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Abstract— This paper presents a review of the state-of-the
art of power electronics technology in both industrial and
traction drive application. Key development trends include
the dominance of ac adjustable-speed drives in new
applications, with the squirrel-cage induction machine as the
preferred machine in most cases. Particularly striking has
been the rapid ascendance of the insulated-gate bipolar
transistor (IGBT) as the predominant power switch in both
industrial and traction applications ranging from fractional
kW to multi-MW. Key current issues such as industrial drive
input power quality and the effects of fast IGBT switching
transients on the machines and EMI production are reviewed.
Recent developments in electric traction for both rail and road
vehicles are discussed including the increasing modularity of
new traction inverters in all sizes and the market introduction
of new hybrid vehicles using advanced power electronics. The
paper concludes with a discussion of expected future trends in
power electronics technology that will likely expand the
markets for industrial and traction drives during coming
years.
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junction transistors (BJTs), followed by MOSFETs and

Insulated Gate Bipolar Transistors (IGBTs). These power
switches have gradually taken over more and more of the
applications and power ratings previously dominated by
Silicon Controlled Rectifiers (SCRs) and Gate Turn-Off

thyristors (GTOs). The availability of these new switches

has made it possible to shrink the size of industrial ac
adjustable-speed drives (excluding the machine) by an order
of magnitude during the past 20 years while halving their

cost per kW [2].

The purpose of this paper is to review the state-of-the-art
of power electronics technology appearing in the latest
generation of industrial and traction drives, including a
discussion of technology trends that are likely to be reflected
in future systems. An effort has been made to highlight both
the areas of commonality and the important differences
among the wide ranges of specific applications and power
ratings that fall within the broad boundaries of industrial
and traction drives. Attention is concentrated on recent
developments affecting ac adjustable-frequency drives that
have been growing in market importance while

AC motor drives, traction motor drives, industrial motoracknowledging that dc drives continue to evolve and thrive

drives, AC-AC power conversion,

rail transportation propulsion
I. INTRODUCTION

A. Overview and Paper Purpose

~induction  motors,in some sectors of the industrial and traction drive markets.
permanent magnet motors, road vehicle electric propulsion

'While the focus of this paper is on power electronics,
important advances have simultaneously been taking place
in several of the other constituent technologies that fall
beyond the scope of this paper. In particular, advances in
the development of high-performance ac machine control

Markets for adjustable-speed drives continue to expanalgorithms [3] and the high-speed digital processors to

steadily in response to the well-recognized opportunities famplement them [4] have been major factors in the improved
major efficiency and cost improvements made possible bgontrollability of modern industrial and traction drives.
upgrading fixed-speed industrial process equipment t8imilarly, continuing improvements in the material
adjustable-speed. The last quarter of the twentieth centupyoperties and cost of neodymium-iron (Nd-Fe) permanent
has been a period of remarkable progress in the developmenagnets is having a significant impact on development
of power electronics technology that lies at the heart of thedeends in several classes of industrial and road vehicle
industrial drives and electric traction drives as well. Atraction drives [5].
major hallmark of this unfolding drive development history, Back d
has been an accelerating trend away from dc commutathr B2¢ g_rourl
machines towards various types of ac brushless machines ad) Applications
a direct result of the continually improving cost effectiveness  a) Industrial drives: Prior to the availability of
of “electronic commutation” made possible by modernelectronics, clever electromechanical solutions involving
power electronics. combinations of dc and ac machines (e.g., Kramer and
This progress in power electronics technology has bee®cherbius systems) were developed early in tffec2tury
largely driven by the appearance of successive generationstef control the speed of electric machines in industrial
gate-controlled power switches [1] beginning with bipolarProcesses. The emergence of mature triggered-arc power
switch technology (e.g., grid-controlled mercury-arc
rectifiers, thyratrons, ignitrons) in the 1920s and 1930s
provided a major boost to dc commutator machines as
preferred prime movers for industrial drive applications [6].
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This situation persisted for several decades until solid-
state thyristors finally provided the crucial power switch
breakthrough needed to build practical adjustable-frequency
ac machine drives in the 1970s. Since that time, new
generations of gate-controlled power switches have
successively improved the performance and cost-
effectiveness of ac drives in comparison to their dc drive Traction
counterparts.  Although most of today's growth in the ifi Drives
worldwide industrial drive market can be ascribed to ac
drives, modern generations of dc drives continue to hold a Step-D
significant share of the total industrial drive market. ep-bown

Transformer

b) Rail traction: Rail transport systems have been a a)
major application area for electric drives since the earliest
days of electric machines in the 1800s. While some of the
earliest applications of electric drives for rail propulsion
systems were in trolley vehicles for urban transport, theg
adoption of electric machines for heavy-rail propulsion soo
followed.

