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PREFACE

This is a report of work performed on the parametric design analysis of advanced
power conditioning for use in maglev systems. This program is sponsored by the U.S.
Department of Transportation, Federal Railroad Administration (FRA). The program
complements work in related technologies by other BAA contractors.

The authors wish to thank Mr. Richard A. Murphy and Mr. Raymond A. Wilodyka
(COTR) for their advice and encouragement. We also appreciate the valuable comments from
Mr. K. Campbell, Mr. K. Shaver, and Mr. R. Armstrong of the U.S. Army Engineers.

A. Nerem
E. Bowles
R. Callanan
S. Chapelle
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1. INTRODUCTION

1.1 OVERVIEW

This report provides scaling data for power conditioning equipment which may be
useful to the maglev systems engineer who is trying to synthesize an optimum maglev
transportation system. The data cover power conditioning for processing the main power to
the rails, for traction, levitation, and hotel loads, and for superconducting coils. Performance
characteristics such as mass, volume, cost, and efficiency are presented for several power
conditioning topologies in which GTOs, BJTs, or IGBTs are the primary switching components.

The data provided may be used to design power conditioning for both active and
passive maglev vehicle systems. Power transmission and power collection methods were
beyond the scope of this study and must be considered separately.

Results and conclusions from the design and analysis are presented in Section 2 of this
report. The data are presented in four subsections as shown in Figure 2.2. The report is
organized to provide the user with sufficiently detailed information to select individual power
conditioning subsystems according to the desired magiev system architecture. A maglev
system engineer may combine power conditioning data from each relevant subsection, and
add the selected subsystem results to obtain the resulting overall mass, volume, and cost
data.

While the data are provided for several power circuit topologies, the maglev engineer
may sometimes need to consider power conditioning topologies operating outside the
parameter space used in the designs performed under this contract. For this reason, the
report contains detailed explanation of the methodology used in the analysis, and an
explanation of each circuit topology used. The circuits were analyzed using PSpice (by
Microsim). The spreadsheet program used was LOTUS 1.2.3 for Windows release 1.0.
Circuit models and spreadsheets were delivered to the FRA on magnetic media.
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1.2 BACKGROUND

Key factors in making any transit system successful are convenience, low cost, high
efficiency, and low environmental impact. Maglev offers high potentiai in all of these areas.
Maglev systems developed in Germany and Japan have appealing features, but use technology
available at the time their designs were frozen.

The emphasis on maglev technology in the US has changed markedly since serious
work began in the mid-1960s. The peak of the effort occurred in the 1970s, with a decline
thereafter reflecting a lack of government sponsorship. Development of maglev systems in
Japan started several years earlier than the US program, and has been a continuously funded
effort. Germany started their maglev development effort in 1970, and has continued without
interruption. Both Japan and Germany have an operational demonstration system, which
gives these countries apparent advantages in pursuing today’s market needs. Neither the
Japanese nor-the Germans-have revenue systems-in operation. While it is tempting to adopt -
one of the developed technologies, one must keep in mind that these systems use outdated
power system technology.

Power semiconductor and capacitor technologies progressed significantly during the
70s and 80s, enabling substantial reductions in mass, volume, and cost, as well as
improvements in the efficiency of power conditioning. Figure 1-1 shows the evolution of
competing technologies of power semiconductors during the last 20 years,; with projections
for the next five years. From this graph, it is seen that the two competing power
semiconductor technologies during most of this period have been the bipolar transistor (BJT)
and the gate turn-off thyristor (GTO). In conducting design trades for new systems, one must
consider not only the improvements in power rating of these devices, but also the emergence
of the insulated-gate bipolar transistor (IGBT). IGBTSs, introduced around 1980, offer major
advantages in some power converter topologies. .

The impressive advance in power rating of semiconductor devices illustrated by Figure
1-1 also implies an obsolescence rate in power conditioning systems based on earlier device
technologies. An advanced maglev system therefore must build on the most recent
technoiogy advances if it is to have the most compact, efficient, and economical power
conditioning equipment available.
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Figure 1-1. Advances in power semiconductors.

1.3 TECHNICAL APPROACH ' e

Figure 1-2 shows a program roadmap of the study. In Task 1, critical requirements
were defined based on a literature search, on computer modelling of 40 metric ton and 100
metric ton vehicles in assumed maglev operating scenarios, and on guidance from FRA. The
requirements list is shown in Table 1-1 for immediate overview. Applicable sections of this
list will be restated in the discussion of results and analysis presented in Sections 2 and 3.

In Task 2, power converter éircuits were designed with BJTs, GTOs, or IGBTs used as
switching devices. Task 3 consisted of PSpice analyses to characterize the performance of
each circuit and verify that it would meet the requirements. In task 4, selected power circuits
were optimized and schematics were prepared. Spreadsheets for parametric analysis of the
selected power converter circuits were prepared in Task 5, with the parametric design and
scaling calculations completed in Task 6.
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TABLE 1-1

REQUIREMENTS LIST

Traction Power:

Input voltage

Output voltage

Output power

Cooling

Hotel power

Auxiliary loads

7 kvdc - 35 kVvdc, or
5 kVac - 25 kVac, 60 Hz (three phase line-line)

0 - 5 kVac (three phase line-line) variable frequency

5 MVA - 25 MVA per vehicle for an active vehicle system, or
25 MVA - 50 MVA per guideway section for a passive vehicle
system

Liquid cooling with liquid-to-air heat exchanger
Auxiliary fan cooling as required ‘

Provision for auxiliary loads on vehicle (power will be backed
up with battery energy storage)

(a) 100 kVA - 250 kVA
120/208 Vac three phase; four wire, 60 Hz

(b) 100 kVA
0 - 100 Vdc, O - 3000 A variable voltage
computer controlled

The data and results in Tasks 1 through 3 were reported in a Final interim Report to
FRA dated March 1992. This material is also included in this Final Report as indicated in
Table 1-2, with the exception that semiconductor data sheets were only included for the
devices which were used in the final analysis. A binder containing the publications obtained

as a result of the literature search will be made availabie to the FRA upon request.



TABLE 1-2

SUPPORTING DATA

-—

. Statement of Work (Appendix A)

Literature Search (Appendix B)

Typical Transit Vehicle Parameters (Section 5.1)

nalll Bl I

Establishing the Parameter Space for Maglev Power
Conditioning (Section 5.2)

5. Circuit Topologies (Section 2)

6. Power Semiconductors for Advanced Power Conditioning
(Section 2) .

7. Device Performance Characterization (Section 2)

8. Semiconductor Computer Models (Section 4)

9. Computer Circuit Models (Section 4)

10. Design Analysis (spreadsheet) (Section 3)

11. .Design Analysis Data (graphs) (Section 2)

1.4 BASIS FOR PARAMETRIC DATA AND ASSUMPTIONS

The data for parametric trades was obtained by analyzing the detail design of each
circuit topology. The manufacturer and part number of each componeht of the detailed design
was specified and data on pricing, mass, volume, and performance was obtained. In the case
of the gate drive and control circuit, which are not discrete components, the data were scaled
from existing semiconductor gate drive and control circuits.

Only components presently available were considered and the list price per thousand
was used for the cost basis. One can speculate on price reductions due to technology
improvements and very large production volumes, but in this study commercially available
components were assumed with the price based on a production run of 1000 power
conditioning units beginning in 1992.
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Forced air cooling was not considered practical in these high power converter systems
because of the additional mass and volume of the heat sinks required to maintain the silicon
junctions of the power switching semiconductors within safe operating limits. Liquid cooling
with liquid/air cooling systems was therefore assumed in the analysis. The cooling systems
included refrigeration units to control the coolant temperature.

Labor costs were scaled from General Atomics’ manufacturing experience. in this
analysis total labor costs exceed material costs by 39%. Labor costs will decrease with the
design maturity and manufacturing volume. The amortized cost of the initial development
along with possible profit margins have been excluded from this analysis.

Realism was ensured by comparing cost predictions with costs of existing converters
manufactured by General Atomics and General Electric Drive Systems.
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2. RESULTS

The objective of this study was to quantify the performance and economic advantages
of power systems and power system technology currently available for use in maglev
systems. Initially, a review was made of available solid state switching devices and their
performance characteristics. This information is summarized quantitatively and qualitatively
in Section 2.1. The study then proceeded with the formulation of power circuit topologies
and development of computer models for analysis of their performance in order to determine
the detailed design parameters. Section 4 presents detailed computer models and simulation
results. The final analysis was then performed as described in Section 2.2. This section also
presents a list of assumptions used in each system design. Section 2.3 presents the results
of the analyses of the selected candidate power system configurations. Estimates of mass,
volume, efficiency and cost were made for each candidate design as described in- the
following sections.

2.1 POWER SEMICONDUCTORS FO‘R ADVANCED POWER CONDITIONING

As a prelude to the analysis effort, quantitative and qualitative characteristics of solid
state switching devices were tabulated. These indicate the general nature and performance
of the semiconductor types presently available for power conversion. Desirable characteristics
are high volt-ampere ratings, high blocking voltage, and fast self-commutation.

Table 2-1 includes quantitative information on discrete solid state devices which were
appropriate for study. This table shows that the devices with the highest volt-amp product
include the silicon-controlled rectifier (SCR), the gate turn-off (GTO) thyristor, the bipolar
junction transistor (BJT) and the insulated gate bipolar transistor (IGBT). Since the SCRis not
capable of self-commutation, it was not considered further. The BJT, IGBT and GTOQ thyristor
components are described briefly below:
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BJTs -

IGBTs-

GTO Thyristors -

These devices were used in the Federal Transit Administration (FTA)
funded studies of ROMAG'-like systems during the years roughly 1960-
1980. Since then, the volt-amp product ratings of BJTs have increased
by approximately a factor of three. The breakdown voltage ratings have
increased by a factor of two permitting power converter designs with
dc voltage input of 600 V.

These devices combine the high input impedance and switching
characteristics of power metal-oxide semiconductor field-effect
transistors (MOSFET) with the high conductivity characteristics of
power BJTs. Circuits designed with the IGBT typically have fewer
auxiliary components and lighter filters than designs with BJTs owing
to the reduced gate drive power required during operation. Present day
IGBTs have BV ?ratings of 1400 V which is as high as the 1400 V
Veex’ rating for BJTs. It is projected that in the near future, the IGBT
BV g ratings will range up to 1700 V.

With their high off-state voltage ratings and high on-state current
ratings, GTOs are ideally suited for present day traction variable voltage,
variable frequency (VVVF) inverters operating from poorly regulated third
rail voltages. With off-state voltage ratings up to 6000 voits, the GTO
can be designed into an inverter circuit with a comfortable margin of
safety for line disturbances, regulation and transients. The switching -
frequency attainable with GTOs is considerably lower than what is
achievable with 1GBTs, however, and GTOs require large snubber
elements. '

Table 2-2 includes information on emerging custom devices which may offer some

advantages over

presently commercialized devices. Table 2-3 shows qualitative

characteristics of candidate solid state devices.

"Trademark for Rohr Industries’ maglev system

2hreakdown collector-emitter with base shorted to emitter.

