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Variable Speed Electric Drive Options for Electric
Ships

David Gritter, Swarn S. Kalsi, and Nancy Henderson

Abstract:  Variable Speed Electric Propulsion motos are
operated from a variable frequency drive (VFD), wheh supplies
power to motors at a frequency appropriate to the dsired speed.
These VFD’s are normally very heavy and large in ge. A
variety of designs are commercially available but hey have
characteristics unsuitable for ship applications. The objective of
this study was to evaluate various options for shigard
applications and to recommend designs that meet Ngv
performance, weight and size constraints. It is msible to
dramatically reduce the size and weight of the VFDby
optimizing the VFD and the motor as a system, utiting an
optimal distribution voltage, eliminating distribut ion frequency
transformers, and utilizing the weight and size redctions
available with liquid cooling.

Three systems were studied in detail: Cycloconvents, series
connected low voltage inverters, and multi-level m#um voltage
inverters using 6kV class IGBT’s or similar switching devices.
On the basis of this evaluation, a multi-level dioe-clamped
pulse width modulated (PWM) drive topology is recormended
for Navy ships. A three phase distribution voltageof 6 to 9 kV
RMS minimizes the number of series semiconductors nd
control complexities of the drive. -

Index Terms: Marine vehicle propulsion, Motor drives

[. INTRODUCTION

American Superconductor was funded by the Offictla¥al
Research to investigate the opportunities for tlse wof
superconductor propulsion motors and generators
shipboard applications, primarily the variable speeve for
the ship propulsion and the associated electriealerators

[1]. With a goal of reducing size and weight of all

components, this study included an evaluation dfeint

electrical distribution schemes employing variasiomnn

frequency, phase number, and voltage. The prapulgFD

topology was a major portion of the study, sinceomr
experience had indicated that the VFD was posddiger

and heavier than the propulsion motor.

The study assumed that the motor design could bmiapd
for use with a particular inverter, and that issuelsted to
dv/dt applied to the motor windings, common modéage
issues, and other unfriendly VFD/electrical
interactions [2] could be mitigated by design chemip the
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motor or VFD, whichever proved most economical izes
and weight.

The study looked primarily at a variable speed ariv
consisting of a propulsion motor of 36.5 MW, opemtat a
base frequency of 16 Hz driven by one of severtiemrint
solid state frequency converters. It assumed thatnhotor
voltage and VFD combination could be tailored for a
distribution voltage in the 6kV or 9kV range, atagle that
appears to be optimal for both motor insulationtesys and
reasonably simple VFD’s using 6kV class IGBT's, [GE€or
thyristors.

In order to avoid disturbing other shipboard loaus the
same distribution system, we assumed that the Vé&lldc
introduce no more than 10% voltage total harmorstodion
(VTHD) on the medium voltage distribution system.

Frequency of the distribution system was variednfr@0 to
240 Hz. An 8kV DC distribution was included in theudy,
bringing the generator characteristics into corrsitien when
evaluating the entire system. In particular, théitst of the
superconductor generator to operate without sicpnifi
increase in losses when absorbing significant haitno
currents proved advantageous to the DC distribigymtem.

Three significantly different VFD topologies wergdied:

» A cycloconverter to provide minimal VFD complexitgst,
size and weight.

in

« A series connected array of low voltage invertess d
modular approach which provides isolation betwagrpk/
and motor and allows the common power electronic
building blocks (PEBB’s) used in low voltage power
converters to be extended to medium voltage agjgits

« A conventional multi-level inverter using commeibia
available 6kV class IGBT’s or IGCT's.