However, the architecture of the electric rail propulsion Traction
systems evolved quite differently in various parts of the ifi
world, and these differences persist to this day (Fig. 1). In
particular, rail systems in Europe and Japan took the form of
catenary supply systems with electric power supplied to the
locomotive propulsion drives via overhead transmission
lines. In contrast, inter-city rail systems in other parts of the
world such as North America adopted self-powered _ ; ’ ' . . :
locomotives using hybrid combinations %f on-boar% diesel Flg. 1 Rail lectri tracn%r; 3{;;2{1,‘;%’:22“’&‘“°”5' ) catenary supply;
engines and electrical generators that produce electrical
power which is subsequently fed to wheel-coupled motorgast three decades. DC commutator machines were the
These differences were further aggravated in those regiopseferred prime mover for these electric drive systems until
adopting catenary systems by the choice of significantlthe 1980's when the availability of modern power
different voltages (e.g., 1.5 kV, 15 kV, 25 kV) andsemiconductors gradually shifted the spotlight to various
frequencies ranging from dc to 60 Hz for the powerypes of commutatorless machines including induction,
distribution system [7]. permanent magnet synchronous, and switched reluctance

Commutator machines designed for either dc or lowMachines.

frequency ac (e.g16% Hz) completely dominated electric  The continuing unavailability of electrochemical batteries
rail propulsion systems for many decades and are still iwith the required combination of energy storage capacity,
wide use today. However, the development of rugged soligost, and lifetime has prevented electric vehicles from
state power semiconductors during the second half of thseriously challenging ICE-based vehicles for supremacy in
20" century made it increasingly practical to introduce acoad vehicle propulsion systems. However, recent advances
induction and synchronous machines that eliminate the neau fuel cell technology [8] and hybrid propulsion systems
for mechanical commutators. Today, ac adjustablethat combine internal combustion engines and electric drives
frequency rail propulsion equipment increasingly dominatei the same power plant have generated major renewed
new production for both light-rail (urban) and heavy-railinterest in electric propulsion technology. Against this
(inter-city) traction systems around the world. Neverthelesgackdrop, world petroleum prices and environmental
large inventories of locomotives using commutator machinesmissions standards are playing major roles in shaping the
still prevail in many parts of the world today, and they argrospects for broad adoption of this technology during
expected to remain in use for many years to come. coming years.

c) Road traction: The application of electric drives to  2) Technology: Since other papers in this special issue are
road vehicle propulsion systems has an interesting histodevoted individually to each of the key components and
that began promisingly in the late l%nd early 2)  subsystems in a modern power converter, the technology
centuries when early electric propulsion systems handilgackground review in this paper will be limited to relevant
out-performed competing equipment using immaturenformation not provided elsewhere. First, it is worth noting
internal combustion engine (ICE) technology of the timethat the major types of electrical machines adopted or under
However, key ICE technology advances such as the electserious consideration for industrial and traction drive
starter in 1915 vaulted internal combustion engines to theapplications include dc commutator, ac induction, ac
complete dominance in road vehicle propulsion systems thaynchronous, and switched reluctance machines. Cross
they maintain to this day. sections of each of these four machine types are provided in

World-wide concerns about ICE emissions and th&i9. 2. As their names imply, a major differentiator among
impending depletion of petroleum resources re-ignited?® machine types is the form of the required electrical
interest in electric propulsion systems for automobiles in thgxcitation. ‘The switched reluctance machine is a special
1970s, and active development has been continuing for theC@se, requiring pulsed phase excitation that prevents this
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Fig. 3 Basic three-phase voltage-source inverter bridge.
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II. INDUSTRIAL DRIVES

2. y [ A. Overview
o H * % # Squirrel-cage induction machines dominate ac industrial
o fir = drive applications around the world for both new and retrofit
o & 1 & applications [11]. Permanent magnet (PM) synchronous
L B i3 ; machines are increas_ingl_y popular choices_ fgr high-
i i - e : performance servo applications because of their high power
o) E d) density. However, these represent only a small fraction of

the total number of industrial drive applications, the
majority of which (i.e., pumps, fans) can be satisfied with
general-purpose induction motor drives using constant
Volts-per-Hertz control [12]. Other types of brushless
. . . . machines including switched reluctance account for only a
machine from being directly connected to either a dc Ogm i fraction of new industrial drive applications.
fixed-frequency ac source without an intervening power . . L
Three-phase voltage source inverters using the basic six-

converter. ) ' Ve
. witch bridge topology shown in Fig. 3 have become the
The degree of market acceptance of each machine type Qe whelming favorite for industrial drive applications less

industrial and traction drives is closely associated with thg, 5, 2 Mmw. During the past decade, IGBTs packaged in
comparative availability and cost of its associated POWEfompact plastic power modules have rapidly expanded their
converter technology. Since ac/dc rectifier technology hagy|iage and current ratings so that they now dominate nearly
historically - matured considerably earlier than they of the new industrial drive inverter designs over this
counterpart dc/ac inverter technology, dc commutatogsmplete power range. Power modules are now available
machines rose to prominence in many industrial ang,m several manufacturers with 1200 V IGBTs (appropriate
traction applications long before they could be effectively,. 460 v machines) that are packaged either as single-
challenged by any ac machine drive technologygyiiches (<~2400 A), dual-switch phase legs (<~800 A), or
Neverth_eless, the limitations imposed by t_he brushes al mplete six-switch bridges (<~400 A), depending on the
mechanical commutator made the dc machine vulnerable {@qired current ratings.  Continuing improvements in
eventual displacement by more rugged machines such as W37 syitching characteristics allow these devices to be
squirrel-cage induction machine that are particularly well,seq with PWM switching frequencies that range from 1 to
suited for the rigors of industrial and traction drives |4 in high-power drives (>1 MW) to more than 20 kHz
environments. in lower power ratings (<30 kW).

