly understood from the outsentrols the flow of electric energy between a source of alter-

nating or direct current and one or more electrical loads that

Manuscript received April 13, 1999. Recommended by Associate Editor, require altematmg or direct current. T_he flow of powecas-
Kawamura. This work was presented at the 14th Applied Power Electronitolled and regulated to meet the requirements of the load(s) by

Il. DISTINGUISHING FEATURES OFPOWER ELECTRONICS

Conference and Exposition, Dallas, TX, March 14-18, 1999. varying the electrical impedance of one or more elements in-
The author is with Wilmore Electronics Company, Inc., Hillsborough, N% .

27278 USA. ernal to the power converter that is situated between the source
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Fig. 2. To be as efficient as possible, power converters require that the differential impedance—resistive, capacitive, or inductive—chekigaspagssible
between its two extreme values.

The earlier stated goal of high reliability implies that the use
of parts with known short unpredictable life-time limitations IMPEDANCE
such as tubes employing heaters and filaments or certain types of
electrolytic capacitors should be avoided. The goal of high avail- Variable D
ability suggests that moving parts that require periodic mainte- R CorL
nance or replacement are also undesirable. This is particularly
true when these components are in the principal power-flow AC AC
path and involved in the regular establishment and interruption SOURCE LOAD
of ?u.rrent asan essentlal. part of the powgr conver'5|or.1 procel-slgs.'s. AC power flow can be controlled and regulated by a change in resistive,
This is the reason for the important wasthticappearing in our capacitive, or inductive impedance within the converter.
definition of power electronics.

Most power electronics circuits can be modeled adequatglye examine next some of the conditions that distinguish one
by an electrical network composed of controlled sources ap@ss from another.
lumped purely resistive, capacitive, and inductive elements inyithin the first class of power converters that provide ac-to-ac
which the current entering one terminal of any two-terminal &lyover processing, the variable impedance that switches value
ement appears instantaneously at the other terminal. In orderfgr, pe ejther resistive, capacitive, or inductive as indicated in
a static power converter as shown in Fig. 1 to be as efficientggy 3 |n its simplest manifestation, the high-impedance value
possible, the variable impedance—be it resistive, capacitive,iQkyserted in the main power-flow path between the source and
inductive—in the main power path between the source and Iogf |0ad for a time interval that can be identifiedtag, and
should change as rapidly as possible between as high a value@ad is replaced by the low-impedance value for a time interval
as low a value as possible. In other words, it is desirable thattﬁew_ The cycle is then repeated. The frequency and waveform
impedance switch between values that are orders of magnityfléne ac load are thus directly dependent on those of the ac
apart. The sketch in the first column of Fig. 2 shows a resiggrce. This is the type of converter most often thought of when
tive switch such as a transistor which, in response to a Sigrﬂéerring to an ac power controller.
at a third terminal, can change its first-quadrant value of dif- ac_tg-ac conversion is also possible where the frequency and
ferential resistancé&, back and forth between a high and 0wy ayeforms of the input and the output are independent of each
value. Column two shows the charge-versus-voltage charactgfer, put this is fundamentally a combination of the basic pro-
istic of a two-terminal capacitive element whose differential Cpgses in class-two and class-three power conditioners. In some
pacitancé; can appear to switch between a high and low Vallt%\ses, such converters are said to have a dc link.
by changing quickly between regions of operation. The sketchgq, onverters in the second class, ac power flow can be
in column three shows the flux-linkage-versus-current Chara@ﬁanged to dc only by a resistive impedance element with a
teristic of & typical saturable reactor which can act as an indygspjinear characteristic that is asymmetrical such as indicated
tive-impedance switch that can change between a high vajyg-ig 4. This conversion process is usually referred to as recti-
of differential inductance.; when the magnetic path is unsatUsication. To be included within the scope of power electronics,
rated and a low value of; when it is saturated. however, the rectification process must include the attribute of
controllability.

Before discussing the third class of power conditioners illus-
Power electronic equipment can be divided into four broaghted in Fig. 5 that converts dc to ac, we consider in more detail

B. Distinctive Features Among Types of Power Converters

classifications. the nature of the ac load in Figs. 1 and 3. In most situations,
AC power input and ac power output. the load can be thought of as a network of impedances with the
AC power input and dc power output. frequency and waveform at the load terminals established prin-
DC power input and ac power output. cipally by the source and activities taking place within the con-

DC power input and dc power output. verter. However, some ac loads contain within themselves an ac
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Requires circuits as series or shunt regulators, which accomplish a change

a nonlinear in dc voltage or current level between input and output simply

resistor by dissipating power.

i H It can further be shown that any dc-to-dc conversion process

) requires that a certain minimum amount of ac power must be
generated within the dc-to-dc converter as an intermediate step.