*Breakdown collector-emitter voltage rating with specified base-

emitter circuit
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TABLE 2-1
OUANTITATIVE CHARACTERISTICS OF POWER SEMICONDUCTOR DEVICES

DEVICE SYMBOL MAX MAX SINGLE MAX VOLT- PART ‘ON-STATE TURN-ON | TURN-OFF PEAK MAXIMUM COMMU- MAIOR SUBIECT OF
BLOCKING DEVICE CW AMP PRODUCT NUMBER | VOLTAGE DROP TIME? TIME OPERATING OPERATING TATION MANU- REPORT
VOLTAGE CURRENT AVAILABLE FOR MAX ] AT CW RATING® (us) (#2) FREQUENCY?®? TEMP TYPE FACTURERS ANALYSIS
AVAILABLE AVAILABLE Vo.xL)} VOLT-AMP (\}] (kHz) )
[\4) (A) (VA) DEVICE .
Ficld Effect 1000 100 39 Advanced 4.7 0.05 0.05 50-100 150 Self APT, Harris, No, power
Transistor T8 A at 500 V Power (uscs- (user- Commutation IR, IXYS, kevel too low.
(FET) Technology ocontrotled controlled Motorola, IGBT preferred
APT10021- via gale) via gatc) Sicmens,
DFN Toshibe
Bipolar 1400 1200 4512 Marconi 34 1.0 20 45 150 (175) Sclf AEG, Fiji, Yes
Transistor 750 A at 550 V DT600 {uses- (uscr- C i M i,
(BIT) controlled controlled Motorols,
via gatc) via gate) Powerex,
Sicmens,
Westcode
Insulated 1400 200 200 Advanced 33 0.2 08 8-10 150 Self APT, Fuji, Yes
Gate Bipolar 200 A a1 1000 V Power (uscr- {user- Commutation Harris, IR,
Transistor Technology controlled controlled : XYS,
(IGBT) APT200G- via gate) via gatc) Motorola,
100 Sicens,
Toshiba
Gate Tum- 8000 1900 7200 Toshiba 3.1 5 2 0.5-0.7 125 Self AEG, ABB, Yes
off 1200 A ot 6000 V | SG30000X24 Commutation Fuji, Marooni,
Thyristor (via gate Powerex,
(GTO) currend Toshiba,
counter- pulsc) Weatcode
Silicon 6500 7900 26,000 Asca Brown 1.8 2 Cannot tum 0.7-1.0 125 (140) Force AEG, ABB, Device model
Controlled 5000 A at 5200 V Boveri off, forced Commutated [ General Electric, only
Rectificr CS2104 by external Marconi,
(SCR) circuit Powerex
(Westinghouec),
‘Weatoode
MOS- 1000 100 100 Harris 13 0.2 2 57 150 Self Harris No, not
controlled 100 A at j000 V | MCTAGOPGO Commustion commercially
thyristor available
(MCT)

1) L, is the continuous dc current rating at 25 °C case temperature.

2) Data for the maximuin volt-ampere device.
3) These frequency ranges represent design compromises between swnchmg and conduction loss in hlgh power pulse width modulation use. Higher frequencies are possible with the penalty of
reduced current capability.

¢
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QUANTITATIVE CHARACTERISTICS OF PO

TABLE 2-2

WER HYBRID POWER CIRCUITS AND CUSTOM MODULES

DEVICE SYMBOL MAX MAX SINGLE MAX VOLT- PART ON-STATE TURN-ON | TURN-OFF PEAK MAXIMUM COMMU- MAJOR
BLOCKING DEVICE CW | AMP PRODUCT NUMBER | VOLTAGE DROP TIME TIME OPERATING OPERATING TATION MANU-
VOLTAGE CURRENT AVAILABLE FOR MAX | AT CW RATING® () (Y] FREQUENCY*? TEMP TYPE FACTURERS
AVAILABLE AVAILABLE Voo x L' VOLT-AMP o~ (Hz) (4 +]
[\ (A) (kVA) DEVICE
GTO/FET 8000 1900 7200 NONE 35 s 2 12 250 Self Recacarch by
CASCODE 1200 A at 6000 V C i ! ional
Rectifier, ct.
al.

SCR/FET/ 6500 7900 412 NONE 2.2 2 08 12 125 Self Custom by

IGBT 5000 A at 5200 V (uscr- Commutation General
HYBRID controlicd Atomics

via gate)

IGBT 1200 2000 200 KWT8000 33 0.2 0.8 8-10 150 Sclf Custom by
CUSTOM 2000 A at 1000 V (uscr- (user- Commutation | Gentron Corp.
MODULE controlled controlled

via gate) via gate)

L, is the continuous dc current rating at 25 °C case temperature.
Data for the maximum volt-ampere device.

‘These frequency ranges represent design compromises between switching and conduction loss in high power pulse width modulation use. Higher frequencies are possible with the penalty of

reduced current capability.
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TABLE 2-3

QUALITATIVE CHARACTERISTICS OF SOLID STATE SWITCHES

FIELD EFFECT TRANSISTOR (FET)

BIPOLAR TRANSISTOR

INSULATED GATE BIPOLAR TRANSISTOR (IGBT)

©Typical Characteristic
“Disadvantage

O  Optimally applied 50 to 200 V. O Optimally applied 500 to 1400 V. + Optimally applied 400 to 1200 V.
+ Fast turn-on and turn-off. + Medium turn-on and turn-off speed. + Fast turn-on, medium turn-off speed.
O Reverse conducting (equal to forward current rating). Reverse blocking but only at low voltage. O Reverse blocking, but to a low voltage.
+ Wide safe operating area, no second breakdown; =} Safe operating area has second breakdown, + Wide safe operating area, no second breakdown.
rugged. a Negative temperature coefficient of resistance makes + Positive temperature coefficient of resistance (parallel
O  Positive temperature coefficient of resistance (parallel sharing difficult. sharing).
sharing). O Active device, conductivity modulated via base. + Active device, conductivity modulated via gate.
+ Active device, conductivity modulated via gate. o Temperature affects switching parameters. O One volt threshold and then less than a linear voltage rise
+ Little temperature effect on switching parameters. o High on-state voltage drop at high current. with current.
s} High on-state resistance at high voltage ratings. 0 Conduction requires base drive of 10 % of forward + Little temperature effect on switching parameters.
current. a High on-state voliage drop at high voltage.
SILICON CONTROLLED RECTIFIER GATE TURN-OFF THYRISTOR (GTO) MOS CONTROLLED THYRISTOR (MCT)
O  Optimally applied 50 to 6500 V. + Optimally applied 800 10 8000 V. + Excellent promise for high voltage, low-loss turn-off switch.
+ Highest power device; lowest cost per watt switched. + Tums off with a gate counter-pulse ~15% of forward o Not commercially available.
a Only turns off at zero current. current. [a] Negative temperature coefficient of resistance makes sharing
u] Negative temperature coefficient of resistance makes + Reverse blocking types available. difficult.
sharing difficult. a Negative temperature coefficient of resistance makes (@ Loses turn-off capability above rating, but device will
D Requires recovery time for voltage hold-off afier zero sharing difficult. survive if turn-off is attempted.
current. O Moderate turn-on time, but low dl/dt.
+ Reverse blocking to full forward voltage. + Highest power self-commutated tum-off switch available.
+ Moderale turn-on time and dI/dt. + Moderate on-state voltage drop.
+  Low on-state voltage drop. a Device destruction if turn-off attempted above rating, if
a Device destruction if dI/dt rating is exceeded, but dl/dt rating is exceeded, if gate pulse is inadequate, or if
otherwise very rugged. retriggered too soon. '
* Advantage




Taken together, these tables offer some insight into the comparison process. However,
because there are many caveats in the application of these semiconductors, a true comparison
can only be made in a given circuit topology for a given application. Therefore, this study
proceeded to identify and analyze several topologies appropriate for comparison using the above
described power semiconductor devices.

2.2 INTRODUCTION TO ANALYSIS RESULTS

A block diagram representation of power conditioning subsystems as envisioned in a
typical maglev application is shown in Figure-2-1. The bidirectional arrows which connect the
blocks in the diagram represent bidirectional power flow which applies to both ac and dc systems.
This means that while the vehicle is accelerating, cruising, or climbing grades, the net power flow
is from the power source into the system, and that the power grid or rail is also capable of
accepting regenerated power from deceleration, downgrade cruising, and braking (two quadrant
converter operation).

In Section 2.2, we present data plots of the performance characteristics (output power,
switching frequency, efficiency) vs. mass, volume and cost for each power conditioning
subsystem. These plots originate from several spreadsheets which are described in detail in
Section 3. These spreadsheets calculate parameters according to the following sequence:

1. Determine the number of series and parallel switch modules required based on output
voltage, output power, ac line frequency, switch element electrical characteristics and
thermal requirements.

2. Determine power dissipation in all of the major heat-generating components based
upon the series-parallel configuration.

3. Determine mass, volume, and cost of the entire series-parallel configuration including
buswork and frame estimates.

The detailed assumptions for each calculation are provided in Section 3. Some of the
general assumptions used in designing all the spreadsheets are:
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Figure 2-1. Block diagrarﬁ of maglev powiar conditioning system.




2.3

In all cases, liquid cooling is assumed for all of the semiconductor devices and other
high heat flux components. The cooling system includes refrigeration capability to
assure a maximum converter/inverter inlet temperature of 25 °C under all anticipated
ambient conditions. The power consumed by the heat exchanger is included in the
total efficiency estimates in each spreadsheet.

. The voltage derating factor for all switches is 2.5. Therefore, the spreadsheet will

calculate that for a 2 kV dc rail, a device rated at 5 kV (2.5 x 2 kV) is required, or that
several devices in series with a 5 kV total rating will be used.

. The operating temperature of the devices is not allowed to exceed the manufacturer’s

maximum rating minus 25 °C.

Buswork and frame estimates are scaled from actual hardware.

. All inverters synthesize the output sine waves by a unipolar, pulse width modulation

(PWM) technique. The rms values are calculated in the spreadsheets based on this
modulation technique. It is recognized that other PWM methods may have more
optimal results in. some maglev systems. '

6) The ac line frequency is fixed at 60 Hz for all ac configurations.
CIRCUIT TOPOLOGY FINAL ANALYSIS

The final analysis of the candidate power system configurations are presented in this

section. Figure 2-2 gives an overview of the analyses that were performed, each indicated by
an X, the location of the data plots by paragraph number, and the switch type that was the basis
for the analysis.

The data presented in the following sections cover selected parameter values and ranges.

Additional data maybe obtained by selecting other vaiues as input parameters to the appropriate

spreadsheet calculation programs as discussed in detail in Section 3.