Fig. 2 Industrial and traction machines: a) dc commutator; b) squirrel-
cage induction; c) PM synchronous; and d) switched reluctance.

applications. However, a thyristor turns off only when thg

power (t:irtc%it forcestits current tot zero. As adrelsult(,j setlf- ower semiconductors for a complete industrial drive in a
;:ommu ate ‘ Cﬁ”e” -slou_rcg inverters vr\]/(_are ‘é"'_ €ly adop'&ingle package, including IGBTs and diodes for the rectifier,
dor r’lnanyij c& the {ehar );-gl;lo uc[g?nan;adqng?her(l:\;em;?_/i;et_r‘;;?verter, and brake stages described in the following section.

eveloped during the S [3], avoidi ICatioRrhese integrated modules are already being produced with
and expense associated with auxiliary forced commutatiofyings of 1200V and 50A, with higher current ratings now
circuits. o in development.

Eventually, the availability of several types of new powerg |,qustrial Drive Design Issues
semiconductors that can be turned off by the gate/base . . L
terminal (e.g., bipolar transistors, IGBTs, GTOs) caused the '€ architecture for a typical panel-mounted chassis drive
tide to swing in favor of voltage-source inverters using” the 50 KW power range is illustrated in Fig. Bhe core
pulse-width modulation (PWM) [10]. As a result, current-0f the power circuitry for this drive consists of an input
source inverters are generally found today only in highthree-phase dl'(Ode (;e(I:tlf;e_lt, a pre-charge cwcu;]t, dc link
power drive applications (>1 MW) where thyristors are stillcaPacitor bank, and IGBT inverter stage. Other power

able to successfully compete with the various types dfompPonents shown in this figure including the input line ac
controlled-gate power switches. reactor, input electromagnetic interference (EMI) filter,

ntegrated power modules (IPMs) that provide all of the
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Fig. 4 Typical industrial drive configuration

dc link reactor, dynamic brake, and outpitef are all circumstances that have been experienced in field
optional depending on the application requirements. installations [20-25]. The introduction of insulated bearings

1 nverter Stageocer (GBTs have matured 0. igh % S o S boshis ve o e seliors
state of electrical ruggedness that makes it possible to deSi%r?lures

the inverter stages with a minimum of additional snubber ) i )
circuitry [14]. The role of snubbers is to limit either the rate A third problem caused by the higtiv/dt and di/dt

of current changed{/d) or the rate of voltage change SWitching rates is elevated levels of conducted EMI in the
(dv/d) at the IGBT terminals. In fact, many new IGBT drive input lines and ground that can easilycesd
inverters are designed without any snubbers at all. ThRcceptable levels [26-30]. ~Common-mode EMI can be

approach has the advantage of saving cost, space, and los@gificantly reduced by adding common-mode inductors in
in the inverter -- all positive effects. both the input and output lines, together with small

. oo apacitors between each dc link bus and earth ground to
However, the resulting switching rates at the IGBT oUtpUf o\ ent these high-frequency currents from reaching the
terminals in snubberless inverter designs can sometim ﬁlity grid or machine. Modifications of the PWM

exceed 1000 A/us and 10,000 V/us, with undesired and, anitching algorithm can also be introduced to minimize the

some cases, harmful consequences. For examplef it has bﬁgﬂeration of common-mode EMI. Differential-mode EMI
confirmed that the highiv/dt switching rates can interact oo o requced by adding passive or active filters on the
with the inverter output cables and the machine windings tQ o rtor output lines. Another effective, albeit somewhat
cause large transient voltages to appear across the outermpsi;sqytion to these EMI problems is to use the IGBT
turns of the stator windings [15-19]. Field experience hagaie grives to artificially slow their switching speeds
demonstrated that this situation sometimes leads %ading reduced EMI for elevated switching losses ’
catastrophic failure of the stator winding insulation. Such 2) Input Rectifier Stage: By showing a diode .rectifier
conditions are most likely to occur in installations with :

unusually long cables b)(/etween the drive inverter andtage in Fig. 4, the |IIu’str_ated al_rchlte_cture is typical of the
machine. Some machine manufacturers have responded!Bjge majority of today’s industrial drives (>90%) that do

strengthening the stator winding insulation, at least for thBOt permit braking power to be returned to the utility lines.
outermost turns. Although the diode rectifier has the advantage of low cost, it

. _— also imposes several constraints and disadvantages on the
It was also found that the higlv/dt switching rates can &L P v

. . - ive system that are attracting more attention every year.
induce unbalanced charge build-ups on the machine rotor By, \¢" ot importantly, the basic diode rectifier draws
means of parasitic capacitances coupling the machine Sta;%[xrrent from each input line that is significantly distorted

the rotor, inverter swnche_s, and ground. This accum_ulat Pm its desired sinusoidal shape (Fig. 5a).

rotor charge eventually discharges through the bearings i . i ; .

no other galvanic current path is provided. Over time, these One Of the purposes of including either a dc link reactor or
discharges can cause serious pitting of the bearing balls aitfée-phase input line reactors in the drive power circuitry is
races that eventually leads to bearing failures under some
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Fig. 7 Waveforms showing operation of regenerative input converter during
sudden change from motoring to regenerating;- dc bus voltagei, - line
Fig. 5 Diode rectifier characteristics; a) input voltage and current waveforms, current, g, - phase voltagei,,, - load current \(ert: 1 pu = 375 V, 250 A)

and b) input current frequency spectrum.