AC e If Iout > v, the minimum ac power that must be generated

SOURCE LOAD is
Fig. 4. AC power can be changed into dc power only through a nonlinear Pac(min) = VOUT([OUT — [IN), (2)

asymmetrical resistance, e.g., a rectifier.

If Vour > Vin, then

Requires Prctmin) = Tour(VouT — Vin). 3)
Negative
Vin (Active) There is, however, no upper limit, and 100% of the dc input
Resistance power to the converter may be converted to ac power as an in-
DC termediate step in the dc-to-dc conversion process.
SOURCE AC
Vor! LOAD

I1l. A BRIEFHISTORY OF POWER ELECTRONICS

Fig. 5. DC power can be changed into ac power only through action of an Haying identified and considered some of the basic attributes
active resistive element, i.e., one containing a region of negative slope. . . .
of electronic power converters in general and pointed to some of

source that is sufficiently stiff so as to establish the frequentt:he fundamental features that distinguish onetype of powercon-
rter from another, we now look back briefly into the history

and waveform of the output voltage or current. Under these cir:

cumstances, it is the rate of flow of energy between the sourOfeelecmcal engineering to identity some of the major events

and the load that is controlled by the power conditioner. In tﬁﬁat have shaped the growth of power electronics into the major

early days, when the source was a dc energy source and the ||51d(|j|stry that it is today.
ydays, 9y n the last two decades there have been several excellent arti-

was a stiff ac“_energy source th'.s tyl,?e of power conditioning W%Fes that review the historical development of power electronics
often called “inverted rectification.

- . from different points of view. As might be expected, the greatest
If we assume that the only source of energy in Fig. 5 is the dc ; . . ;
. . amount of literature emphasizes adjustable speed drives for ro-
source, then certain requirements must be met. In order to ¢

. far&ing machines. The 1982 article by Owatral.[2], expanded
vert energy from the dc source into ac voltages and currents for ; . .
upon two years later by Owen [3], recounts in an interesting

the load, one or more special nonlinear devices, called active{ - : .
. : . : shion the early days of motor drives along with photographs
sistors that possess a region of negative slope such as illustrated

in Fig. 6, are required. Moreover, the negative resistance mos{early equipmentand excerpts from the work of early pioneers.

be positioned so as to form a closed series path that COntain%omprehenswe collection of the dates of the major milestones

: . . i anower electronics is given along with similar dates for pur-
the dc power source but no capacitors. An active resistor is on : . . : ) .
ose of comparison with the major events in rotating electric

whose value can be made to vary between at least two dc op- _ . )
: . achinery and automatic control theory. A somewhat broader
erating points {1, /1) and (2, I») such that when the voltage I . :
summary of early developments is given in the twelve-page in-

Vo > Vi, the currentl; < I;. The maximum dc to ac power . .

. . . . . - troduction to the comprehensive, almost eleven-hundred-entry

inversion capability of an active resistor that spends equal terleinography compiled by Van Wyk [4]. The 1990 article by

at each of its two dc operating points is L - .
Heumann does an effective job of providing updated informa-

Pacimax) = (Vo = V1) (11 — 1) /4. (1) tionon the field of motor drives [5]. In all of the above articles,

the impact of the evolution in the capabilities of the devices used

This power is equal to one-fourth of the area enclosed in tgg establish and to interrupt the flow of current from mechan-

dashed rectangles of Fig. 6. ical devices, to vacuum and gas-filled tubes, to semiconductors

The fourth class of power converters is the dc-to-dc convertgfe discussed. The articles by Pelly [6], Hoft [7], Nishihara [8],
illustrated in Fig. 7. Using the symbols in the figure, we undegnd Ohno [9] focus their attention on the changes brought about
take to define carefully this type of converter. since the development of semiconductors. Two recent articles

A dc-to-dc converter is any network that can have as that look both backward and forward in time are by Severns
its sole source of energy a constant dc voltage or a [10] and by Bose [11]; while chapter one of the introductory
constant dc currenfiy and can provide dc output power textbook by Krein provides an interesting motivational history

such thatVouT > Vin or IouT > IIN. from the 1880’s to many of today’s applications [12].