All input power conditioning circuits require capacitor filters. Recent advances in capacitor

technology has indicated advantages in using polypropylene film capacitors for this purpose.
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CONFIGURATION SWITCH BASIS "
BJT GTO IGBT "
/ 2.3.1.1 Passive dc filter NA NA NA
" 2.3.1 Input Power Conditioning l_‘ 2.3.1.2 Single phase ac-dc X X X
converter
\ 2.3.1.3 Three phase ac-dc X X X
" converter
2.3.2.1 dc-ac, three phase X X X
‘ / inverter
“ 2.3.2 Traction/Levitation "—> 2.3.2.2 dc-ac, three phase with - X -
¢ staggered switch firing
" 2.3.3 Braking Chopper “——> 2.3.3.1 Shunt braking, dc-dc - X -
2.3.4 Auxiliary/Housekeeping/ ,|2-3.4.1 dc-ac, three phase X X X
Hotel Power inverter
2.3.4.2 Three phase ac, current - - X
fed converter

Figure 2-2.

Organization of analysis and data.



A comparison of electrolytic and polypropylene capacitors was made to determine what
type would offer the best performance for this application. Table 2-4 compares polypropylene and
electrolytic capacitors.

TABLE 2-4

CAPACITOR COMPARISON

Relative Volume Relative Number of
Capacitor Type Relative Weight (including mounts) Capacitors
Polypropylene 1.0 1.0 1
Electrolytic 1.6 2.2 50

Polypropylene capacitors were chosen in this study because of their significant advantages
over the electrolytic types. Each capacitor is equipped with a bleeder resistor. A vacuum
discharge safety relay and a dump resistor are provided to discharge the capacitor bank rapidly
when the prime power is removed. Line circuit breakers, disconnects and soft-start apparatus
are assumed to be located on the ac side of the system and are not considered in this design
because no suitable dc components are available at voltage levels above 3 kVdc.

2.3.1 Input Power Conditioning Subsystem

The input power conditioning subsystem connects directly to the main power source. Its
outputs are used to supply the traction power subsystem and the general vehicle "housekeeping”
or "hotel loads." Typical input power source characteristics are as follows:

Input voltage: 7 kV - 35 kVdc or
5 kVac - 25 kVac 60 Hz, single or three phase.

Power throughput: 5 - 50 MW

2.3.1.1 Input Power Conditioning Without Conversion

This approach is shown in Figure 2-3 and may be used if the input power source voltage
is directly useable as the dc input voltage to the traction/levitation power conditioning.
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I <— Considered part of inverter unit
JE P for this study
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Figure 2-3. Input power conditioning without conversion.

2.3.1.2 Single Phase AC to DC Converter

This converter is intended to c-ondition a single phase 60 Hz feed into a dc output voltage
to feed the traction/levitation motor drive and the auxiliary power system. A schematic of the
approach is shown in Figure 2-4. A single phase high voltage ac feed is tied to the primary of a
step down transformer with several secondaries, each of which feed a single phase, full wave
bridge converter. The outputs of the converters are tied in parallel to achieve the required output
current for the traction drive. Although not shown, separate lower voltage secondaries and
converters will be provided for the auxiliary power inverter.

The graphical results of the spreadsheet analysis for the singie phase input converter for
the BJT case are shown in Figure 2-5.1 and 2-5.2, the GTO results are shown in Figure 2-6.1 and
2-6.2 and the IGBT results are shown in Figure 2-7.1 and 2-7.2. The discontinuities in the curves
reflect points where an additional set of switch modules is added to meet the output power
requirement.
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Figure 2-56.1 BJT single phase input converter characteristics vs. output power.
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Figure 2-5.2 BJT single phase input converter characteristics vs. carrier frequency.
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Figure 2-6.1 GTO single phase input converter characteristics vs. output power.
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2.3.1.3 Three Phase AC to DC Converter

This converter for input power conditioning converts three phase 60 Hz ac source power
to dc output power for the traction/levitation motor drive and the auxiliary power system. A
schematic of this approach is shown in Figure 2-8. Three phase high voitage ac feeds are
connected to the primary of a step-down transformer with several secondaries, each of which
feeds a single phase full wave bridge converter. The outputs of the converters are tied in parallel
to achieve the required output current for the traction drive. Although not shown, separate lower
voltage secondaries and converters are included for the auxiliary power loads.

The graphical results of the spreadsheet analysis for the three phase converter are
presented in Figures 2-9, 2-10, and 2-11 for BJT, GTO and IGBT converter topologies.

2.3.2 Traction/Levitation Subsystem

The traction and levitation subsystem is comprised of power conditioning equipment that
modulates a dc input from the input power conditioning subsystem into a three phase ac motor
drive. In this case we have assumed that the maximum ac output frequency is 60 Hz.
Requirements typical for traction and levitation inverters are listed in Table 2-5.

TABLE 2-5
TRACTION/LEVITATION REQUIREMENTS

PARAMETER REQUIREMENT

Input Voltage 7 kVvdc - 35 kVvdc

Output Voltage 0-5 kVac three phase, line to line variable frequency

Output Power 5 MVA - 25 MVA per vehicle for an active vehicle system.
25 MVA - 50 MVA per guideway section for a passive vehicle
system.

Cooling Liquid cooling with liquid to air heat exchanger.
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2.3.2.1 DC Input Three Phase Motor Drive

This drive for traction or levitation applications converts the dc output from the input
power conditioning circuits via pulse width modulation (PWM) into three phase output power.
Spreadsheets have been developed which estimate the mass, size, volume, cost and efficiency
of a three phase traction drive for a given input voltage, output MVA, and frequency. The
electrical, physical and cost parameters of the semiconductor switching device, support
electronics, and cooling system are included in the estimate.

The spreadsheet is based on the inverter configuration shown in Figure 2-12. The inverter
consists of six switches, a capacitor filter bank and controls. Each switch consists of a driver
and a series parallel array of switch modules as shown in Figure 2-13. The switch modules
consist of the basic switching element and gate drive as shown in Figure 2-14.

Mass, volume, cost and efficiency of the three phase motor drives are quite sensitive to
the inverter PWM carrier frequency. Therefore, graphical data was generated as a function of
both frequency and output MVA in Figures 2-15 through 2-17.

The graphical results of the spreadsheet analysis where the carrier frequency is varied from
100 Hz to 1.35 kHz and the output MVA is held constant at 10 MVA are shown for the BJT,
GTO, and IGBT cases in Figures 2-15.2, 2-16.2 and 2-17.3, respectively. The discontinuities in
the curves reflect points where an additional set of BJT, GTO or IGBT modules is added to meet
the desired carrier frequency requirements.

The GTO approach is most sensitive to carrier frequency as shown in Figure 2-16.2. The
reason for this is threefold. First, high voltage GTOs have inherently high switching losses which
become larger than the conduction loss at about 400 to 600 Hz. Second, each GTO requires a
substantial dV/dt snubber that dissipates about 27 watts per Hz. As the carrier frequency
increases, the amount of power lost in the snubber circuit inéreases and causes the mass, volume
and cost to go up with a corresponding decrease in efficiency of the inverter. Third, the GTOs
have a minimum off time specification of about 170 us which reduces the maximum duty cycle
as the frequency is increased, thus causing higher conduction losses for a given output MVA.

The IGBT approach has lower sensitivity to éarrier frequency over the range of frequencies

considered as shown in Figure 2-17.2. This is due to the faster switching times of the IGBT and
the reduced dV/dt snubber requirements. Figures 2-16.3 and 2-17.3 offer more detail of the
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Figure 2-15.1 BJT three phase inverter characteristics vs. output power.
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Figure 2-16.1 GTO three phase inverter characteristics vs. output power.
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parameters vs. switching frequency. For instance, 80% of the mass of the GTO module at high
frequency is due to the snubber resistor. In contrast, the IGBT switch mass dominates at all
frequencies.

The results of the frequency sensitivity analysis indicate that the GTO approach offers
advantages in all categories at low carrier frequencies and that the IGBT approach has advantages
at high carrier frequencies. The BJT does not appear to be competitive for application in a
traction drive topology.

The graphical results of the spreadsheet analysis where the output MVA is varied from 25
MVA to 50 MVA and the carrier frequency is held constant at 600 Hz are shown for the GTO
case in Figuré 2-16.1 and for the IGBT case in Figure 2-17.1. The discontinuities in the curves
reflect points where an additional set of GTO or IGBT modules is added to meet the power
requirements. Graphical results for the BJT approach are shown in Figure 2-15.1.

2.3.2.2 DC-AC Three Phase, Staggered Switch Firing Inverter

As an alternative approach for increasing the carrier frequency in a GTO-based inverter,
the circuit shown in Figure 2-18 could be used. The higher bandwidth of this circuit is realized
by gating parallel GTOs sequentially instead of concurrently, thus obtaining a factor of bandwidth
multiplication proportional to the number of devices in parallel. A single GTO is capable of short
bursts of pulses at several kilohertz, but the high losses during the turn-off process limit the
average frequency to one where the heat can be effectively removed, which is less than 500 Hz. -
This circuit yields a higher net switching frequency than the operating frequency of the individual
GTOs.

This circuit does increase the inverter carrier frequency, which might allow GTOs to be
used in a system where increased bandwidth is required due to tight tolerances in air gap control
hetween the motor and the reaction rail. There are some limitations to this circuit, however. The
addition of more parallel devices beyond two does not yield a higher power output. This is
because the peak current rating becomes the limitation instead of the average power. Also, the
parallel but sequentially fired devices all share the same snubber circuitry. Since the power
dissipation in the snubber is directly proportional to the carrier frequency, the snubber must be
sized accordingly. Evaluation of this approach may be made by scaling the data presented in the
previous section.
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2.3.3 Braking Chopper Subsystem

The braking chopper provides a load for regenerated ower whenever the power rail or grid
is not receptive. The chopper maintains the dc input voltage to the inverter system at a safe
level, typically between 25 and 50% above the maximum dc source voltage at no load. The
braking resistor is not included in the analysis because it is application specific, and is considered
mature technology. As an example, in order to decelerate a 100 metric ton vehicle from 135 m/s
to stop at 1.9 m/s? a braking resistor must be rated to handle approximately 900 MJ.

2.3.3.1 DC Braking Chopper

A schematic of the braking chopper is shown in Figure 2-19. The circuit is comprised of a GTO
thyristor, Q1, with auxiliary loads and a load resistor. Normally, regenerated power from
deceleration or braking is returned to the power grid or rail system. There are, however,
occasions when the power source grid or rail may be nonreceptive. These occurrences may be
caused by rail gaps, or lack of other power users. In such an event, the braking chopper will
cause the inverter dc input voltage to be maintained at a safe level by gating the regenerated
power into the braking resistor. A PWM controller for this circuit will regulate the amount of
dissipation needed in the load resistor to meet the operating conditions.