Each of these topologies was evaluated in termgaokEform
quality at the distribution system and at the maésminals;
motor torque ripple; and weight, size, and efficien

Liquid cooling was assumed for all the systemsistlidT hus
when estimating size and weight, we used packaging
approaches that could not be used and would natlaptable

to air cooled systems. This is a significant fadtoreducing
size and weight from conventional industrial power
converters where air cooled systems are usualljeipesl,
and liquid cooled versions may incorporate only onin
modifications to the off the shelf air cooled syste

[I. CYCLOCONVERTER

The cycloconverter is an attractive choice for appision
motor because it employs naturally commutated $hgrs to



produce a low frequency AC waveform on the motdngis
direct AC-to-AC conversion This technology is altgaused
for ship propulsion [3], with a few limitations ted below:

AC
Line

» Traditional cycloconverters produce subharmonic

currents on the distribution system, resulting ioop
power quality and possible flicker issues.

« Control problems occur in maintaining low motor reunt
distortion because of discontinuities in conductidmere
the motor currents cross zero.

e Large line frequency ripple in the motor voltagend.

wye or delta
connected

Motor

frequency ripple occurs at the characteristic pulsérig. 1 Conventional cycloconverter topology
number of the thyristor bridge, so a 3-phase 60 Hz

distribution using a 6-pulse bridge would impos® 3&
harmonics on the motor voltage.

¢ Operation at low motor voltages results in low powe

factor on the distribution system.

The cycloconverter is attractive for ship proputsim the
present study because the distribution frequency &
increased to move the harmonics in the motor veltay
higher frequencies where they can be more easiigatéd.
A direct coupled propulsion motor is naturally awlo
frequency motor suitable for cycloconverter exatat The
number of motor phases and the terminal voltage loan

chosen to minimize the problems associated with

cycloconverters.

A. Cycloconverter Topology

A traditional cycloconverter topology is shown ingF 1.

Three banks of 12 thyristors, arranged as a futiger, drive
the terminals of a wye connected motor. This toggllimits

the allowable firing angle of thyristors in differtebridges but
connected to the same motor winding terminal. Impro
firing angles will clearly result in distributionystem short
circuits.

If the individual motor windings are isolated, raththan wye
or delta connected, this limitation disappears. \Also
discovered that using a 9-phase motor with thehy2igtor
bridge in a topology shown in Fig. 2, it is possikio
eliminate the subharmonics and non-integral lirexjdiency
harmonics in the distribution current up to thehlBarmonic.

All thyristor based cycloconverters require an inmauctor

to limit the rate of change of current (di/dt) inthgyristor that
is turning on. These inductors become the majatritutor

to the weight of the cycloconverter based VFD, lsere is a
significant benefit to incorporating thyristors ihigh di/dt

ratings. A design favoring low voltage, low curreéhnyristors

is more likely to find available high di/dt thyriss. Voltage
issues may be resolved by using well known techesgu

series the thyristors, while a 9-phase motor desidnces the
current requirement toward the bottom end of what
available in hockey-puck thyristor packages.

Capacitors can be added to the distribution system
improve the power factor to a level acceptable he t
generator and distribution system.

Individual motor
windings

difdt inductor

[ ]
@ 9required
[ ]

Fig. 2 Proposed cycloconverter topology

B. Designissues

In normal design the line side inductor is sizedint di/dt

to about 20 Als. Thyristors in the 6kV class are normally
rated at 50 to 100 A6 maximum, but losses increase
significantly as the di/dt is increased. Thyristavgh di/dt
approaching 1000 ps are available in lower voltage ranges.
Using series stacks of these could reduce theasidenveight
of the inductors by a factor of three from the eslwsed to
estimate VFD weight later in this paper.

The input inductors must be designed to deal with goor
power quality of the individual cycloconverter ocemts.
Inductor current waveforms are shown in Fig. 3véhg that
the quality of the current waveform does not imgromtil all
nine building blocks are paralleled at the 3-phasgé
distribution bus.