) . . .appearing on the dc link in external resistors (see Fig. 4).
to reduce the amplitude of the input current harmonics ifiowever, applications that involve frequent and extended
addition to limiting the peak dc link capacitor current angyeriods of braking (e.g., cranes) can justify the introduction
reducing the conducted EMI. However, Fig. Sb shows thai¢ 5 regenerative input converter bridge as shown in Fig. 6
even when the ac line reactors are introduced with typicgh provide the drive with bidirectional power conversion
ratings (3% of the drive base impedance, in this case), th@papilities. The topology of the input converter bridge is
input line current _harmonics are still very substantialigentical to that of the inverter using six controlled switches
containing a fifth harmonic component greater than 40% qf e, |GBTs) and six diodes, as shown previously in Fig. 3.
the fundamental component. Three-phase input lineactors are essential with the active

Another constraint imposed by diode rectifiers is the neethput bridge configuration to provide the necessary input
for pre-charging of the dc link capacitors to avoid dangerouisnpedance characteristics to the bridge terminals.
surge current when the drive is initially connected to the ac The addition of the regenerative active input bridge
line. A variety of pre-charge circuits are used depending 0fearly represents an expensive solution that can only be
the drive power rating, including the parallel combination ofystified today in applications that truly need bidirectional
resistor and by-pass contactor illustrated in Fig. 4. power flow. However, appropriate PWM control of the

For industrial drives with ratings greater than 30 kW, thective input bridge results in significant system advantages
diodes in the input rectifier stage are often partially oby eliminating all of the undesirable low-order current
completely replaced by phase-controlled thyristorsharmonics that are associated with either diode or thyristor
Although more expensive than the diodes, the thyristorlridges, as well as providing independent control of the
serve multiple purposes by providing the pre-chargénput power factor.
function and serving as a fast electronic circuit breaker to gig 7 shows typical input line and dc link voltage/current
remove power from the dc link in case of ground-fault ofyaveforms for a regenerative drive system, illustrating the
inverter failures. major improvement in line current harmonics compared to

Many industrial drive applications that demand onlythe diode rectifier waveform shown earlier in Fig. 5. This
limited and infrequent machine braking capability (e.g.figure also illustrates the fast response that regenerative
conveyors) can be satisfied by means of a dynamic brakeput stages can provide using vector control principles [31-
assembly that dissipates the excess electrical ener@8], handling a step change in drive operation from full-load

7



motoring to full-load braking with minimal perturbations of s11

the dc link voltage. R
3) Bus Capacitors: Electrolytic capacitors are the S12

preferred choice for the dc link capacitors in almost all 513

industrial drives. Minimum dc link capacitance

requirements are usually determined by the rms current- )

carrying capacity of the electrolytic capacitors and the need Vi 521

for sufficient dc link energy storage to allow the drive to L [y ] 522

“ride through" transient utility voltage sags [39-42]. Typicad—r~ 2 g2l g o ¢

electrolytic capacitor bank values for general-purpose drives T TV, iis S23

fall between 25 and 50 pF per Amp of inverter rms outp Ty

current. Since the voltage ratings of electrolytic capacitors s31

are usually limited to 500 Vdc or less, series and parallel

combinations are required in many drive applications to 533/

support dc link voltages that exceed these ratings. 533
Newer film capacitors are available with higher rms

current ratings per pF of capacitance and better reliability Fig. 8 Basic matrix converter circuit topology.
characteristics than their electrolytic counterparts. However,

film capacitors are seldom used in place of electrolyticin the same package are becoming increasingly available for
today because they are more expensive, and smaller hhss power range, simplifying the external interconnection
capacitance provides less drive ride-through protectionequirements. Cooling is usually accomplished by forced air

during utility voltage sag events. over finned heatsinks, sometimes assisted by heatsink-
C. Drive Implementation and Packaging mounted heat pipes to efficiently extract the heat from the
compact power stage section where the losses are

Industrial drives generally fall into one of three categorie:
based on their power ratings. Although standar oncentrated. . ) N . )
terminology is lacking, these three drive classes will be The control functions in chassis drives are partitioned into
referred to in this paper as low-power package drives (< 24/0 or more cards as shown earlier in Fig.aAd the
kW), medium-power chassis drives (20 kW to 500 kW) angomponents are then assembled manually into a steel chassis
high-power cabinet drives (>500 kW). The power ratin nclosure. Much of the customization for these drives is
boundaries between these drive classes are only approxim&fgically accomplished during the final assembly stages by
and vary from manufacturer to manufacturer withmounting the completed chassis drive onto a flat panel that
considerable overlap. subsequently receives the desired ikary components

. . including circuit breakers, contactors, and reactors.