A GTO-based design was determined to match the éperatir)g requirements the best. The
GTO is the device with the highest voltage rating, and in a low frequency, low duty cycle
application is by far the best device. The spreadsheet analysis results are presented in Eigure 2-
20. The steps in the graph are a result of adding parallel devices as the power requirement is
increased. ‘

2.3.4 Auxiliary Power Subsystém

This type of inverter operates from a dc voltage provided by the input conditioning circuits and
inverts this dc into three phase ac power. The expected provisions for auxiliary loads on the
vehicle with battery backup are:

Housekeeping (Hotel): 100 kVA - 250 kVA
120/208 Vac three phase 60 Hz.
Superconducting Power: 100 kVA
0-100 Vdc, 0-3000 A, variable voltage for superconducting coils.
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2.3.4.1 Auxiliary Power Three Phase Inverter

An auxiliary power inverter circuit using IGBTs is diagrammed in Figure 2-21. The
spreadsheet analysis is a modified version of the one used for the traction/levitation drive with
the addition of the isolation transformer. The results of the spreadsheet analysis of the auxiliary
power inverter are shown in Figures 2-22 to 2-24. In comparison to the traction drive, at this
lower output MVA, the GTO becomes least competitive. The auxiliary power requirements favor
the use of the IGBT or BJT because of the low input voltage and modest output powe‘r
requirement. The IGBT will offer some slight advantages over the BJT because of its simpler,
lower power gate drive requirement. At this output MVA, which is much lower than that required
for traction drive, the GTO is the least attractive of the three devices.

2.3.4.2 Power Converter for Superconducting Coils

A superconducting magnet can be used as an energy storage device which can regenerate
power to the source. A schematic of the power converter to charge and discharge a
. superconducting coil is shown in Figure 2-25. The low voltage input and low power output
indicate that IGBTs are the device of choice for this converter. The input power for this converter
is drawn from the vehicle auxiliary power, three phase converter, nominally 120 V/208 V. The
input power is rectified to provide approximately 290 Vdc in a diode bridge comprised of D1
through D6. Filtering is provided via inductor L1 and capacitor C1. IGBTs Q1 and Q2 operate
in. a PWM fashion to cause a current to flow in the superconducting coil SC1. Freewheeling
diodes D9 and D10 provide the current path during the interval the IGBTs are not conducting. -
The duty ratio is limited to provide a maximum of 100 Vdc equivalent output to the coil during
charging. During normal operation, the duty ratio of the IGBT conduction is adjusted to a lower
value (approximately 50%). IGBT Q3 is operated in a chopper configuration with resistor R2 to
dissipate the stored energy in the superconducting coil when discharging of the coil is necessary.

The spreadsheet for this converter is scaled from other spreadsheets. The resulting
analysis shows that mass, volume and cost of a 100 KW converter are not sensitive to switching
frequency in the range considered (0-25 Hz). The mass of this converter is ~ 290 kg, the volume
is ~0.75 m?, and the cost is estimated at $58,000.
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3. DETAILED ANALYSIS

3.1 TRACTION/LEVITATION DRIVE AND HOTEL POWER ANALYSIS

3.1.1 Spreadsheet Description

A spreadsheet has been developed which estimates the mass, size, volume, cost and
efficiency of a three phase traction drive for a given 4input voltage, output MVA, and
frequency. The electrical, physical and cost parameters of the semiconductor switching
device, support electronics and cooling system are included in the estimate.

The spreadsheet is based on the inverter configuration shown in Figure 3-1. The
inverter consists of six switches, a capacitor filter bank and controls. Each switch consists
of a driver and a series parallel array of switch modules as shown in Figure 3-2. The switch
modules consist of the basic switching element and gate drive as shown in Figure 3-3.
Unipolar PWM (pulse width modulation) is assumed in all cases.

The spreadsheet estimates the number of switch modules in series and in parallel
required by the input voltage, output MVA, switching frequency, switch element electrical
characteristics and thermal requirements. The power dissipation of all of the major heat
generating components is calculated based upon the estimated switch series-parallel
configuration. The mass, volume and cost of the entire switch, including buswork and frame,
is estimated based upon the number of switch modules required. '

The number of capacitors required for the input filter capacitor bank is estimated based
upon the input voltage, output MVA and switch power loss. The switch and capacitor filter
bank mass, volume, cost and loss are summed along with allowances for the overall buswork
and frame estimates to arrive at the inverter estimates. The total inverter losses are used to
size a liquid cooling system including refrigeration whose characteristics are combined with
those of the inverter to estimate the mass, volume, cost and efficiency of the entire system.

Two sets of spreadsheets are provided in Appendix H for each type of switching device
considered. The first set covers the case where the inverter carrier frequency is varied and
the output is held constant at 10 MVVA. The second set covers the case where the output
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MVA is varied and the inverter carrier frequency is held constant at 600 Hz. The structure
of the spreadsheets and the basis for the input parameters assumed are discussed in Section
3.1.2. The completed spreadsheets for GTO, IGBT, and BJT switching devices used in
traction/levitation drives are shown in Figures H-1, H-2, and H-3, respectively, in Appendix
H.. Spreadsheets showing data for GTO, IGBT and BJT switching devices when used in
auxiliary power conditioning applications are presented in Figures H-4 through H-6.

3.1.2 Detailed Description of Spreadsheet for Traction Drive and Hotel Power

The spreadsheet consists of four sheets arranged as follows. The title of each sheet
is shown in the upper left-hand corner. The top half of each sheet consists of a series of
blocks which contain the parameters.of the various inverter components. The bottom half of
the sheet consists of a large block split into "Input Parameters” and "Calculated Results" The
input parameters are a group of cells which contain the desired input voltage, output MVA and
switching frequency. The calculated results are the estimates generated by the spreadsheet.
The input parameters from the first page are copied to the remaining three sheets for
convenience. The four sheets are described as follows:

3.1.2.1 |Inverter Summary -

This is the top level sheet. The desired input parameters are loaded into the
appropriate columns and the total estimated mass, volume, cost and efficiency including heat
exchanger are displayed in the "Calculated Results" columns. The detailed description of each
block is as follows:

Inverter Parameters

This block sets the number of switches in the inverter based upon the number of
phases desired.
Number of Phases: Input - unprotected
Sets the inverter configuration. Acceptable values are 3 and 1.

Number of switches: Output - protected

Indicates the number of switches in the inverter based on the number of phases
selected. ‘
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Heat Exchanger Parameters

This block contains the basis of cost, prime power, mass and volume estimates for the
cooling system. The values used are from quoted prices for a 100 kW and a 200 kW
refrigerated cooling system from Electro Impulse Inc. , a manufacturer.

Fixed Cost: Input - unprotected
Y intercept of the cooling system cost vs. thermal power graph based upon
manufacturer’s data.

Cost per kW Loss ($/kW): Input - unprotected

Slope of the graph of cooling system cost vs. thermal power based on
manufacturer’s data.

Prime Power (kVA/kW Loss): Input - unprotected
The ratio of the input prime power required by the cooling system to the inverter
power loss.

Fixed Mass (kg): input - unprotected
Y intercept of the graph of cooling system mass vs. thermal power.

Mass per kW Loss (kg/kW): Input - unprotected
Slope of the graph of cooling system mass vs. thermal power based upon

manufacturer’s data.

Fixed Volume (m*3): Input - unprotected
Y intercept of the graph of cooling system volume vs. thermal power.

Volume/kW Loss (m~3/kW): Input - unprotected
Slope of the graph of cooling system volume vs. thermal-power based upon
manufacturer’s data.

Controller

This block contains the controller mass and volume estimates. The values used are
based on existing controllers manufactured by General Atomics.
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Mass (kg): Input - unprotected
Estimated mass of the controlier.

Volume (m~3): Input - unprotected
Estimated volume of the controller.

Buswork & Frame Estimates

This block contains the buswork and frame estimates as a percentage of the mass and
volume of the individual switches, capacitor filter bank, and controller.

% Increase in Total Mass: Input - unprotected
Buswork and frame mass estimate expressed as a percent of the sum of the
individual component masses. '

% Increase in Total Volume: Input - unprotected _
Buswork and frame volume estimate expressed as a percent of the sum of the
individual inverter component volumes.

Cost Estimates

This block contains the cost estimates for the controller, buswork and frame. Prices .
were obtained from manufacturer’s quotes or price lists.

Controller Fixed Cost: Input - unprotected
Y intercept of the controller cost vs. number of switches graph.

Controller Cost/Switch: Input - unprotected
Slope of the controller cost vs. number of switches graph based on the number of
switches in the inverter.

Bus & Frame % Inc in Cost: Input - unprotected
Buswork and frame cost estimate expressed as a percent of the sum of the

individual inverter component costs.

Labor and Service Estimates (% of Total Cost)



This block contains the typical cost distribution of an inverter which provides the basis
to estimate the total inverter cost from the material cost. These estimates are obtained from
General Atomics’ manufacturing experience.

Material: Input - unprotected
Material cost estimate expressed as percentage of the total inverter cost.

Fab Labor: Input - unprotected
Fabrication labor cost expressed as a percentage of the total inverter cost.

Fab Serviqes: Input - unprotected
Fabrication services cost as a percentage of the total inverter cost.

Test Labor: Input - unprotected
Test labor cost as a percentage of the total inverter cost.

Input Parameters

This block contains the desired inverter parameters for the spreadsheet to generate an
estimate. '

Input Voltage (kVDC}): Input - unprotected
Inverter input voitage.

Output MVA: Input - unprotected
Inverter output MVA.

Switch Freq (Hz): Input - uhprotected
Inverter switching frequency.

Calculated Results

This block contains the inverter parameter estimates calculated by the spreadsheet
program.

Mass (kg): Output - protected
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Total inverter plus cooling system mass estimated from the following equation:

MASS = (Mgy*N+Mp+Mc)*(1 +Kymy) Py HMygmx * P)

where

MASS = Total inverter mass estimate in kg.

Mgw = Mass estimate of individual switch in kg from sheet 2.

N = Number of switches. '

M: = Mass of capacitor filter bank in kg from sheet 4.

Mc = Mass estimate of controller in kg.

Knew = % increase in total mass due to the inverter buswork & frame.
Durex = Cooling system fixed mass estimate in kg.

Mysmex = Cooling system mass per kW inverter loss estimate in kg/kW.
P = Total estimated inverter loss in kW.

Volume (m~3): Output - protected
Total inverter plus cooling system volume estimated from the following equation:

VOLUME = (Vg *N+V+V )%(1 +Kypy) *bypp H{Myymc* P)

where:

VOLUME = Total inverter volume estimate in m3.

Vew = Volume estimate of individual switch in m? from sheet 2.

N = Number of switches.

Ve = Volume of capacitor filter bank in m*® from sheet 4.

Ve = Volume estimate of controller in m3.

Kvew = % increase in total volume due to the inverter buswork & frame.
bVHEX = Cooling system fixed volume estimate in m>.

mVHEX = Coolihg system volume per kW inverter loss estimate in m3/kW.
P = Total estimated inverter loss in kW.

Cost: Output - protected
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Total inverter plus heat exchanger cost estimated from the following equation:

COST = ESW*N+$P+b$C +m$c *N) *(1 +K$BW) "'bsnzx +(m$HEx*ED

KSyar
where:
COST = Total inverter plus heat exchanger cost.
$sw = Cost estimate of individual switch from sheet 2.
N = Number of switches. '
$c = Cost estimate of capacitor filter bank from sheet 4.
bs. = Controller fixed cost.
m$. = Controller cost per switch.
KS$aw = % increase in total cost due to inverter buswork and frame.
b$ex = Cooling system fixed cost estimate.
M $ex = Cooling system cost per kW inverter loss estimate.
P = Total estimated inverter loss in kW.
K$mar = Material % of total cost.