C. Performance

The presence of a large 6x line frequency compoiretite
cycloconverter output voltage results in acoustiése and
torque ripple. This is a severe limitation wheniegu

j operation is required. Evaluation of passive actd/a filters
showed that their size and weight is such that the
cycloconverter would no longer have any advantager o
competitive topologies. Thus the use of a cycloeoter
VFD where quiet operation is needed would require a
smaller, more cost effective solution involving rhanical
isolation of the motor and its drive shaft so tli¢ 6x
acoustic noise or torque ripple is confined tortiaor.
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The expected performance of a cycloconverter VFD3s wavoltage

determined by simulation using an instantaneoudchixig
model. This model correctly models instantaneous
cycloconverter behavior in creating motor voltage a
function of distribution voltage and in creating eth
distribution line current as a function of motorm@nt. The
VFD was controlled from a common field oriented troher
that operates the motor at unity power factor. rAdideling
was done in VISSIM, a block diagram simulation tool
Results are shown for a 120 Hz, 3-phase distributigstem
feeding a 9-phase motor.

Fig. 4 shows the line current waveform when the anas
operating at full speed and power. Power fact00.i784,
which is well within the rating of the 36.5 MW geators
and current distortion (ITHD) is 9.9 %. Fig. 5showse
equivalent line current at % speed (12.5% powetjere
significantly higher distortion (32.3%) and lowerovger
factor (0.33) is evident

Fig. 6 shows the full speed, full load motor vokagnd
current. Motor current distortion is about 8%

Table | lists the torque ripple amplitude as a fiorc of
operating speed. There is a clear increase in loth
amplitude and percentage of torque ripple as mspeed is
reduced. The major component of ripple remaing2& Hz,
the 6" harmonic of the distribution frequency.

Simulation of the cycloconverter was also done gigin240
Hz distribution. This simulation indicated thatuiiing the
distribution frequency doubles ripple frequencynfir@20 Hz
to 1440Hz as expected, and halves the amplitudieeofnajor
ripple component. A 240 Hz distribution is therefor
favorable to a cycloconverter based propulsionedselution,
but makes the availability of thyristors with highdt ratings
an even more important technical issue.

Fig. 4 Full speed, full load cycloconverter
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Fig. 5 Cycloconverter line current and voltagealf bpeed.

Table | Cycloconverter torque ripple as a functidispeed.

RMS
Average Torque RMS torque
Torque ripple ripple
Speed (%) (Nm) (Nm) (% of avg.)
100| 2.90E+06| 2.40E+04 0.824
90| 2.35E+06| 5.88E+04 2.5
80| 1.86E+06| 9.36E+04 5.03
70| 1.42E+06| 1.26E+05 8.74
60| 1.05E+06| 1.56E+05 14.9
50| 7.30E+05| 1.80E+05 25
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I1l. DIODE RECTIFIER

(4]

4
as shown in Fig. 9. Each series connected taver

operates from an isolated DC bus. Obtaining tbkaied bus
without incurring the cost of a large distributifrequency
transformer as is often done for commercial meduattage

drives

requires some type of high frequency power

conversion stage to reduce transformer size.

Rectifier Current (A)
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Fig. 7 Diode rectifier current waveshape

The other two VFD topologies we studied require an

intermediate DC bus that must be produced usingoded
(passive) rectifier or active rectifier. The reigtifis located at

the VFD for AC distribution systems or at the shiphain
generators if a DC distribution system is used. ilgVactive
rectifiers produce very clean distribution currergveforms,

Volt, Amp

they are as large and costly as any other pulsehwid
modulated VFD, and do not need to be used for their

regeneration capability, since the shipboard distion
system cannot absorb significant power from theppision
drives. Thus regenerative operation of a propuolgioive
requires that the power be sent either to a resisbiad or to
another propulsion drive. Both of these can be aged
using DC bus connections, making a diode rectsigitable
for the conversion of distribution voltage to tmtermediate
DC bus.