This definition says that a dc-to-dc converter must be capableMy choice for the beginning date of power electronics, as de-
of providing at its output terminals an average voltage thatfimed in Section |, is the year 1912. This is the year that E. F. W.
higher than the average voltage at the input terminals, or it m#dexanderson of the General Electric Company applied for a
be capable of providing an average output current that is highpatent on a method for modulating the current from a high-fre-
than the average input current. This definition excludes sughency alternator so that it could be used for radio telephony
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Tunnel Diode BJT

Fig. 6. Two examples of active resistance.
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Fig. 7. For dc-to-dc conversion, either the output voltage must be higher than °
the input voltage or the output current must be higher than the input current.
vc

VAC
SERIES-CONNECTED MAGNETIC AMPLIFIER

[3], [13]. At first, this may seem to be a very strange choice

for the first application of power electronics, but not because DI
i ili i ibuti Ne N
the name Alexanderson is unfamiliar. His many contributions
during more than a 30-year period are certainly among the most A
c
ic Nec
ve

prominent [2], but the year 1912 and the topic radio telephony AL
may be unfamiliar. The device that Alexanderson patented was "N ;
the first to meet all the requirements of our earlier-stated defini- L L
tion for power electronics, and it did a very good job of meeting

most of the goals we enumerated for power electronic equip- VAC
ment. PARALLEL-CONNECTED MAGNETIC AMPLIFIER

The circuit that Alexanderson patented was a magnetic am-
plifier. Two examples of early forms of magnetic amplifiers thatig. 8. As the average value of the dc control currantin the series- or
he used are shown in Fig. 8. These circuits are also referredle--connected magnetic amplifier varies due to a change ior fic, the
. . half-cycle average value of the load curréptvaries proportionally.
in the literature as saturable reactors and transductors. The Cir-
cuit on the top is a series magnetic amplifier [14] and the one
on the bottom is a parallel magnetic amplifier. In both cases, tharrenti~ flowing in the series-connected control windings. As
source of energy is a high-frequency ac generatorand the the dc current. in the control windings varies, so does the ratio
load, shown in the diagrams as resistty, is a broadcast an- of the time during each half cycle of the ac source that one or
tenna. Each magnetic core with its windings has a characterigtie other of the magnetic cores operates on a low-inductance
similar to the right-hand sketch in Fig. 2 and is called a saturatgaturated segment of its characteristic to the time both cores op-
reactor. The cores are identical with each having two windingsrate on their high-inductance unsaturated segments. The pair
a load or output winding oV, turns and a control winding of of saturable reactors behaves like a controllable inductive reac-
N¢ turns. The flow of ac power from the source, represented lynce switching rapidly once each half cycle between a high and
the ac currentz,, is controlled by a much smaller value of direct low differential inductance. The resulting waveforms shown
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Magnetic Amplifiers

Gas & Vapor Filled Tubes
(Thyratrons & Ignitrons)

Power Semiconductors
(Thyristors, Transistors, .. .)
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Fig. 10. Three mainstreams in the evolution of power electronics.

Fig. 9. Series-connected magnetic amplifier. Waveforms.ef and ofi . for
three increasing values of:. A-C 3 Egloaa'

Source l 7 = - l 2
- -

in Fig. 9 are very similar in appearance to those observed with
a triac controller as a result of changes in triac resistance that
occur during a cycle.

The circuits in Fig. 8 are ac-to-ac power converters. They are
very rugged and contain no heaters, filaments, or moving parts.
They are highly efficient and their size and weight decrease, as
the frequency of the ac source increases. They are also capable
of high power output as will be described. In short, the magnefi@. 11. Reproduction of [12, Figs. 11-55] with original caption, “Circuit for
amplifier is a very effective power electronic circuit. controlling an alternating current by means of thyratrons and saturable reactors.”