1) Low-Power Package Drives: Package drives are ) ) ) ’ ]
manufactured in the largest numbers and have achieved thé}) High-Power Cabinet Drives: The basic drive
highest levels of design integration and automate@@rtitioning and construction techniques used in these large
manufacturing. Power and current levels are low enough féinits are very similar to those used for the chassis drives,
these drives to be designed onto a single printed-circuftithough the power stage is physically larger and the power
board (PCB) using widened board traces as the power stag¢itches are typically packaged as single-switch modules.
bus interconnections. All of the power components ar&S Power ratings climb above 1 MW, competition between
packaged into one or, at most, two power modules that cdBTs , GTOs, and thyristors intensifies. Thyristors are

be mounted directly on the PCB together with all of thé/Sed in large current-source inverters with induction
necessary control circuitry. machines, and also in load-commutated inverters with

. . o overexcited synchronous machines [44]. Forced air is the
Manufacturing of this type of drive is highly aummatedsfandard cooling technique for these drives, often in

using extensions of techniques developed for signal-level, i aiion with heat pipes to efficiently extract the heat

PCB construction.  As such, these drives are typically ) ihe compact power stage. Water-cooled heatsinks are
catalog items with a defined set of options, unless they atg. . -\ qilable when required by the application

being built to order for an original equipment manufacturer . L T ,
(OEM) application. Most of these package drives usehA major_d|§t|QQU|ﬁh|ng_lfeature of these large drives is that
simple Volts-per-Hertz control appropriate for generalthey are individually built-to-order in large steel cabinets

purpose speed control of fans and pumps, but the availagfeat are often big enough for maintenance workers to step

operating modes and user interface can be quit@side. All of the necessary drive components, including
sophisticated. auxiliary transformers, circuit breakers, etc., are mounted

inside the cabinet. It is not unusual for these auxiliary

2. Medium-Power Chassis Drives: A major distin- L : d
guishing factor of these drives is that the power levels a%)nmponents to take up the majority of the available space in

. . . . ch drive installations, and the physical layout typicall
high enough that dedicated buswork is generally required iy o qjs05 ease of maintenance rgthyer than goweryc?ensit{/.
interconnect the power stage components. The IGBT switc _
modules, typically in dual-switch phase-leg configurationd®- Matrix Converters
for this power range, are mounted on an aluminum heatsinkThe matrix converter is a power circuit topology that has
and connected into bridge configurations using laminatethe capability of directly converting ac power at one
busbar structures [43] designed to minimize parasitifrequency and voltage into ac power at a second frequency
inductances. However, power modules with all six switchesand voltage [45-53]. The basic matrix converter topology



The future of the matrix converter is uncertain as of this
writing. There is little expectation that the dominance of
the basic rectifier-inverter topology will be seriously
challenged in the foreseeable future. Nevertheless, long-
term demands for improved input power quality in all
industrial drives may cause the playing field to eventually
shift in a direction that will create important market
opportunities for the matrix converter. Applications that
demand regenerative power capability will be the first to test
this approach.

0.17 0.180.19 ts] 0.2 Ill. TRACTIONDRIVES
Fig. 9 Matrix converter waveforms: output currdgf, instantaneous input ~ A.  Rail Vehicles
currentiy, , locally averaged input curremt,, and input voltagey;, with vector- Squirrel-cage induction machines have established an
controlled induction motor load.Vert: 1 pu = 265V, 14 A) increasingly dominant position in new generations of rail

al nin itch h in Fia. 8. althouah vehicle traction systems developed since the early 1990s.
only uses nine switches as shown in Fig. 8, although eaglj, i synchronous machines were selected to power the
sw!tch must provide bidirectional current control (|.e_., eac;rrench TGV high-speed train in at least two generations of
switch must be capable of conducting and turning off, oy qtives placed in operation as recentlyla93, new

current in both directions). Since all commercially-availablési,ie_of the-art locomotive equipment introduced since that
power switches provide unidirectional control, each swncl'ﬁme has been predominantly designed with induction

in Fig. 8 is typically implemented using two power SWitCheSrtnachines as the prime movers
(and two diodes) in an antiparallel connection, for a total o ) ' .
18 controlled switches. At least one major power GTO power switches became the preferred power switches
semiconductor manufacturer is already offering an IGBToOr traction drives during the early 1990s using devices with
power module that contains all of the necessary switcftings of 4.5 kV and 4 kA turn-off current. However, GTO
elements to construct a low-power matrix converter. traction inverters are typically limited to PWM switching
. . . frequencies of 500 Hz or less and require relatively

Although no industrial drives are presently manufactureq,, jjicated gating circuits that can impose reliability
using the matrix converter power circuit, associatedienaities  The development of high-voltage IGBTSs during
development activities are sufficiently intense that thene oot decade has encouraged traction drive manufacturers
topology merits discussion here. Malrix converters using, opqnqe |GBTS for their newest drive equipment in order
high-frequency PWM control [52-53] offer some importanty, yaye advantage of their higher switching frequencies and
potential advantages in drive applications including 'nherensfimpler gate drives. Such IGBTs are conveniently available
regenerative power capability and the ability to control bo”&vith ratings of 3 3.kv and 1.5 kA. and new devices with
the power factor and current harmonics at the converteF,I’igher voltage rétings up to.6 5 KV at 0.6 kA are being
input as well as its output. Sample waveforms for &,y mercially produced by at least one manufacturer. These
prototype matrix converter are shown in Fig. 9 thajgeTs make it possible to increase the PWM switching
demonstrate these characteristics. frequency from 500 Hz to 1500 Hz or more in order to

The absence of an intermediate dc link with its storagginimize harmonic currents at both the input and output
capacitors can be seen as either a strength or a weaknggile simultaneously achieving inverter efficiencies of 98%
depending on the application. While there are no bulkgr higher.
electrolytic capacitors, there is also no stored energy to assis
the drive during utility voltage sag events. Insuringal
adequate input power quality under all operating condition
presents additional challenges for the matrix converter th%
are presently being addressed by academic and industrial
researchers around the world.