Fig. 7 shows a typical diode rectifier current whtdre
rectifier is operated from the generator alqfieat is, the
waveshape is determined by the internal impedaricihen
generator.) This level of distortion proved tolb@ enough
that the efficiency of superconducting generators went
adversely affected.
system is wused, the resulting voltage distortion
unacceptable. Thus when the rectifier is placateat/FD, it
is necessary to add an input inductor afidsd 7 harmonic
trap filters in order to maintain a voltage disiomt of less
than 10%. The resultant distribution voltage apdtifier
current waveforms are shown in Fig. 8

V. SERIESCONNECTEDLOW VOLTAGE
INVERTERS

There are significant advantages to applying lovitage
IGBTs to the propulsion drive. 1200V IGBTs aradiy
available from a wide variety of vendors. They argged,
well-proven devices used in low voltage motor contThey
switch efficiently in the 4 to 8 kHz range, and #sthon state
voltages of about 2V. Several topologies thatiagillow
voltage inverters were investigated, including ancept
employing low voltage H-bridge inverters connedtederies

However, when an AC distritmti

-1-10

4
1-10 T T T T

5000

~5000

4 | | | |
0 0.005 0.01 0.015
Time (sec.)

0.02 0.025

- AC Line Current
— AC Line to Neutral Voltage

Fig. 8 Distribution line voltage and current withrmonic filtering.
The advantages of this approach are:

is

Wide availability of standard semiconductors

Common building blocks for all shipboard invertdysth
medium voltage and low voltage using Power Eledtron
Building Blocks (PEBBSs)[5]

Isolation minimizes motor common mode voltage
problems (wye connected series inverter neutral beay
grounded.)

* High switching frequency for very low motor noise

Small voltage steps to minimize motor winding peohé
due to dv/dt

N+1 redundancy obtained at relatively small inceeims
size, weight, and volume

The disadvantages of this approach include thevatg:

Four stages of power conversion are required:
distribution frequency rectifier, high frequencyanter,
high frequency rectification, and motor stator fregcy
inverter. This increases the size and decreases th
efficiency of this solution.

The DC bus of the H-bridge inverters feeding theano
see single-phase ripple current, and may need to be
significantly larger than in a conventional 3-phase
inverters which have a common DC bus feeding all 3-
phases.  This issue becomes a significant drifer o



inverter size if it is feeding a motor at laggingwer
factor, because the DC-to-DC converter with tramaéy
isolation is capable of only unidirectional powéow.

5
associated with each transformer so that the iapdtoutput
DC bus voltage ripple is reduced. Each transformeput
voltage is fed to a rectifier employing fast reagvdiodes to

For Operation of synchronous motors, this is not agproduce a DC output. Small output inductors aréuihed to

severe an issue, since the motor can be operatgutat
power factor.

without a significant increase in the complexity tok
isolated DC-to-DC converters.

lightly loaded conditions, since a quasi-resonaueiter
topology is employed which requires a fixed minimum
current to insure that inverter commutation is sgstul.

A. Topology

The basic topology is shown in Fig. 9. A groupsefies
connected isolated DC to DC converters is conneatedss
the rectified DC bus of approximately 9kV. The muit of
each DC-to-DC converter is an isolated 800V DC that
feeds an H-bridge inverter using 1200V IGBT’s. vdrter H-
bridges are wired in series to produce a multillexgput
voltage. The series sets are wired in a wye cardigpn to
feed the motor, reducing the number of series octiones
needed to generate the proper motor line to linge. The
top H-bridge in each wye leg feeds a motor terminal

The DC-to-DC converter does not operate well under

allow the inverter to perform limited voltage regtibn
functions by phase shifting the gating signals leetvthe

Regenerative operation of the motor is not possibld@lf bridges of the resonant inverter.

AC OUTPUT

Fig. 9 Series connected low voltage inverters vathated DC-to-DC
converter

Quasi-resonant operation is accomplished by placng
resonant capacitor across each IGBT. When the IGBT
turned off, current commutates into the capacitssuring a
zero or low voltage IGBT turn-off. Once the capaciis
charged, current commutates to the opposite dio@sce
current is flowing in the diode, its paralleled IGRBan be
gated for a zero current turn-on. The diode curren
commutates to the IGBT at the current zero crossiaghere
is no significant diode reverse recovery loss. TGB

For a 6 kV motor, a 9-phase inverter arrangement i3nimized for this type of operation have been enoin

advantageous.  This arrangement requires 126 300k
inverter modules. Each series stack requires Tidtgps. 18
separate series stacks feed the motor. 18 sepanatiar
windings makes for the simplest and lowest cost VBlll it

is also possible to parallel two series stacksugjnosmall
sharing inductors to allow 9 individual motor wings.