Inverter Loss (kW): Output - protected
Total inverter loss estimated from the following equation:

P = (Pgy*N+Py)

where:

P = Total estimated inverter loss in kW.

Psw = Loss estimate of individual switch in kW from sheet 2.
N = Number of switches.

Pe =

= Loss estimate of the input filter capacitor bank in kW from sheet 4.

Heat Ex Power (kVA): Qutput - protected
Total cooling system prime power requirements estimated from the following
equation:



KVA = P*Ky

where:

kVA = Prime power estimate for the cooling system in kVA.

P = Total estimated inverter loss in kW.

Kex = Cooling system input prime power required as a function of inverter

power loss in KVA/kW loss.

Inverter Efficiency: OQutput - protected
Inverter efficiency calculated from the following equation:

where:
Nww = Estimated inverter efficiency in %.
MVA = Desired inverter output power in MVA,
Pw = Estimated inverter loss in MW.

Total Efficiency: Qutput - protected
Total overall efficiency of the inverter and cooling system calculated from the
following equation:

Ttor = W¥vATP,,, VA

where:
My = Estimated inverter efficiency in %.
MVA = Desired inverter output power in MVA.



Paw Estimated inverter loss in MW.

MVA,:x = Estimated cooling system prime power requirements in MW.
Maximum Duty Cycle: Output - protected

Maximum inverter duty cycle for a given frequency calculated from the following
equation:

Du = 1-F*7 g

where:
Du = Maximum duty cycle.
F = Switching frequency in Hz.
Torr = Minimum switch off time in seconds from sheet 2.
NOTE: In the event that the calculated maximum duty cycle is negative, the

spreadsheet will report "freq too high" in the cell.

Maximum MVA: Output- protected
Maximum estimated MVA capability of the inverter for a given input voltage

assuming full utilization of the calculated switch series parallel combination
calculated from the following equation:

2*Du

MVAyax = Vie* *Np* Iy s *y/Np *1072

MVAuwx = Maximum estimated MVA capacity.

Ve = DC input voltage in kV.

Du = Maximum estimated duty cycle.

Np = Number of switch modules in parallel from sheet 2.

| Praax = Maximum estimated phase current per switch module in amperes

from sheet 2.



N, = Number of phases

3.1.2.2 GTO/IGBT/BJT Switch Quantity Characterization

This sheet estimates the number of series and parallel switch modules required per
switch for the given input voltage, output MVA and switching frequency. [n the case of the
GTO spreadsheet, one Toshiba SG3000JX24 GTO per switch module is assumed. For the
IGBT spreadsheet, 10 Advanced Power Technology APT200G 100BFN IGBT chips per module
are assumed. For the BJT spreadsheet, 2 GEC Plessey (Marconi) DT600-550 NPN power
bipolar transistors ‘per module are assumed. Lower power devices are used for auxiliary
(hotel) power. In the case of the GTO spreadsheet, one Toshiba SG1200R23 GTO per switch
module is assumed. For the IGBT spreadsheet, 5 Advanced Power Technology
APT200G100BFN IGBT ch’ips per module are assumed. For the BJT spreadsheet, a single
Powerex KS621K60 Darlington transistor module is assumed. The detailed description of
each block is as follows:

GTOQ/IGBT/BJT Parameters
This block contains the electrical parameters of the switching device.

Voitage Rating (kV): [nput - unprotected
Device breakdown voltage in kV.

Power Diss per GTO/IGBT/BJT (W): Input - unprotected
Maximum power dissipation of the individual GTO, IGBT, or BJT chip in watts
based upon a maximum junction temperature of 100 °C for the GTO and 125 °C
for the IGBT and BJT, the package and heat sink thermal resistance and the cooling
system capacity.

V Threshold (Volts): Input - unprotected
Y intercept of the graph of device conduction voltage drop versus forward current.

Dynamic r (Ohms): Input - unprotected
Slope of the graph of device conduction voltage drop versus forward current.



Inc. Sw Loss Per Amp (J/A): Input - unprotected
Slope of the graph of device total switching energy loss in joules versus forward
current.

" Fixed Sw Loss: Input - unprotected
Y intercept of the graph of device total switching energy loss in joules versus
forward current.

Minimum Off Time (s): Input - unprotected
Switching device minimum off time in seconds.

Maximum Itgq (A): Input - unprotected
Switching device maximum controllable current in amperes.

Switch Module Parameters

This block contains the physical parameters of the individual switch modules.

Fixed Mass (kg): Input - unprotected
Y intercept of the graph of switch module mass vs. dv/dt snubber loss.

Mass per Snub Loss (kg/kW); Input - unprotected
Slope of the graph of switch module mass vs. dv/dt snubber loss..

Fixed Vol (m3®): Input - unprotected
Y intercept of the graph of switch module volume vs. dv/dt snubber loss..

Vol per Snub Loss (m3/kW): Input - unprotected
Slope of the graph of switch module volume vs. dv/dt snubber loss.

Buswork & Frame Estimates

This block .contains the factors used to estimate the mass and volume of the buswork

and frame.

% lIncrease in Total Mass: Input - unprotected
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Buswork and frame mass estimate expressed as a percent of the sum of the
individual switch module and driver masses. ‘

% Increase in Total Volume: Input - unprotected
Buswork and frame volume estimate expressed as a percent of the sum of the
individual switch module and driver volumes.

Cost Estimates

This block contains the factors used to estimate the cost for the switch modules,
driver, buswork and frame.

Fixed Cost per Module: Input - unprotected
Y intercept of the graph of switch module cost vs. dv/dt snubber loss

Cost per dv/dt Loss ($/kW): Input - unprotected
Slope of the graph of switch module cost vs. dv/dt.

Driver Fixed Cost: Input - unprotected
Y intercept of the graph of driver cost vs. number of switch modules in the switch.

Drive_r Cost per Module: Input - dnprotected _
Slope of the graph of driver cost vs. number of switch modules in the switch.

Bus & Frame % Inc in Cost: Input - unprotected

Buswork and frame cost estimate expressed as a percent of the sum of the
individual switch component costs. '

Input Parameters
This block contains the desired inverter parameters copied from sheet 1.

Input Voltage (kVDC): Input - protected
Inverter input voltage.



Output MVA: Input - protected
Inverter output MVA,

Switch Freq (Hz): Input - protected
Inverter switching frequency.

Calculated Results
This block contains the switch parameter estimates calculated by the spreadsheet.
Total Est Mass (kg): Output - protected

Total switch mass estimated from the following equation:

Msw = [NSM * (bMSM Myem™* PSNUB)] * (1 +KSBWM)

where:

Mgw = Total switch mass estimate in kg.

NSM = Number of switch modules.

busm = Switch module fixed mass estimate in kg/kW.

Mpsm = Switch module mass per dv/dt and di/dt snubber loss estimate in
kg/kW.

Psnus = Estimated dv/dt and di/dt snubber power loss in kW from sheet 3.

Ksawm = % increase in total switch mass due to the buswork & frame.

Total Est Volume (m~3): Qutput - protected
Total switch volume estimate based on the following equation:

Vsw =[NSM*(bVSM Flygp* Psmm)]*(l +Ksswv)



bVSM

Mysm

P SNUB

KSBWV

Total switch volume estimate in m3.
Number of switch modules.
Switch module fixed volume estimate in (m3/kW).

Switch module volume per dv/dt and di/dt snubber loss estimate in

(m3/kw).

Estimated dv/dt and di/dt snubber power loss in kW from sheet 3.

% increase in total switch volume due to the buswork & frame.

Total Est Mat’l Cost: Output - protected
Total switch cost estimated from the following equation:

Ssw = [NSM*(b$SM+m$SM*PSNUB)+b$D+m$D*NSM *{1+KS5pu)

where:

Fsw
NSM
b$em
m$gy

PSNUB
K$ SBW

Total switch material cost estimate.
Number of switch modules.
Switch module fixed cost estimate.

= Switch module cost per dv/dt and di/dt snubber loss estimate in

($/kW).

= Estimated dv/dt and di/dt snubber power loss in kW from shéet 3.

= % increase in total switch cost due to the buswork & frame.

Total Est Sw Loss (kW): Output - protected
Total power loss of the entire switch estimated from the following equation:

where:

PSW

Pgw = Ngy*Pgy

= Total switch loss estimate in kW.
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Ngm
Psm = total switch module power loss estimate in kW.

Number of switch modules.

Maximum Peak Current: Output - protected
Maximum peak switching device current in amperes estimated from the following

equation:
b_| bV
Ikmax = ~=*| (5] —©
i 2 [ ( 2)
where:
c = (Eqw*F-2Ppq) *T
2*Tpynamc*Du
b = VouressoLp Y€ * F
T'pynamic
and:
loxmax = Maximum estimated peak switching device current in amperes.
V uResHoOLD = Switching device threshold voltage in volts.
Csw = |Incremental switching energy loss per ampere in J/A.
F = Switching frequency in Hz.
FoyNaMIC = Switching device dynamic resistance in ohms.
Eow = Switching device fixed switching energy loss in J.
Poiss = Switching device maximum power dissipation in W.
Du = Maximum estimated duty cycle.
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NOTES:

1. In the event that the calculated maximum peak switching device current
exceeds the specified maximum itgq, the maximum Itgq value is loaded into the
cell.

2. In the event that the calculated maximum peak switching device current is
negative, the message "freq too high" is loaded into the cell.

Max Phase Cur Parallel (Arms): Output - protected
Calculates the maximum rms phase current per parallel set of switch modules from
the following equation:

= 2*Du
Trmsmax = Ipmax*® =
where:
lamsmax = Maximum estimated phase current per parallel set of switch modules
in rms amperes. . . '
lokmax = Maximum estimated peak switching device current in amperes.
Du = Maximum estimated duty cycle.

Parallel Modules Req: Output - protected
Estimates the number of switch modules in parallel for a given output MVA rating
by the following scheme: '

Let:
A, = MVA
2*xDu

Vie* || ———  *Irusmax*yy
where:
Ap = Ratio of the desired output MVA to the MVA capacity of a

single switch module operating at maximum rated current.

MVA = Desired inverter output power in MVA.
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VINP

= DC input voitage in volts.
Du = Maximum estimated duty cycle.
lamsmax = Maximum estimated phase current per parallel set of switch modules
in rms amperes.
ne = Number of phases.

If A;is exactly a integer, then the spreadsheet loads A; into the ceil. Otherwise,
the spreadsheet loads the integer of Ap+ 1 into the cell.

Series Modules Req: Output - protected
Estimates the number of switch modules in series for a given input voltage using
the following scheme: '

Let:
v
A = e

Vomax/ 2 - 5
where:
Ag = Ratio of the desired input voltage to the voltage capacity of a

single switch module.

Ve = DC input voltage in kV.
Vpmax = Maximum switching device voltage rating in kV.
2.5 = Device voitage derating factor.

If Agis exactly an integer, then the spreadsheet loads Ag into the cell. Otherwise,
the spreadsheet loads the integer of Ag+ 1 into the cell.

Total Modules Req: Output - protected
Estimates the total number of switch modules for the switch from the following
equation:

Ngm = Np*Ng
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Ngm = Number of switch modules per switch.