Catenary Supply

The availability of high-performance ac machine control
gorithms including field-oriented control [54] and direct
rque control [55] has made it possible to significantly
hance the dynamic performance of rail vehicle traction

. Dynamic AC Induction
Rectifier B Inverter Traction Motors

iy

Capacitor Bank

Fig. 10 Basic power circuit for ac catenary-supply rail traction system.



+ 8 n n
— Vde
[
A oA
oB
oC
L YZLIZL Y
T Ydo
_ 2
‘|t } -|| } ‘|l }
Fig. 12 IGBT phase module of Siemens SIBAC traction inverf€ourtesy
Fig. 11 Three-phase neutral point clamped inverter. of Siemens AG)

drives, in spite of the low PWM switching frequencies thaphoto of one of these state-of-the-art traction inverters is
are typical in such systems. Since tractive effort per axle fsrovided in Fig. 12.

a major competitive discriminator for rail propulsion
systems (particularly for heavy-rail freight locomotives),
major efforts have been focused on the development
improved wheel slip-slide control algorithms [56]. Thes

Although traction inverters have traditionally preferred
rygged press-pak ("hockey-puck") power semiconductor
e,%ackages because of their proven ruggedness, several of the

algorithms have demonstrated their ability to optimize whe flewest traction inverters have adopted the popular plastic

. S ) wer module package using wire-bonded power devices.
adhesion characteristics using closed-loop speed contrpfi ™ -0 trgnsitic?n has gbeen made orF: the basis of

l?nportant improvements in wire bond ruggedness confirmed
Ey extensive reliability testing of the resulting IGBT

) ) modules [58].

Wié)e ngéz_F;?IIsi(riglt;?)?\rgssuapcplgups)gls;esr?/ggrsnpslteartgetraw-rhe weight and volume of the traction inverters depends
configurations found around the world, the electric tractio ﬁfgﬁlztogf trheesesaelﬁﬁte:ﬁgroto“gg %%r;frllg?r:sggtr;d gusrlignr;ﬁfgcr;tm
drive architecture selected by waction = equipment, .o iy the development of improved cooling technology
manufacturers for heavy-rail catenary systems during rece sed on various combinations of heat pipes, evaporative
years has generally converged on the basic voltage-sour 63oling [59], circulating coolant, forced-air, and natural air
rectifier/inverter structure shown in Fig. 10 (with GTO on 0cion “cooling. The choice of a particular cooling
Sg:’;'gtrioﬁ‘é‘”tcihnes)'theHog’;\gﬁg t%?retﬁée ?;itr;f)i/ers;:gcglr(t::rn pproach is typically decided on the basis of system issues
configuration selected for specific applications. Thesx—%hat depend on_thg specific ra_ll vehicle requirements,
variations include the number of paralleled induction 2) Heavy-Rail Diesel-Electric Systemi contrast to the
machines excited by each 3-phase inverter, as well as tRateénary supply systems, the electrical propulsion system in
number of single-phase dc/ac rectifier units paralleled t8 diesel-electric locomotive consists of a self-contained
supply the dc link. electrical system that includes the electrical power

The inverter power circuit topology has been developed eneration in addition to the traction motor drives. While
traction drive manufacturers to generally take one of tw(éynchronous machines have long been used for the

motor torque (rise time < 10 ms) as a requirement for the
effectiveness.

forms — either the classic 2-level phase ieg topology show lternators in such systems, dc machines dominated as the
previously in Fig. 3 or the 3-level neutral-point clampe referred traction machines until the early 1990s. A major
(NPC) topology .shown in Fig. 11 (with IGBT powerdtechn_ology shift was made at that time to ac induction
switches). The principal attracti;/eness of the 3-level NP achines, leading to propulsion system architectures of the
configuration is the ability to approximately double the dq ogg m(l)l{ﬁ/set;atae;je Ir?owFl%éi nl3. mglr?m a;ﬁreglejﬁtl;\ehtef;gﬁon
link voltage for a given power switch voltage rating [57]. ower ratings in excess of 4300 KW

This feature has made it possible to apply 3.3 kV IGBTs iR ) g ) ) o ]

NPC inverters with a 3 kV dc link voltage, permitting a Key variations of this basic architecture are defined by the
direct replacement of 2-level GTO inverters built with 4.5d€cision whether to drive several traction motors in parallel
kV devices. The same NPC concept can also be applied Wth each inverter or to dedicate a separate inverter to each
the single-phase rectifier stage in Fig. 10, using only two dhachine. While there are economic advantages associated
the three phase |egs shown in F|g 11. W|th bUIldIng a |al‘gel’ inverter to excite para”eled maChIneS,

The net result of these technology trends has been téhe use of individual dedicated inverters provides

development of compact IGBT-based traction inverter unit

%Osgvtereilsrggnktc‘ictu_rrirs \évithbpowelrtratinfgs ir;]the range %ﬁperiority of either approach continues to be a topic of
(o . e dc bus voltage for these invertef . . . ol
units is typically between 1.5 and 3.0 kV depending Or{épmted debate and competing commercial claims in the

whether a 2-level or 3-level bridge topology is selected. A industry.