At low motor power it is possible to operate fromyoone of
the three sets of 3-phase windings in a 9-phasermodthe
PEBB concept employed in this topology allows 3gghaets
of series inverters to be re-connected to power@orsl
motor, be de-activated, or have one of two paedledets re-
connected to a second motor. This flexibility alfow
continued operation of the entire ship propulsigsteam in
the event of multiple PEBB failures.

B. Transformer

The 300 kW high frequency transformer is constrmiatsing

standard nano-crystalline toroidal cores [6]. Eemle has an
OD of 165 mm and an ID of 105 mm and a thicknes280%

mm. A stack of 6 cores is required for the transfer.

Primary and secondary windings are 5 turns eacmvthe

operating frequency is 50kHz. Litz wire is usedrake the
windings. Core losses are expected to be abowwsitd the
flux change within the core is designed to be alfo8it. The
final transformer weighs 28kg and is 0.21m high 8ritb5m

diameter.

C. DC-to-DC Converter.

nventional electrically isolated modules that cae
mounted directly to a chill plate. The final 600 KWC-to DC
converter is estimated to weigh 81kg and meas2&nd.x
0.4m x 0.45m.
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Fig. 10 Isolated DC-to-DC converter schematic
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D. DC-to-AC inverter

The low voltage inverter H-bridges that are arrahigeseries
to generate the motor voltage waveform is builhgsB0OO
kW modules made from a multitude of paralleled \mitage
IGBTs in TO-247 packages. This design is optimiaszlind
a liquid cooling system that allows easy mountifidGBTs
to a power printed circuit board. The unit weighs kg and

The DC-to-DC converter shown in Fig. 10 is a 600kWmeasures 0.1m x 0.26m X 0.37 m.

module built up using two high frequency transforspeach
driven by a quasi-resonant H-bridge inverter. Anomon
controller generates and phase shifts the gatiggats

The PEBB building block approach employed for tiistem
allows N+1 redundancy by adding an extra set ofrecters



to each series string. Crowbar thyristors maydued across
the input DC bus of the DC-to-DC converter and dgput
of each H-bridge inverter to short out a failed\center.

E. Performance

Performance of this DC-AC inverter system was gdddy
simulation. Since a diode rectifier front end coomto other
schemes was used, the distribution bus interfadepanver
quality issues have not been re-addressed her8SIM was
used to establish the expected motor current wawvef@and
torque ripple. A combination of SPICE simulaticarsd data
from similar power converters was used to estalli€hto-
DC converter and H-bridge inverter losses.

Current waveforms were determined assuming a sstéek
of seven H-bridge inverters. A control algorithmasv

developed which allows each H-bridge to switch in a

sequence where each H-bridge takes its turn ineseguin
generating a fraction of the motor voltage. Eachridge
inverter can generate three output voltage levet¥,, 0V,
and -V where V is the DC bus voltage of the H-beidg
inverter. This makes the total series string edaivaa 14-
level inverter.

The PWM carrier frequency was set at 8kHz, butetifiective
switching frequency of any one H-bridge is "1/f this, or
slightly greater than 1 kHz.The resultant motortagé and
current is shown in Fig. 11. Motor current measuoaly
0.6% THD and the voltage steps of about 800V mipéami
dv/dt effects on the motor.

Torque ripple at full speed and load is less thad6% of
average torque, and at half speed (12.5% loadnitamed
less than 0.2%. Torque ripple is lowest of anyteys
studied, and the ripple torque amplitude is alnoashpletely
independent of speed or load.

Table Il categorizes the losses for each compowéna
600kW building block. With the multiple stages obvger
conversion, the efficiency of this system is thevdst of the
three systems studied.