Somefive years before Alexanderson’s magnetic amplifier
work, Dr. L. DeForest in 1907 invented the three-elementrtues of magnetic amplifiers for most low-power applications.
thermionic vacuum tube. This device differs from the magnetithe period between 1928 and 1933 saw the development of gas-
amplifier in significant ways. The natural power source foand vapor-filled controlled rectifiers, developed specifically
this device is a dc voltage not an ac one as is the case fath higher-power applications in mind. Prominent among
magnetic amplifiers. Because vacuum tubes can use battetiesnew devices were two controlled rectifiers—tiees-filled
for their power source, they are far more attractive for portabikyratronand themercury-arc ignitron[15]. In both of these, a
applications than magnetic amplifiers. The nonlinear switchingnidirectional current with a relatively low voltage drop flows
element is a resistive element that changes from a largiter an enabling signal is applied to a third electrode that
value of resistance to a small value under control of voltagélows the gas discharge to start. In the case of the thyratron,
applied to one of its terminals called the grid. Among his othéhne function of the grid is to prevent the initiation of an arc
contributions, DeForest discovered that, by the application sbm anode to cathode until a preselected time in the cycle. In
feedback from the plate to the grid of his triode, he could caut® case of the ignitron, reported upon in 1933 by Slepian and
self-regenerating oscillations which could serve as a high-freadwig [16], a pulse of current through the third electrode,
guency source for modulating voice and other communicaticalled an igniter, initiates a cathode spot on the pool of mercury
signals. Magnetic amplifiers, on the other hand, are incapalaiethe beginning of each conduction period.
of self-oscillation. As one might suspect, numerous applications combined con-

By 1916, Alexanderson’s magnetic amplifier had been uséwlled-rectifier tubes and magnetic amplifiers. One such appli-
to modulate as much as 70 kW of power, while Dr. DeForesttation was the stepless variation of theater-stage and auditorium
three-element thermionic vacuum tube was able to handle onlyghting as shown in Fig. 11 [15]. A few watts expended in the
few tens of watts. It was in this year that Alexanderson achievgdd circuit of two thyratrons in a push-pull connection provided
amajor triumph by using his magnetic amplifiers to establish tikee variable dc current to control the much larger magnetic-am-
first radio link between the United States and Europe. Somegffier-output current to the lighting loads.
the work leading up to this achievement is reported in a paper byAlthough there were notable exceptions, throughout the
Alexanderson and Nixdorff [13] and ends with an interesting e2930’s until the late 1940’s the popularity of magnetic am-
change between DeForest and Alexanderson reflecting the spiiiers waned and that of tube controlled rectifiers rose. The
of the art at the time. term industrial electronicsbecame popular to describe the

The history of the technologies prominently employed ihigh-power applications of electronics for other than commu-
power electronics divides into three overlapping periods agcation purposes.
indicated by the three time lines in Fig. 10. Although restricted By the time of World War Il, there was another power ampli-
largely to low-power applications, World War | and the decader that should be mentioned that saw a great deal of service. It
of the 1920’s saw rapid development of vacuum tubes with trulyas a rotating amplifier called themplidyneor Rototrolwhich
phenomenal performance that soon overshadowed the salias effectively a combination motor-generator with no rotating

P/m.s’e cvnfm//ed
grid circuit
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shaft brought to the outside. Such a device, because of its nonAnother, major andinanticipatedcourse change for power

static electromechanical nature, however, falls outside our deflectronics was again just around the corner. This was the inven-

nition of an electronic power conditioner. tion and development of controllable semiconductor devices. In
An interesting turn of events came during World War 111948, the point-contact transistor was invented at Bell Laborato-