%portunities for enhanced traction characteristics via
stomized slip control of each traction motor. The
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Fig. 13 Basic power circuit for diesel-electric rail traction system.

Field control of the synchronous alternator in the diesel™achine type preferences seem to break down along
electric locomotives makes it possible to adjust the dc linkégional lines, with permanent magnet (PM) synchronous
voltage supplied to the traction inverters more convenientl{pachines typically selected by Japanese developers, while
than in the catenary supply units. This important degree #fduction machines are generally preferred in both North
freedom can be used to control the flux levels in the tractiofimerica and Europe. Switched reluctance machines are
machines as a function of speed and load in combinatidiSo attracting attention in several laboratories around the
with PWM inverter control, providing opportunities for World.
enhanced inverter operating characteristics and efficiency. Regardless of the electrical energy source, the dc supply

The inverter designs adopted in these new diesel-electrvoltage for road vehicle traction drives typically is between
locomotives draw on much of the same power electronicd00 and 400 Vdc (nominal). Three-phase voltage-source
technology developed for the catenary supply units thdnverters using the classic six-switch bridge topology (see
made the conversion to ac traction machines several yedrig. 3) are widely used for both the induction and
earlier. In particular, modular inverters rated at 1000 kw ogynchronous machine drives, while the converters for
higher using IGBTSs instead of GTOs are appearing in thewitched reluctance machines modify the phase-leg topology
latest generation of diesel-electric traction drivesPy placing each phase winding in series between the two
Significant differences in the choice of inverter coolingswitches [60] . Both of these power converter configurations
technology still exist among competing product offeringsare inherently bidirectional permitting power flow from the
paralleling the range of cooling schemes found in th&achine back to the electrical energy source (e.g., batteries)
catenary supply system traction drives. during regenerative braking.

3) Light-Rail Rapid Transit Systems:Major distin- IGBT's have emerged as the preferred power switches in
guishing characteristics of light-rail rapid transit systemsiew road vehicle electric traction drives, just as they have in
include their use of dc electric power distribution (often viarail traction drives. They are most often used in the form of
a third rail) with voltages in the range of 600 to 3000 Vdcplastic power modules comprising either a single phase leg
and their need for robust braking capabilities to handlincluding two power switches or a complete six-switch
frequent deceleration/stop cycles.  Since rapid transihverter bridge. Switch ratings of 600 V and 400 to 600 A
systems typically take the form of multiple-unit poweredare typical for these applications. Special development
passenger cars, the traction drives must be compac#fforts have been taken to insure that these switch modules
packaged for under-floor mounting. can withstand the severe environmental stresses associated

Traction drives for rapid-transit applications use the sam@ith automotive operation. For example, Ford requires that
basic combinations of voltage-source inverters and inductiof!ch IGBT modules survive >500,000 thermal cycles with a
machines found in heavy-rail applications. High-voltagedT of 40°C and 1000 extreme thermal cycles from —40°C to
IGBTSs are rapidly displacing GTOs in new inverter designg125°C [61].

for rapid transit applications as they are in the heavy-rail \jost road vehicle traction drive inverters are packaged as
systems.  Cooling of the under-floor inverters in rapidseparate units from the motor, although there is a clear
transit systems is typically accomplished using ram aigesire to explore opportunities for tighter physical
generated by the vehicle movement, providing a robushtegration if the higher thermal and vibration stresses
cooling configuration. associated with the traction machine environment can be
B. Road Vehicles tolerated [62]. Cooling of the power electronics is typically
accomplished using either air or water cooling. While air
6ooling has the advantage of simplicity and low cost, water
Soling (often with a dedicated cooling loop to limit the

Electric traction drives for road vehicles generally fall in
the power range between 10 and 100 kW, depending on t
vehicle size and the propulsion drive configuration. Unlik aximum coolant temperature) makes it possible to achieve
the situation for rail traction drives described above, there Ig, - higher power densities in the vicinity of 10 kW/kg
no international consensus on the preferred machine type &)r3]
electric traction drives in road vehicles. Interestingly,
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Fig. 14 Powertrain block diagram for Toyota Prius.
Fig. 15 Cutaway view of Prius power electronics moddem “Products of

. . . Hirose Plant” brochure, courtesy of Toyota Motor Corp.
Major strides have been made during recent years towards y Y P

improving the performance and power density of thesenachine. A photo of the Prius power electronics is shown in
traction drives, but cost continues to be one of the mostg. 15.

5|gn|f|cant_ barriers that is stil _belng addressed. AIthough The powertrain configuration of the Honda Insight HEV is
targets differ among automotive manufacturers, there is, o\ na¢ simpler, combining a three-cylinder gasoline
general agreement that the production cost of the pow§ ’

lectroni ds 10 b bstantially reduced by at least % gine with a 10 kW PM synchronous machine mounted in
eléctronics needs 10 be substantially reduced by at 1east 456500 of the conventional flywheel between the engine and
for electric traction drives to be able to compet

economically with conventional ICE powerplants in the ransmission. Ver_y_S|m|Iar HEV powertrain conflguratlon_s
absence of special subsidies [64] have been receiving serious attention by ‘automotive
’ manufacturers in other parts of the world, including Ford in