Z
2]
I

Number of switch modules in paraliel.
Number of switch modules in series.

Z
@
i

3.1.2.3 Switch Loss Estimation

This sheet calculates the losses of all of the switch module components under actual
operating conditions. In the case of the GTO spreadsheet, one Toshiba 800GXHH21 anti-
parallel diode per switch module is assumed. In the case of the IGBT spreadsheet, 34 IXYS
DESI 60-10A diodes per switch module are assumed. In the case of the BJT spreadsheet, 2
each International Rectifier R38BF6A diodes per switch module are assurhed. In the case of
the BJT spreadsheet, 2 International Rectifier R38BF6A diodes per switch module are
assumed. The detailed description of each block is as follows: -

Snubber Parameters

- This block contains the electrical parameters of the switch module dv/dt and di/dt
snubber components.

dv/dt Snubber Capacitor (uF): Input - unprotected
Capacitance value of the dv/dt snubber capacitor in microfarads. T

di/dt Snubber Inductor (uH): Input - unprotected
Inductance vaiue of the di/dt snubber inductor in microhenries.
Anti-Parallel Diode Parameters
This block contains the elec;rical characteristics of the anti-parallel diode.
Diode VT (V): Input - unprotected

Y intercept of the graph of diode conduction voltage drop versus forward current.
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Diode r (Ohms): Input - unprotected
Slope of the graph of diode conduction voltage drop versus forward current.

Diode Irr (Amps): Input - unprotected
Diode reverse recovery current.
Input Parameters

This block contains the desired inverter parameters copied from sheet 1.

Input Voltage (kVDC): Input - protected
Inverter input voltage.

Output MVA: Input - protected
Inverter output MVA.

Switch Freq (Hz): Input - protected
Inverter switching frequency.

Calculated Results

Total Est Mod Loss (kW): Output - protected
Total power loss for the entire switch module estimated from the following

equation:
Psm = Psp*tPap tPavatPaia *Poonp
where:
Psm = Total estimated switch module power loss in kW.
Pso = Total estimated module switching device power loss in kW.
Pao = Total module anti-parallel diode estimated power loss in kW.
Pyt = Total dv/dt snubber power loss in kW.
Piat = Total di/dt snubber power loss in kW.
Peono = Total module conduction loss in kW.
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Module Peak Current (A): Qutput - protected .
Switch module peak forward current for the given number of parallel modules and
the desired output MVA from the following equation:

I = MVA *10°

2%*Du
N,,*Vm*( = )*‘/nqs

where:
IPK = Switch module peak forward current estimate in A.
MVA = Desired inverter output power in MVA.
Ne = Number of switch modules in parallel.
Vine = DC input voltage in kV.
Du = Maximum estimated duty cycle.
N, = Number of phases.

Module Cond Loss (kW): Qutput - protected
‘Switch module forward conduction power loss estimated from the following
equation:

_ | | ¥pynamic 2 Du -
Psconp = I:[-Nil;v—-]*lpx*'vmssx{ow*lpx ]*(T)*lo 3
s .

where:

Pscono = Estimated switch module forward conduction power loss in kW.
ToynAMIC = Switching device dynamic resistance in ohms.

Nsoev = Number of switching devices per module.

log = Estimated switch module peak forward current in A.

V 1uResHoLD = Switching device threshold voltage in volts.

Du = Maximum estimated duty cycle.
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Module Switch Loss (kW): Output - protected
Switch module switching power loss estimated from the following equation:

Tpx (Z*Du)
ex * +E N *F
= I- {NSDEV] T SDEV

Pswircumne = 5 *107
where:
Pswirching = Estimated switch module switching power loss in kW.
e = |Incremental switching loss per amp per switching device in J/A.
IPK = Estimated switch module peak forward current in A.
Nepev = Number of switching devices per module.
Du = Maximum estimated duty cycle.
E = Fixed switching loss per switching device in J.
F = Switching frequency in Hz.

Total Module Loss (kW): Output -.protected
Sum of switch module switching device conduction and switching power loss
calculated from the following equation:

Psp = Psconp *Pswircume

where:

Pso = Total estimated module switching device power loss in kW,
Pscono = Switch module forward conduction power loss estimate in kW.
Pswitching = Switch module switching power loss estimate in kW.

Anti-Parallel Loss (kW): Output - protected
Total switch module anti-parallel diode power loss estimated from the following
equation:
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2 2*xDu
(rADDYNAMIC* Lk *VaptHrESHOLD* T PK) *( - )
P,p= *107
2

where:
Pap = Total module anti-parallel diode estimated power loss in kW.
F ADDYNAMIC = Anti-parallel diode dynamic resistance in ohms.
IPK = Estimated switch module peak forward current in A.
V AOTHRESHOLD = Anti-parallel diode threshold voltage in volts.
Du = Maximum estimated duty cycle.

dv/dt Snubber Loss (kW): Output - protected
Total power loss of the dv/dt snubber estimated from the following equation:

2
\
Pua = %*C*[ D;"‘x] *Fx10°3

- where:
Pswat = Total dv/dt snubber power loss in kW.
C = Total estimated snubber capacitance in microfarads.

Vomax = Maximum switching device voltage rating in kV.
F = Switching frequency in Hz.

di/dt Snubber Loss (kW): OQutput - protected
Total power loss of the di/dt snubber estimated from the following equation:

= 1 2
Pya = E*L*(IPK+IH) *F*107

where:

3-25



Py = Total di/dt snubber power loss in kW.

L = Total estimated snubber inductance in microhenries.
lex = Estimated switch module peak forward current in A.
L, = Anti-parallel diode reverse recovery current in A.

F = Switching frequency in Hz.

Conductor Loss (kW): Output - protected
Total power loss in the switch module conductor in series with the transistor that
is sized to cause a large enough voltage drop to assure current sharing among
parallel modules is estimated from the following equation:

%1073

2*Du
IPK*( T )*Vdmp

Pcom) = 3

where:
Pcono = Total module power loss in the conductor in kW.
lex = Estimated switch module peak forward current in A.
- Du = Maximum estimated duty cycle.
Varop = Total switch module conductor voltage drop required for sharing in

V.

3.1.2.4 Input Filter Sizing

This sheet estimates the number of series and parallel input capacitors for the inverter
for a given input voltage, output MVA switching frequency, and inverter efficiency. The
estimated losses in the capacitors and bleeder resistors are also calculated. The detailed
description of each block is as follows:

Capacitor Parameters

This block contains the electrical and physical parameters of the selected filter
capacitor.
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Capacitance (uF): Input - unprotected
Capacitor capacitance in microfarads.

Volitage (kV): Input - unprotected
Capacitor rated DC voltage.

RMS Ripple Current (A): Input - unprotected
Maximum capacitor rms ripple current.

Voltage Derating: Input - unprotected
Capacitor voltage derating factor.

Current Derating: Input - unprotected
Capacitor ripple current derating factor.

Max ESR (ohms): Input - unprotected
Maximum capacitor equivalent series resistance.

Bleeder Res (ohms): Input - unprotected
Capacitor bleeder resistor value.

Mass (kg): Input - unprotected
Capacitor mass including allowances for the bleeder resistor and brackets.

Volume (m~3): Input - unprotected

Capacitor volume including allowances for the bleeder resistor, brackets, and
unused volume due to non-rectangular form factors.

Buswork & Frame Estimates

This block contains the buswork and frame estimates for the input filter as a
percentage increase in mass and volume of the individual capacitors. The capacitor energy
dump circuit is considered part of this allowance.

% Increase in Total Mass: Input - unprotected
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Buswork and frame mass estimate expressed as a percent of the sum of the
masses of the individual capacitors.

% Increase in Total Volume: Input - unprotected
Buswork and frame volume estimate expressed as a percent of the sum of the
volumes of the individual capacitors.
Cost Estimates

This block contains the cost estimates for the capacitors, dump, buswork and frame.

Cap & Bleeder Cost per Cap: Input - unprotected
Cost of a single capacitor with bleeder resistor.

Dump Cost per kJ: Input - unprotected
Slope of the graph of the input filter energy dump circuit cost versus stored energy.

Bus & Frame % Inc in Cost: Input - unprotected
Buswork and frame cost estimate expressed as a percent of the sum of the
individual capacitor and bleeder resistor costs.
Input Parameters

This block contains the desired inverter parameters copied from sheet 1.

Input Voltage (kVDC): Input - protected
Inverter input voltage.

Output MVA: Input - protected
Inverter output MVA.

Switch Freq (Hz): Input - protected
Inverter switching frequency.

Calculated Results
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This block contains the input filter parameters calculated by the spreadsheet.

Total Est Mass (kg): Output - protected
Total input filter capacitor bank mass estimated from the following equation:

Mg = MCP*NCP*(]‘ +KFBWM)

where: -

MF = Total input filter capacitor bank mass estimate in kg.

MCP = Mass estimate of individual capacitor and bleeder resistor in kg.
Nee = Total number of capacitors in the input filter bank.

Keswm = % increase in total input filter mass due to the capacitor bank bus-

work and frame.

Total Est Volume (m3): Qutput - protected -
"Total input filtef capacitor bank volume estimated from the following equation:

V;-‘ = VCP*NCP*(]' +KFBWV)

where: =
V; = Total input filter capacitor bank volume estimate in m>.

Ve = Volume estimate of individual capacitor and bleeder resistor in m?®.

Nep = Total number of capacitors in the input filter bank.

Keswv = % increase in total input filter volume due to the capacitor bank buswork
and frame.

Total Est Cost: Output - protected
Total input filter capacitor bank cost estimated from the following equation:

3-29



$r = (NCP* $CP+EF*m$EF)*(1 +K$FBW)

where:

$ = Total input filter capacitor bank cost estimate.

Nep = Total number of capacitors in the input filter bank.

$cp = Cost estimate of individual capacitor and bleeder resistor.

E: = Total estimated stored energy in the input filter bank in kJ.

m$; = Energy dump cost per kJ.

Kémew = % increase in total input filter cost due to the capacitor bank buswork and
frame.

Total Est Loss (kW): Output - protected
Total input filter capacitor bank power loss estimated from the following equation:

Pp = Pp*Ngp*1073

where:

Pe = Power loss estimate of the input filter capacitor bank in kW.
Pep = Estimated power loss per capacitor with bleeder resistor in W.
Nee = Total number of capacitors in the input filter bank.

RMS Filter Current (A): Qutput - protected
Total input filter capacitor bank ripple current estimated from the following
equation: :

MVA +Pg, *N*1073

Terms = *10°
V. % [2*DU
NP T
where:
lerms = Total estimated input filter capacitor bank rms current in A.
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MVA = Desired inverter output power in MVA.

Psw = Loss estimate-of individual switch in kW from sheet 2.
N = Number of switches from sheet 1.

VINP = DC input voltage in kV.

Du = Maximum estimated duty cycle from sheet 1.

Loss per Capacitor (W): Output - protected
Power loss per capacitor including bleeder resistor power loss estimated from the
following equation:

2

Vpp*103 !