V. MULTILEVEL INVERTERS

Multi-level inverter topologies operating from anomon,
non-isolated DC bus are well understood. In paldic the
diode clamped and flying capacitor topologies af. Hi2 are
commonly used [7] [8]. Although there is not likgb be a
significant difference in size and weight betwedrese
schemes, the diode clamped arrangement was chasen
study since the voltage on all DC bus capacitoesvigys the
same, which allows a single component to be usedalfo
capacitors. This topology therefore allows thestarction of
a modular multilevel building block that can beckid in
series to yield varying numbers of inverter levdty
adaptation to different distribution voltages

Inverters designs for a 6.6kV distribution bus an®.9kV
distribution bus were investigated. Available madi
voltage semiconductors, including IGBT’s and IGCHee
rated at 6kV breakdown and are designed to opéraite a
3.6kV DC bus. Thus it is necessary to employ aw&l
design for the 6.6kV distribution where DC bus agk is

6
about 9.3kV, and a 5-level design for 9.9kV disitibn
where the total DC bus voltage is about 14kV. Vbkage
steps on the motor correspond exactly to the bltage per
level so the motor winding insulation needs to bsighed to
tolerate a 3.6kV voltage step with dv/dt of 2 ta/Gks
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Fig. 11 Series connected low voltage inverter cura@d voltage waveforms

Table Il Series connected low voltage invertetding block losses

Component at 600 kW losses (watt) |efficiency
DC to DC converter 15360 97.50%
High Frequency Transformer 600 99.90%
Inverter 4000 99.34%
total 19960 96.78%
MR IR € X
T Tas'l sz'l Trl-l
| o I o ia:
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el Motor
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g TRF el T

Fig. 12 Diode clamped and flying capacitor multidkinverters.

A pulse width modulation algorithm that uses a spaector
technique with a 1 kHz carrier controls the power
semiconductors.  This results in an average switchi
frequency of about 0.4kHz, since every device dnest
switch during each carrier cycle. The DC voltageeach of
the series capacitors is individually measured,thedalance
of voltage between the series DC bus capacitarsistained
by modifying the PWM gate signals to employ redurida
inverter states. Redundant states apply the sdfeetiee
voltage to the motor with different combinationsIGBT’s
turned on. Different redundant states change tig motor
current is flowing into or out of the DC bus capars; so
intelligent selection of the inverter states alldtws controller
to balance the DC bus voltages [9].



Redundant state selection may affect the commonemod

voltage applied to the motor, requiring specialsiderations
in motor design.

A. Semiconductor Choice

IGBTs and IGCTs are the devices available for lugda
diode clamped multi-level inverter, and it is notediately
clear which is the most suitable device. IGBT's available
at 5.2kV or 6.5k0V ratings in conventional isolateddules

up to 600A (Eupec) and as hockey puck devices @A90

(Westcode). IGBT ratings are typically given asitgauous
DC current ratings, which generally translate to, AQtput
RMS current ratings of about % the DC rating. 1GCire
available at half cycle RMS current ratings of abd800A,

which translates to an AC output RMS current of wbo

2000A in a practical design.

Since IGCTs result in a bigger building block, #hevill be
different topologies chosen. For example, a 6-phaled
motor requires a phase current of 1756A; therefoengle
leg of an IGCT drive is required per phase. A agghmotor
would therefore under-utilize the available IGCTESBTS,

on the other hand, result in the need for paralldievices per

phase and favor 9-phase motor designs.

IGCTs typically have switching losses of over 20pér
switching cycle while IGBT’s typically have losskss than
10J.

IGBTs require a relatively small gate drive circaihd no
snubbers unless other circuit considerations reqthiem,
while IGCT circuits typically incorporate a verygg built in
gate driver and require snubbers and other compdodimit
di/dt and dv/dt.