1) Hybrid Electric Vehicles: As a result of the North America [61]. The size of the electric traction drive
performance limitations imposed by electrochemicais purposely minimized in such 'mild' hybrid configurations
batteries, international research and development effort® that the electric machine only contributes significant
during the past decade have been increasingly focused mrque and power during transient loading events including
various types of hybrid-electric vehicles (HEVs) combiningperiods of major acceleration or deceleration. In addition,
electric traction drives with internal combustion enginedhe electric machine is sized to be able to rapidly accelerate
(ICEs). Although HEVs cannot meet the ng-rastringenthe engine from standstill to idle speed in less than 0.3 s.
emission requirements for zero-emission vehicles (ZEVs)his capability permits both fuel consumption and emissions
they represent important compromise system solutions th&d be reduced by stopping the engine whenever the vehicle is
deliver significant improvements in fuel economy andat standstill for more than a few seconds, and then instantly
emissions levels while matching the travel range ofestarting it as soon as the driver presses on the accelerator
conventional ICE vehicles. pedal.

A wide variety of HEV powertrain configurations have 2) Pure Electric Vehicles:Recent advances in fuel cell
been actively developed [65-66], and only a couple of thtechnol_ogy have significantly re_\/lved mter_est m_automotlve
most interesting architectures can be discussed heropulsion systems that are entirely electric. This represents
Particularly notable has been the market introduction of & major reversal of the trends away from such systems

least two HEVs, the Toyota Prius and the Honda Insighgaused by the growing pessimism about the prospects for
first in Japan and, more recently, in North America. electrochemical batteries to provide the necessary vehicle
range between recharging at an acceptable cost.

The Prius uses a sophisticated propulsion drive . . .
configuration (see Fig. 14) employing a high-efficiency The propulsion system architectures adopted in these pure

gasoline engine and two electric machines (both PNlECtric vehicles (EVs) are not as varied as those for HEV,
synchronous), one operating as a generator (rated at 15 kW many of the differences associated with the number of
and the other as a motor (30 kW). By connecting the ctric machines and the packaging concepts. While use of
three energy-conversion units to the three rotationdt Single electric machine is most popular as a means of

elements of a planetary gearset, the system operates anigimizing total system cost, prototype vehicles have been

continuously-variable transmission (CVT) with the geard€veloped with as many as four propulsion motors, one built
o each wheel [63].

ratio determined by the power transfer beween the generatf
and the motor [67]. A nickel-metal-hydride battery allows There is generally a more concentrated focus on drivetrain
the system to operate with adjustable proportions of ICE arefficiency in these EV drivetrains since the available stored
electric  propulsion  power, achieving significant electrical energy is such a valuable and limited resource.
improvements in overall vehicle fuel economy and reducedlthough PM synchronous machines demonstrate an
emissions. However the electric traction drive componentcknowledged efficiency advantage at low speeds, this
are not inexpensive, requiring a separate inverter for eachadvantage is eroded at high speeds due to their need for
extra stator current to accomplish flux weakening [68] in
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this operating regime. As a result, induction and PMelectric propulsion units while simultaneously reducing EMI
synchronous machines continue to battle for supremacy gmissions by eliminating long interconnecting cables
such systems, with SR machines vying for attention as thHeetween the inverter and machine. Significant technical

least mature of the three competing technologies. hurdles associated with the ability of the power electronics
to survive the heat and vibration of the harsh machine
IV. CONCLUSIONS environment are gradually being overcome, making the

“"electronic motor" concept increasingly attractive for many

A. Future Trends drive applications from both a technical and economic
This past decade has witnessed major advances in povggandpoint.

electronics technology for both industrial and tractiong Concluding Remarks

drives. These advances have made it possible to h devel boed brieflv in thi
significantly improve the electrical performance of these 1N€ recent developments tboed briefly in this paper
ar testimony to the major progress that has been

systems while simultaneously reducing their size and weig ; . . -

and, perhaps most importantly, reducing their costiccomplished during the past few years in applying new

Improvements in all of these key metrics are expected ®OWEr electronics technology to industrial and traction
rives.  Although the improvements sometimes seem

continue during coming years, with a few trends meriting" . . 2=
special attention: ainfully slow and labored to technical experts working in
o . the field every day, the rate of technical progress is actually
1) Modularization and Automated Manufactunng yery impressive when one takes a step back to see how far

Improved packaging of the power electronics componenig¢’iechnology has progressed during the past 25 years.
and subsystems is expected to be one of the most active

development areas because of the significant cost reductiongVnere do we go from here? The flIJture of both indu_stri?]l
that are achievable by modularizing the power electronicand traction drives depends not only on advances in the
and automating its manufacturing. Major progress towarddnderlying technologies, but the economic and regulatory
these objectives can already be observed in many of the n&ljmate in which they are developing. Despite the risks of
industrial drive products with ratings of 10 kW or less.Predicting future trends, there are many reasons to expect
Wider acceptance of power electronics in automotivdhat increasing global concerns about efficient electrical
applications during coming years — both for traction an@n€rgy utilization, transportation fuel economy, pollutant
accessory applications — wiil likely provide a substantiafMissions levels, and electrical power quality will increase
boost for this trend by focusing the energies of th&luring coming years. In light of these pressing concerns,

automotive industry on achieving these manufacturin he desire for further major improvements in industrial and
raction drives will almost certainly continue to place a high

economies. - - -
) . premium on new advances in power electronics technology.
2) Increasing Silicon Content: As the cost of power
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