On May 18, 1941, the newly commissioned German heafAgS Soon to be followed in 1951 by the invention of the junction
cruiserPrinz Eugeraccompanied the awesome new battlesthanSiStor- The first power semiconductor was the silicon con-
Bismarckas the two slipped out of the Baltic Sea to prowl th&folled rectifier (SCR) or thyristor developed by General Elec-
Atlantic shipping routes. Some historians consider the nifféc Corporation in 1957 and made commercially available in
days that followed to be the most thrilling of the long war if-960 and 1961. Because these events are more recent and there
the Atlantic. On the sixth day out, the veteran British cruisé® many excellent books and articles that review the develop-
Hood was sunk in a three-minute engagement and the né&)¢nt of power semiconductor devices, including two excellent
not-fully-equipped battleshipPrince of Waleswas severely |EEE Press books one edited by Bose [21] and the other by
crippled. Three days later, with the combined help of thehollot [22], this seems a fitting point at which to end this brief
captured German code machine ENIGMA, a U.S. Navy Ensigiistorical review. o o . .
named Smith, and a rapidly assembling fleet of British war The time lines shown in Fig. 10 indicate periods of wide
vessels, the most powerful ship afloat, Bismarckwas sunk. spread acceptance and applications of three different power
ThePrinz Eugerbroke away and was one of the few main-lin&lectronics technologies. Fig. 12 attempts to show on a single
German ships that survived the war. When Einz Eugerdid time line a concise picture of the seminal events surrounding
fall into Allied hands you can well imagine the interest witthe evolution of power electronics. The top row of boxes in
which Allied Intelligence swarmed over the ship. When thefi9- 12 shows critical events related to the development of
did, they were unable to locate the fire control equipment fépagnetic amplifiers. The second row of boxes shows key events
controlling the ship’s 8-inch guns. No one seemed to knolat impacted the development of vacuum and gas or vapor
where the equipment was. Finally they located a Chief pe{wed tubes. The four boxes to the left in this row do not fall
Officer who had been with thBrinz Eugersince her commis- within the scope of the definition given for power electronics.
sioning; and he said, pointing to some steel plates that had bd&§ two boxes to the right do meet all of the conditions set
welded shut, “Oh yes, it is behind these plates.” For the Alliefrth for power electronics equipment. In the third row of boxes
keeping fragile electronic equipment operative on fightinB)r semiconductors, the bold lines signify devices employed as
vessels had been a constant major problem throughout the \§4fitching elements in power electronics equipment.

And here, the Germans had not even looked at their equipmen®0me mention has been made of events related to all of the
since the ship was commissioned [17]. The technology thexes in Fig. 12 except for the three at the left in the second

Allies found behind these steel plates immediately becarff@V- The left-most box refers to the discovery by Thomas A.

classified and remained so for several years. Edison in 1883 of what is today referred to as thermionic emis-

: . . sion or theEdison effectlt states thatvhen a voltage of proper
The Germans were usingiagnetic amplifiersThey were o .

: . . . polarity is applied between two electrodes, one hot and one

using these devices not only in the Navy, where it was'a .

. . cold, that are placed in an evacuated enclosure, current flows

common occurrence for them to operate without attention C

. . : in an external circuit joining the two from the hot to the cold

for the life of the vessel; but they also were using magneti . : .

element.The Edison effect remained unexplained for almost

amphﬂgrs in a wide range of appllcat|0ns'from stabilizers fOtr 0 decades until 1901 when the results of investigations by O.
range finders and gun mounts, to the steering of the buzz bomps

and V-2 rockets that were showered on England toward the endRichardson and colleagues were published. The rectification
of the war [18] property othermoelectric vacuum diodesas first used by J. A.

Fleming in 1904 for the reception of radio signals.

During the 1930’s, Frank G. Logan, an engineer at Vickers around 1900, P. Cooper-Hewitt expanded his talents in the
Electric in St. Louis, Missouri patented nineteen improvemeniganufacture of mercury-vapor lamps to exploiting the unidi-
to magnetic amplifiers by coordinating the nonlinear switchingctional properties of the mercury arc and applying them to
effect in the magnetic cores with the change in resistance of rgga task of rectification [23]. He evolved the basic form of the
tifiers between forward conducting and reverse blocking statggss pulbomercury-arc rectifierand established the road map
[19], [20]. The result was considerably higher power gain witfyr the future development of steel-tank rectifiers capable ulti-
simpler circuit configurations. Such circuits are called self-sahately of conducting tens of thousands of amperes with voltage
urating magnetic amplifiers. drops of 30 to 40 V. The mercury-arc rectifier is truly an impres-

German success had come by taking these new circuits whitve power-handling device but it is not controllable. Controlla-
had not received much attention in the United States and ushitity of the mercury arc had to wait until 1933 when Slepian and
them with new square-loop magnetic materials such as Orthohaldwig described the ignitron. Thignitron is a mercury-pool
and permalloy which the Germans had developed along withthode device with a pointed tip ignitor immersed in a mer-
much improved dry type copper-oxide and selenium rectifiersury pool such that a pulse of current applied to the ignitor
The result was spectacular, and power electronics as a resiien the anode is positive starts an arc between the cathode
took a major step forward in the late 1940’s and throughout tlaed the anode. As early as 1903, Cooper—Hewitt foresaw the
1950’s. Magnetic amplifiers became the equipment of choipessibility of controlling a mercury-arc discharge by applying
for rugged reliable military and industrial-control applicationsvoltage pulses to a grid located between anode and cathode. Al-
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Fig. 12. Time line surrounding evolution of power electronics.