Hockey puck devices appear to be more appropriateefies
strings of devices,
connections flow naturally. Hockey puck deviceaynbe
easier to cool, but if SiN chill plates are usechlow a soft
water cooling loop, we find the thermal impedantaackey

because packaging and elektric
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B. Performance

The diode clamped multi-level inverter performaneas
characterized by simulation of a 9-phase systeinceSa 4-
level inverter model could not be developed witthia scope
of the project, a 3-level inverter was simulatedThe

performance of a 4-level inverter in terms of taqipple
and current and voltage waveform quality would here
better. Fig. 13 shows the motor voltage and curegnfull

load. The voltage steps in excess of 3kV are gleddible,

but the motor current distortion is very low.
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Fig. 13 Full load motor voltage and current withltifevel inverter.

Table IV identifies the torque ripple as a functiohspeed
and load. Simulation showed that at full load ¢heras a
significant component of ripple at 6x the distribut
frequency because of voltage ripple on the invdBt€rbus.
At lighter loads, the carrier frequency ripple bmeathe
gredominant source of torque ripple.

Efficiency calculation was obtained from the sintida by
modeling the IGBT’s voltage drop as a fixed voltatyep in
series with a resistance. Switching loss is es@chéitom the

puck devices is comparable to that obtained witke thinstantaneous current at turn-on and turn-off usthe

electrically isolated IGBT modules.

Rough designs were done using hockey puck
electrically isolated IGBT modules, and IGCTs tdaih an
estimate of size and weight. Table Il summaribesresults.

There is a significant increase in weight and dize the
IGCT design, so it was ruled out. We chose to ymirthe
design using IGBT’s in standard isolated modulés;esthis
gave a slightly higher weight and size than hockexk
devices, and would therefore result in a bit maneservative
estimate of multi-level VSD size and weight. Theswices
are also available from multiple vendors and areentikely
to evolve due to competitive pressures.

Table 11l Evaluation of VFD size and weight usingadable 6kV class
semiconductors

Relative
Device weight Relative size
Isolated IGBT Module 1 1
Hockey puck IGBT Module 0.785 0.8
Hockey puck IGCT Module 2.9 1.24

IGBTs

joule/amp switching loss characteristics provided e
IGBT data sheet. The simulation averages the adiviéu
and switching loss over a full cycle of motor vgka

Table IV Diode clamped multilevel inverter torgueple vs. speed

RMS
Average Torque RMS torque
Torque ripple ripple

Speed (%) (Nm) (Nm) (% of avg.)
100 2.90E+06| 1.22E+04 4.21E-01
90| 2.35E+06| 1.86E+04 7.91E-01
80| 1.86E+06| 2.14E+04 1.15E+00
70| 1.42E+06| 1.30E+04 9.15E-01
60| 1.05E+06| 5.62E+03 5.35E-01
50| 7.25E+05| 1.47E+04 2.03E+00

Because a 3-level simulation was used, the losseshe
extra semiconductors in a 4-level inverter werednesed
from the 3-level equivalent devices with suitabterections
different switching rates or current flow patterns.



Fig. 14 shows the expected VFD efficiency vs. speed

characteristic, assuming that output power is prigaal to
the cube of speed.
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Fig. 14 Multilevel VFD efficiency vs. speed whenwsy is proportional to
the cube of speed.
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VI. Comparisons and Conclusions
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Table V Diode Clamped Multilevel VSD Size and Wtig

Series
Cyclo- connected
Drive Technology converter Multilevel |low voltage
Total weight kg 3850 9820 13700
Magnetics weight kg 3060 2405 6311
Size m"3 7.6 11.13 21.4
Efficiency % 99.3 98.7 97.6
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motor current waveform and eliminates common mode

voltage issues at the motor, but suffers a weightl a
efficiency penalty due to multiple stages of powenversion
and the isolating transformer.

The diode clamped multi-level inverter using 6kVasd
IGBTs appears, therefore, to be the best generglopa
solution for ship propulsion drives where performansize,
and low acoustic noise are all important requireimen

The use of a propulsion VFD that uses an interntediC
link favors a DC distribution system in the shipce a diode
rectifier located near the power generator may iakte the
size and weight of extra magnetic components anchdmaic
filters which are otherwise needed to maintain toaver
quality of an AC distribution system. In the casehe multi-
level drive this may represent as much as 25% eftdtal
propulsion system weight.