I 2
Pep = [ FRMSJ*ESR+

CPP CPS RB
where:
P = Estimated power loss per capacitor with bleeder resistor in W.
lerms = Total estimated input filter capacitor bank rms current in A.
Neep = Number of parallel capacitor strings in the input filter bank.
ESR = Capacitor equivalent series resistance in ohms.
Vine = DC input voltage in kV.
Ncps = Number of capacitors in series in the input filter bank.
Rg = Bleeder resistance in ohms.

Total Stored Energy (J): Output - protected
Total stored energy in the input filter capacitor bank estimated from the following

equation:
2
E, = i*[v‘“"] *C*Np* 1073
2
CPs
where:
E: = Total estimated stored energy in the input filter bank in kJ.
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Vine = DC input voltage in kV.

Neps = Number of capacitors in series in the input filter bank.
c = Capacitance of individual capacitor in uF.
Nep = Total number of capacitors in the input filter bank.

Parallel Caps Req: Output - protected
Number of parallel strings, N, ., Of capacitors required to meet the current
requirements estimated from the following equation:

Let:
I
Acpp = T —%Mi
RIPPLE CURRENT
where:
Acpe = Ratio of input filter rms current to the rms current rating of a
single capacitor.
berms = Total estimated input filter capacitor bank rms current in A.
. = Maximum capacitor rms ripple current in A.
Deumment = Capacitor ripple current derating factor.

If A is exactly an integer, then the spreadsheet loads A, into the cell.
Otherwise, the spreadsheet loads the integer of A + 1 into the cell.

Series Capacitors Req: Qutput - protected

Number of capacitors in series, Ngpg , required to meet the desired input voltage
requirements estimated from the following equation:

Let:
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A - Vine
CPS

VCP *DVOLTAGE
where:
Acps = Ratio of the desired input voltage to the voltage rating of a
single capacitor.
Ve = DC input voltage in kV.
Vep = Capacitor voltage rating in kV.
Dvoltace = Capacitor voltage derating factor.

If Agps is exactly an integer, then the spreadsheet loads A into the cell.
Otherwise, the spreadsheet loads the integer of A + 1 into the cell.

Total Caps Req: Qutput - protected

The total number of capacitors required for the input filter bank estimated from the
following equation:

Nep = Nepp*Neps

where:

Nep = Total number of capacitors in the input filter bank.

Nepp = Number of parallel capacitor strihgs in the input filter bank.
Neps = Number of capacitors in series in the input filter bank.
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3.2 INPUT POWER CONDITIONING ANALYSIS

3.2.1 Spreadsheet Description

A spreadsheet has been developed which estimates the mass, size, volume, cost and
efficiency of a one or three phase input power conditioning converter for a given input voltage
and output power. The electrical, physical and cost parameters of the semiconductor
switching device, support electronics and heat removal system are included in the estimate.

The input converter consists of either four or six switches, an input transformer and
controls. Each switch consists of a driver and a series parallel array of switch modules. The
switch modules consist of the basic switching element and gate drive. Unipolar PWM (pulse
width modulation) is assumed in all cases.

The spreadsheet estimates the number of switch modules in series and in parallel based

upon the input voltage, output power, switch element.electrical characteristics and thermal ...

requirements. The power dissipation of all of the major heat generating components is
calculated for the estimated switch series-parallel configuration. The mass, volume and cost
of the entire switch including buswork and frame is estimated for the number of switch
modules required. '

The number of capacitors required for the output filter capacitor bank is estimated
based upon the output voltage, output power and switch power loss. The switch and .
- capacitor filter bank mass, volume, cost and loss are summed with allowances for the overall
buswork and frame estimates to arrive at the converter estimates. The total converter losses
are used to size a refrigerated heat removal system. Its parameters are combined with those
of the converter to estimate the total mass, volume, cost and efficiency of the system.

Two sets of spreadsheets are provided in Appendix H for each type of switching device
considered. The structure of the spreadsheets and the basis for the input parameters
assumed are discussed in Section 3.2.2. The completed spreadsheet for GTO, IGBT, and BJT
switching devices in a single phase input converter are shown in Figures H-7, H-8, and H-9
in Appendix H. Figureé H-10, H-11, and H-12 show spreadsheets for three phase input
power converters with GTO, IGBT and BJT switching devices, respectively.
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3.2.2 Detailéd Description of Spreadsheet for Power Conditioning

The spreadsheet consists of four sheets arranged as follows. The title of the sheet is
shown in the upper left hand corner. The top half of each sheet consists of a series of blocks
‘which contain the parameters of the various converter components. The bottom half of the
sheet consists of a large block split into "Input Parameters” and "Calculated Results" The
input parameters are a group of cells which contain the desired input voltage and output
power and line frequency. The calculated results are the estimates generated by the
spreadsheet. The input results are from the first page are copied to the remaining four sheets
for convenience. The first three sheets have the same cell equations as described in Section
3.1.2. The last sheet estimates the size of the input transformer based on standard
equations. '

3.2.2.1 Transformer Sizing

This sheet estimates the size of the transformer. The transformer mass, volume, cost
and loss were scaled as a function of MVA from catalog parameters of a given transformer.
Standard transformer scaling equations found in chapter 10 of Fink, Donald G., and Beaty, H.
Wayne (eds.) Standard Handbook for Electrical Engineers, 11th edition, McGraw Hill, 1978,
were used. ’

Basis Transformer Parameters

This block contains parameters for the catalogue transformer used as a basis for
scaling.

MVA Rating 50% Duty Cycl: Input-unprotected
MVA rating of transformer

Mass (kg): Input-unprotected
Mass of transformer

Volume (m~3): Input - unprotected
Volume of transformer
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Frequency (Hz): Input - unprotected
Frequency of transformer

Full Load Power Loss (kW): Input - unprotected
Power loss of transformer at full load

Estimated Cost: Input - unprotected
Cost of transformer

Transformer Power Factor

Rectification Power Factor (PF): Input - unprotected
Ratio of output power from rectifier to transformer MVA rating

Input Parameters
This block contains the desired transformer parameters

Output Voltage (kVDC): Input - protected ‘ .
Required output voltage from the power conditioning copied from sheet 1.

Output Power (MW): Input - protected
Required output power from the power conditioning copied from sheet 1

Line Freq (Hz): Input - protected .
Input line frequency (assumed to be 60 Hz).

Calculated Resuits

This block contains the transformer parameter estimates calculated by the spreadsheet.

Total Est Mass (kg): Output - protected
Total transformer mass estimated from the following equation:
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MV 3,
M., =M *_““‘ *
TR TRB

MVA

where:

Mg = Total transformer mass estimate in kg.
Mirs = Mass of transformer used as a basis.
MVA, = Transformer MVA rating.

MVA.;s = MVA rating of transformer used as a basis.

Total Est Volume (m~3): Output - protected -
Total transformer volume estimated from the following equation:

MVA, 1
= TR
Vir = Virs [W——P ]
where:
Vir = Total transformer volume in m*
Vire = Volume of transformer used as a basis in m*

Total Est Cost: Output - protected
Total transformer cost estimated from the following equation:

St = $re

where
$1r = Total transformer material cost estimate.
$me = Cost of transformer used as a basis.

Total Est Loss (kW):_ Output - protected _
Total power loss in the transformer estimated from the following equation:
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MVA.., P*
Prp = Prpp m]

MVA 25

where
Pir = Total transformer loss estimate in kW.
Prrs = Power loss in the transformer used as a basis in kW.

Transformer MVA Rating: Qutput - protected
Transformer MVA rating calculated from the following equation

MVA,, = MW/PF

where:

MVA = Transformer MVA rating
Mw = Required output power
PF = Rectification power factor

3.3 BRAKING CHOPPER ANALYSIS

3.3.1 Spreadsheet Description

A spreadsheet has been developed which estimates the mass, size, volume, cost and
efficiency of a braking chopper for a given input voltage, braking power, and frequency. The
electrical, physical and cost parameters of the semiconductor switching device, support
electronics and heat exchanger are included in the estimate. The estimate does not include
the actual braking resistor.

The spreadsheet is based on the braking chopper configuration shown in Figure 2-19,
The braking chopper is a large switch consisting of a series parallel array of switch modules
and controls.

The spreadsheet estimates the number of switch modules in series and in paraliel based
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upon the input voitage, braking power, switching frequency, switch element electrical
characteristics and thermal requirements. The power dissipation of all of the major heat
generating components is calculated based upon the estimated switch series-parallel
configuration. The mass, volume and cost of the entire switch is estimated based upon the
number of switch modules required along with buswork and frame estimates. ’

The total braking chopper losses are used to size a liquid cooling system including
refrigeration which is combined with the braking chopper estimates to generate the total
estimated mass, volume, cost and efficiency of the system.

Two sets of spreadsheets are provided in Appendix H. The first set, Figures H-13.1
to H-13.3, covers the case where the braking chopper carrier frequency is varied and the
braking power is held constant at 8.5 MW. The second set, Figures H-13.4 to H-13.6,
covers the case where the braking power is varied and the braking chopper carrier frequency
is held constant at 600 Hz.

3.3.2 Detailed Description of Braking Chopper Spreadsheet

The spreadsheet consists of three sheets arranged as follows. The title of the sheet
is shown in the upper left-hand corner. The top half of each sheet consists of a series of
blocks which contain the parameters of the various braking chopper components. The bottom
half of the sheet consists of a large block split into "lnput Parameters" and "Calculated
Results” The input parameters are a group_of cells which contain the desired input voltage,
braking power in MW and switching freqdency. The calculated results are the estimates
generated by the spreadsheet. The input results from the first page are copied to the
remaining three sheets for convenience. The four sheets are described as follows:

3.3.2.1 Braking Chopper Summary

This is the top level sheet. The desired input parameters are loaded into the
appropriate columns and the total estimated mass, volume, cost and efficiency including the
cooling system are displayed in the calculated results columns. The detailed description of
each block is as follows:
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Heat Exchanger Parameters

This block contains the basis for cost, prime power, mass and volume estimates for
the heat exchanger.

Fixed Cost: Input - unprotected
Y intercept of the heat exchanger cost vs. power graph based upon manufacturer’s
data. ‘

Cost per kW Loss ($/kW): Input - unprotected
Slope of the heat exchanger cost vs. power graph based on manufacturer’s data.

Prime Power (kVA/kW Loss): Input - unprotected
Prime power required for cooling including refrigeration per unit power loss in the

braking chopper.

Fixed Mass (kg): Input - unprotected
Y intercept of the cooling system mass vs. power loss graph.

Mass per kW Loss (kg/kW): [nput - unprotected
Slope of the cooling system mass vs. power loss graph based upon manufacturer’s

data.

Fixed Volume (m~3): Input - unprotected
Y intercept of the cooling system volume vs. power loss graph.

Volume/kW Loss: Input - unprotected
Slope of the cooling system volume vs. power loss graph based upon
manufacturer’s data.

- Controller

This block contains the controller mass and volume estimates.

Mass (kg): Input - unprotected
Estimated mass of the controller.
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Volume (m~3): Input - unprotected
Estimated volume of the controller.