though many approaches were pursued, it is generally agregency switching power supplies [24], [25]. It would seem a
that Langmuir and Prince developed the first practical mercurghame not to include them in the brotherhood of power elec-
vapor rectifier incorporating a control grid in 1928. Named &onic devices.
thyratron, it is a gas triode with a hot or thermionic cathode. In addition to defining power electronics, we highlight some
Negative voltage on the grid prevents the formation of plasned the special attributes that set these circuits apart from other
between anode and cathode until a trigger pulse sufficiently kdectronic equipment. We also identify some of the fundamental
duces the negative grid bias and allows anode current. Once daehnological differences among the four classifications of
duction starts, grid voltage has no influence on the anode cpower converters.
rent. To this point in time, the field of power electronics can be
viewed as having three identifiable mainstreams of develop-
V. CONCLUSIONS ment in its evolution. They are magnetic amplifiers, gas-tube
) ) i __.and vapor-tube controlled rectifiers, and power transistors and
In _th's paper, we prowd_e what We_h_o_pe IS a mean'ngf%miconductor controlled rectifiers. As here briefly illustrated,
definition of power electromcs“. The d_eflmtlon of,f,ered |r!clude ower electronics has had a long and rich history, even if a some-
for _tWO reasons the phrase “by sta_t|c means. _One IS ratghat obscure one. If the pastin any indicator, many of the future
obvious, and that is to exclude equipment that intimately OI_8(')ntributions to the field will continue to result from unantici-

pends_on component_s employing moving parts_ Qnd mechaniGata 4 breakthroughs in materials and devices that are creatively
_swﬂchlng. The other IS perhf_;lps less obvious; itis to allow t plied to control and process the flow of electrical energy.
inclusion of magnetic amplifiers under the category of powe
electronics equipment.

In all but one aspect, magnetic amplifiers seem to more than

satisfy all of the goals, requirements, and objectives set forth[1] E. T. Moore and T. G. Wilson, "Basic considerations for dc to dc con-
for nower electronics equipment. The one place that a maa- version networks,/EEE Trans. Magn.vol. MAG-2, pp. 620—624, Sept.
p quip : p 9~ 1966.

netic amplifier may fall short is that, as can be seen in Fig. 8,[2] E. L. Owen, M. M. Morack, C. C. Herskind, and A. S. Grimes, “Ac

a magnetic amplifier does not need to contain afgctronic adjustable-speed drives with electronic power converters—The early
. . . . days,” IEEE Trans. Ind. Applicat.vol. 1A-20, pp. 854-861, Mar./Apr.
device as such. The term power electronics came into wide ac- 193>

ceptance as the umbrella term to describe the field during thgs] E. L. Owen, “Power electronics and rotating machines—Past, present,

late 1970’s, by which time semiconductors had been the almost ~ nd future,” inProc. 15th Annu. IEEE Power Electron. Spec. Cahine
18-21, 1984, 84CH2000-8, pp. 3-11.

universal choice to perform the requisite SW|tch|ng-|mpedance[4] J. D. Van Wyk,Power- and Machine-Electronics 1914—-1968: A Selected
function for a decade and a half. In the mid 1980’s and up to the  Bibliography and Review on the Electronic Control of Electrical Ma-
present, magnetic amplifiers began experiencing a comeback to chines Transval, Republic of South Africa: South African Institute of
the power electronics field, not for just certain control functions, 5 Efeﬁgﬂ,ﬁ;ﬁﬂ?‘lgi‘jvr; electronics—State of the art, Piroc. Int. Power
but as the active switching-impedance device in many high-fre-  Electron. Conf. Tokyo, Japan, April 2-6, 1990, pp. 11-20.

REFERENCES



446

(6]
(71

(8]

9]
[10]
[11]
[12]
(23]
[14]
[15]
[16]
[17]
(18]
[19]
[20]
[21]

[22]

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 15, NO. 3, MAY 2000

B. R. Pelly, “Power semiconductor devices a status review,Piac. [23] H. Rissik, Mercury-Arc Current Convertors London, U.K.: Pitman,
IEEE 1982 Int. Semiconductor Power Converters Gggd. 1-19. 1935.

R. G. Hoft, “Power electronics: Historical review, present status, and fu-[24] R. Hiramatsu and C. Mullett, “Using saturable reactor control in 500
ture prospects,” ifProc. Int. Power Electron. ConfTokyo, Japan, Mar. kHz converter design,” ifProc. 10th Int. Solid-State Power Conversion
27-31, 1983, pp. 6-18. Conf, Mar. 1983, pp. 1-10.