Buswork & Frame Estimates
This block contains the buswork and frame mass and volume estimates expressed as
a percentage of the mass and volume of the individual switches, capacitor filter bank and
controller.
% Incregse in Total Mass: Input - unprotected
Buswork and frame mass estimate expressed as a percentage of the sum of the
individual component masses. )
% Increase in Total Volume: Input - unprotected
Buswork and frame volume estimate expressed as a percentage of the sum of the
individual braking chopper component volumes.
Cost Estimates

This block contains the cost estimates for the controller, buswork and frame.

Controller Fixed Cost: ' Input - unprotected
Controller cost assumed.

Bus & Frame % Inc in Cost: Input - unprotected
Buswork and frame cost expressed as a percentage of the sum of the individual
braking chopper component costs.

Labor and Service Estimates (% of Total Cost)

This block contains the typical cost distribution of a braking chopper which provides
the basis to extrapolate the total braking chopper cost based upon the material cost.

Material: Input - unprotected
Material cost as percentage of the total braking chopper cost.
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Fab Labor: Input - unprotected
Fabrication labor cost as a percentage of the total braking chopper cost.

Fab Services: Input - unprotected
Fabrication services cost as a percentage of the total braking chopper cost.

Test Labor: Input - unprotected
Test labor cost as a percentage of the total braking chopper cost.

Input Parameters

This block contains the desired braking chopper parameters for the spreadsheet to
generate an estimate.

Input Voltage (kVDC): input - unprotected
Braking chopper input voltage.

Braking Power (MW): Input - unprotected
. Braking chopper braking power.

Switch Freq (Hz): Input - unprotected
Braking chopper switching frequency.

Calculated Results

This block contains the braking chopper parameter estimates calculated by the
spreadsheet.

Mass (kg): Output - protected

Total braking chopper plus cooling system mass estimated from the following
equation:

MASS = (Mg, *Mc)*(1 +Kypw) *Prpmx H{Mygmx* P)
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MASS = Total braking chopper mass estimate in kg.

Mgw = Mass estimate of individual switch in kg from sheet 2.

Mc = Mass estimate of controller in kg.

Kusw = % increase in total mass due to the braking chopper buswork &
frame.

Dpmex = Cooling system fixed mass estimate in kg.

Mpmex = Cooling system mass per kW braking chopper loss estimate in
kg/kWw.

P = Total estimated braking chopper loss in kW.

Volume (m~3): Output - protected
Total braking chopper plus cooling system volume estimated from the following
equation:

VOLUME = (Vg +V) (1 +Kyp) *Dymx *(vigex*P)

where:

VOLUME = Total braking chopper volume estimate in m3.

Vsw = Volume estimate of individual switch in m® from sheet 2.

V¢ = Volume estimate of controller in m3.

Kvew = % increase in total volume due to the braking chopper
buswork & frame.

Byrex = Cooling system fixed volume estimate in m®.

MyHex = Cooling system volume per kW braking chopper loss estimate
in m3/kW.

P = Total estimated braking chopper loss in kW.
Cost: Output - protected

Total braking chopper plus heat exchanger cost estimate based on the following
equation:
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cost = s $e)*(L *KS0) DS um *MSmy*F)

K$MAT
where
COST = Total cost of braking chopper plus cooling system cost.
Ssw = "Cost estimate of individual switch from sheet 2.
- = Cost estimate of capacitor filter bank from sheet 4.
$c¢ = Controller fixed cost.
Kéaw = % increase in total cost due to braking chopper buswork and
frame.
bSex = Cooling system fixed cost estimate.
M$yex = Cooling system cost per kW braking chopper loss estimate.
P : = Total estimated braking chopper loss in kW,
K$mat = Material % of total cost.

Braking chopper Loss (kW): Qutput - protected
Total braking chopper loss estimated from the following equation:

P = Py,

where:
P = Total estimated braking chopper loss in kW.
Pew = Loss estimate of individual switch in kW from sheet 2.

Heat Ex Power (kVA): Output - protected

Total estimated cooling system prime power requirements based on the
following equation:

KVA = P*Kypy

where:
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kVA = Prime power estimate for the heat exchanger in kVA.
P = Total estimated braking chopper loss in kW.
Kuex = Cooling system input prime power required as a function of braking

chopper power loss in kVA/kW loss.

Braking chopper Efficiency: Qutput - protectéd
Braking chopper efficiency based on the following equation:

where:

M = Estimated efficiency of braking chopper including cooling system in
%.

MW = Desired braking chopper output power in MW,

Puw = Estimated braking chopper loss in MW,

Total Efficiency: Output - protected
Total overall efficiency of the braking chopper and cooling system based on the"
following equation:

- MW
ToT T WP, MWy

where:
Nvor = Estimated efficiency of braking chopper including cooling system
in %. _
MW = Desired braking chopper output power in MW.
Puw = Estimated braking chopper loss in MW.
= Estimated cooling system prime power requirements in MW.

MWHEX
Maximum Duty Cycle: Output - protected

Maximum braking chopper duty cycle for a given frequency based on the
following equation:
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Du = 1-F*Tgp

where:
Du = Maximum duty cycle.
F = Switching frequency in Hz.
Tore = Minimum switch off time in seconds from sheet 2.
NOTE: In the event that the calculated maximum duty cycle is negative, the

spreadsheet will report "freq too high” in the cell.

Maximum MW: Output- protected
Maximum MW capability of the braking chopper for a given input voltage
assuming full utilization of the calculated switch series parallel combination
estimated from the following equation:

MWyax = Vip*Du*Np* I, %1073

where:
MW, ax = Maximum estimated MW capacity.
Ve = DC input voltage in kV.
Du = Maximum estimated duty cycle.
Ne = Number of switch modules in parallel from sheet 2.
boxmax = Maximum peak current per switch module in amperes

from sheet 2.

3.3.2.2 GTO Switch Quantity Characterization

‘ This sheet estimates the number of series and parallel switch modules required per
switch for the given input voltage, braking power in MW and switching frequency. One
Toshiba SG3000JX24 GTO per switch module is assumed. The detailed description of each
block is as follows: '
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GTO Parameteis
This block contains the electrical parameters of the GTO.

Voltage Rating (kV): Input - unprotected
Device breakdown voltage in kV.

Power Diss per GTO (W): Input - unprotected
Maximum power dissipation of the individual GTO in watts based upon a maximum
junction temperature of 100 °C for the GTO, the package and heat sink thermal

resistance and the cooling system capacity.

V Threshold (Volts): Input - unprotected
Y intercept of the graph of device conduction voltage drop versus forward current.

Dynamic r (Ohms): Input - unprotected
Slope of the graph of device conduction voltage drop versus forward current.

Inc. Sw Loss Per Amp: Input - unprotected '
Slope of the graph of device total switching energy loss versus forward current.

Fixed Switching Loss (J): Input - unprotected
Y intercept of the graph of device total switching energy loss versus forward

current.

Minimum Off Time (s): Input - unprotected
GTO minimum off time.

Maximum Itgg (A): Input - unprotected
GTO maximum controllable current.

Switch Module Parameters
This block contains the physical parameters of the individual switch modules.

Fixed Mass (kg): Input - unprotected
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Y intercept of the graph of switch module mass vs. snubber power loss.

Mass per Snub Loss (kg/kW); Input - unprotected
Slope of the graph of switch module mass vs. snubber power loss.

Fixed Vol (m*3): Input - unprotected
Y intercept for the switch module volume vs. snubber power loss.

Vol per Snub Loss (m*3/kW): Input - unprotected .
Slope of the graph of switch module volume vs. snubber power loss.

Buswork & Frame Estimates

This block contains the buswork and frame mass and volume estimates for the switch
as a percentage of the mass and volume of the individual switch modules and driver.

% Increase in Total Mass: Input - unprotected
Buswork and frame mass estimate as a percentage of the sum of the individual
switch module and driver masses.

% Increase in Total Volume: Input - unprotected
Buswork and frame volume estimate as a percentage of the sum of the individual
switch module and driver volumes.

Cost Estimates

This block contains the cost estimates for the switch modules, driver, buswork and
frame.

Fixed Cost per Module: Input - unprotected
Y intercept of the graph of switch module cost vs. number of switch modules.

Cost per Snub Loss ($/kW): Input - unprotected
Slope of the graph of switch module cost vs. snubber power loss.
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Driver Fixed Cost: Input - unprotected
Y intercept of the graph of driver cost vs. number of switch modules.

Driver Cost per Module: Input - unprotected
Slope of the graph of driver cost vs. number of switch modules.

Bus & Frame % Inc in Cost: Input - unprotected
- Buswork and frame cost as a percentage of the sum of the individual switch
component costs.
Input Parameters

This block contains thé desired braking chbpper parameters copied from sheet 1.

Input Voltage (kVDC): Input - protected
Braking chopper input voltage.

Braking Power (MW): Input - brotected
Braking chopper braking power in MW,

Switch Freq (Hz): Input - protected
Braking chopper switching frequency.

Calculated Results
This block contains the switch parameter estimates calculated by the spreadsheet.
Total Est Mass (kg): Output - protected

Total switch mass estimate based on the following equation:

Mgw = [NSM* (bMSM Mysm™ PSNUB)] * (1 +KSBWM)

where:
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Msw = Total switch mass estimate in kg.

Nsm = Number of switch modules.

brsm = Switch module fixed mass estimate in (kg/kW).

Mpssm = Switch module mass per dv/dt and di/dt snubber loss estimate in
(kg/kW}).

Psnus = Estimated dv/dt and di/dt snubber power loss in kW from sheet 3.

Ksawm = % increase in total switch mass due to the buswork & frame.

Total Est Volume (m~3): Output - protected
Total switch volume estimate based on the following equation:

Vew = [NSM*(bVSM +mvsm"; PSNUB)] *(1 +Ksawv)

where:

Vsw = Total switch volume‘estimate in m3,

Nem = Number of switch modules.

bysw = Switch module fixed volume estimate in (m3/kW). _

Myem = Switch module volume per dv/dt and di/dt snubber loss estimate in
(m3/kW). |

Psnus = Estimated dv/dt and di/dt snubber power loss in kW from sheet 3.

Ksawv = % increase in total switch volume due to the buswork & frame.

Total Est Mat’l Cost: Output - protected
Total switch cost estimate based on the following equation:

Ssw = [NSM*(b$SM TS gy * PSNUB) +b$, +m$D*NSM]*(1 +K$saw)

where:

$sw = Total switch material cost estimate.

Nem = Number of switch modules.

b$on = Y intercept of the graph of switch module cost vs. snubber power

loss.
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mM$sy = Slope of the graph of switch module cost vs. dv/dt and di/dt snubber

loss in ($/kW).
Psnus = Estimated dv/dt and di/dt snubber power loss in kW from sheet 3.
b$, = Y intercept of the graph of driver cost vs. number of switch
" modules.
m$;, = Slope of the graph of driver cost vs. number of switch modules.
K$ssw = % increase in total switch cost due to the buswork & frame.

Total Est Sw Loss (kW): Output - protected
Total estimated power loss of the entire switch based on the following equation:

Psw = Ngy*Pgy

where:
Pew = Total switch loss estimate in kW.
Nsm = Number of switch modules.

Maximum Peak Current (A): Output - protected
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