M. Nishihara, “Power electronics diversity,” iroc. Int. Power Elec- [25] K. Harada, T. Nabeshima, R. Hiramatsu, and I. Norigoe, “A dc-to-dc
tron. Conf, Tokyo, Japan, Apr. 2-6, 1990, pp. 21-28. converter controlled by magnetic amplifiers with 1 MHz switching,” in

E. Ohno, “The semiconductor evolution in Japan—A four decade long Proc. IEEE Power Electron. Spec. Conf. Reltine 1984, pp. 382-387.
maturity thriving to an indispensable social standing,”Rroc. Int.

Power Electron. ConfTokyo, Japan, Apr. 2—6, 1990, pp. 1-10.

R. Severns, “Circuit reinvention in power electronics and identification

of prior work,” in Proc. IEEE Appl. Power Electron. Confeb. 1997,
pp. 3-9.

B. K. Bose, “Recent advances and trends in power electronics a
drives,” in Proc. 1998 IEEE Nordic Workshop Power Ind. Electron.
Aug. 1998, pp. 170-182.

P. T. Krein,Elements of Power Electronics New York: Oxford, 1998.

E. F. W. Alexanderson and S. P. Nixdorff, “A magnetic amplifier for
radio telephony,Proc. IRE, vol. 4, pp. 101-129, Apr. 1916.

T. G. Wilson, “Series-connected magnetic amplifier with inductive research on magnetic amplifiers. From 1953 to 1959,
loading,” AIEE Trans.—Part,Ivol. 71, pp. 101-110, 1952. he was with Magnetics, Inc., Butler, PA, as Associate

F. A. Maxfield and R. R. BenedicTheory of Gaseous Conduction and Director of Product Development. He joined the De-
Electronics New York: McGraw-Hill, 1941, sec. 11.13-11.15. partment of Electrical and Computer Engineering, Duke University, Durham,
J. Slepian and L. R. Ludwig, “A new method for initiating the cathodeyC, in 1959. He served as Chairman of the department from 1964 to 1968.
of an arc,”AIEE Trans, vol. 52, pp. 693-700, 1933. In 1961, he initiated one of the first university programs in power electronics,
A. O. Black Jr., “Effect of core material on magnetic amplifier design,\which continued until his retirement in 1994. He is currently Professor Emer-
in Proc. 1948 Nat. Electron. Confvol. 4, 1948, pp. 427-435. itus. He is also Vice President and Co-founder of Wilmore Electronics Company,
W. E. Greene, “Applications of magnetic amplifier&lectron, vol. 20,  |nc., Hillsborough, NC. He is the author of more than 100 technical papers in
pp. 124-128, Sept. 1947. power electronics, magnetics, and nonlinear systems, and has five U.S. patents.
F. G. Logan, “Saturable reactors and magnetic amplifiggttronics Dr. Wilson received the honorary degree Docteur Honoris Causa from the
vol. 21, pp. 104-109, Oct. 1948. Université Paul Sabatier, Toulouse, France, in 1986, the IEEE M. Barry Carlton
W. A. Geyger Magnetic-Amplifier Circuits: Basic Principles, Charac- Award in 1979, the William E. Newell Power Electronics Award in 1981, and
teristics and Applications New York: McGraw-Hill, 1954, pp. 14-15. the |EEE Power Electronics Society Distinguished Service Award in 1999. He
B. K. Bose Modern Power Electronics: Evolution, Technology, and Aphas been actively involved with and served as a member of the Administrative
plication. New York: IEEE Press, 1992. Committees of both the IEEE Magnetics Society and the IEEE Power Elec-

P. A. Thollot, “Power electronics technology and applications 1993¢tonics Society. He served as President of the Power Electronics Society during
IEEE Technology Update Series992. 1991 and 1992.

Thomas G. Wilson (M'50-SM'92-LF'94) was
born in Annapolis, MD, on January 19, 1926. He
received the A.B., S.M., and Sc.D. degrees, all from
Harvard University, Cambridge, MA, in 1947, 1949,
and 1953, respectively.

He served in the U.S. Army from 1944 to 1946.
From 1949 to 1953, he was employed at the U.S.
Naval Research Laboratory, Washington, DC, doing




