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1 .  I N T R O D U C T I O N

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 maglev 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 potential 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). IGBTs, 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 
technology 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

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 circuits 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 7 kVdc - 35 kVdc, or
5 kVac - 25 kVac, 60 Hz (three phase line-line)

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

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

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

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

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

(b) 100 kVA
0 - 1 0 0  Vdc, 0 - 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 available to the FRA upon request.
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TABLE 1-2

SUPPORTING DATA

1. Statement of Work (Appendix A)

2. Literature Search (Appendix B)

3. Typical Transit Vehicle Parameters (Section 5.1)

4. 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 component 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 .  R E S U L T S

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 FOR 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 SCR is not 
capable of self-commutation, it was not considered further. The BJT, IGBT and GTO thyristor 
components are described briefly below:
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BJTs - These devices were used in the Federal Transit Administration (FTA) 
funded studies of RO MAG’-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.

IGBTs- 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 BVCES2 ratings of 1400 V which is as high as the 1400 V 
VCEX3 rating for BJTs. It is projected that in the near future, the IGBT 
BVces ratings will range up to 1700 V.

GTO Thyristors - 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 volts, 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 IGBTs, 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 

breakdown collector-emitter with base shorted to emitter.

breakdown collector-emitter voltage rating with specified base- 
emitter circuit
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TABLE 2-1
QUANTITATIVE CHARACTERISTICS OF POWER SEMICONDUCTOR DEVICES

DEVICE SYMBOL MAX
BLOCKING
VOLTAGE
AVAILABLE

(V)

MAX SINGLE 
DEVICE CW 
CURRENT 

AVAILABLE
(A)

MAX VOLT- 
AMP PRODUCT 
AVAILABLE
V„xU'(kVA)

PART 
NUMBER 
FOR MAX 
VOLT-AMP 
DEVICE

ON-STATE 
VOLTAGE DROP 
AT CW RATING3 

(V)

TURN-ON
TIME?
0**)

TURN-OFF
TIME1
0*»)

PEAK
OPERATING

FREQUENCY3-*
(kHz)

MAXIMUM
OPERATING

TEMP
rc>

COMMU­
TATION
TYPE

MAJOR
MANU­

FACTURERS
SUBJECT OF 

REPORT 
ANALYSIS

Field Effect 
Transistor 
(FET)

1000 100 39
78 A at 500 V

Advanced
Power

Technology
APT10021-

DFN

4.7 0.05 
(user- 

controlled 
via gale)

0.05 
(user- 

controlled 
via gate)

50-100 150 Self
Commutation

AFT, Harris, 
IR, IXYS, 
Motorola, 
Siemens, 
Toshiba

No, power 
level too low. 
KjBT preferred

Bipolar
Transistor

(BIT)
1400 1200 412

750 A at 550 V
Marconi
DT600

3.4 1.0 
(user- 

controlled 
via gate)

2.0 
(user- 

controlled 
via gate)

4-5 150 (175) Self
Commutation

AEG, Fiji, 
Marconi, 
Motorola, 
Powerex, 
Siemens, 
Wcstcode

Yes

Insulated 
Gate Bipolar 
Transistor 
(1GBT)

1400 200 200
200 A at 1000 V

Advanced
Power

Technology
APT200G-

100

3.3 0.2 
(user- 

controlled 
via gate)

0.8 
(user- 

controlled 
via gate)

8-10 150 Self
Commutation

APT, Fuji, 
Harris, IR,
IXYS,

Motorola,
Siemens,
Toshiba

Yea

Gale Turn- 
Off

Thyristor
(GTO)

8000 1900 7200
1200 A at 6000 V

Toshiba
SG300QJX24

3.1 5 2 0.S-0.7 125 Self
Commutation 

(via gate 
current

counter- pulse)

AEG, ABB, 
Fuji, Marconi, 

Powerex, 
Toshiba, 
Westcode

Yea

Silicon
Controlled
Rectifier
(SCR)

6500 7900 26,000
5000 A at 5200 V

Asca Brown 
Boveri 
CS2104

1.8 2 Cannot lum 
off, forced 
by external 

circuit

0.7-1.0 125 (140) Force
Commutated

AEG, ABB, 
General Electric, 

Marconi, 
Powerex 

(Wcstinghousc), 
Westcode

Dcvioc model 
only

MOS-
controlled
thyristor
(MCT)

1000 100 100
100 A at 1000 V

Harris
MCTA60P60

1.3 0.2 2 5-7 150 Self
Commutation

Harris No, not 
commercially 

available

1) is the continuous dc current rating at 25 °C case temperature. !
2) Data for the maximum volt-ampere device. 0
3) 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. '• ■

roI
GO



2-4

TABLE 2-2
QUANTITATIVE CHARACTERISTICS OF POWER HYBRID POWER CIRCUITS AND CUSTOM MODULES

DEVICE SYMBOL MAX
BLOCKING
VOLTAGE

AVAILABLE
(V)

MAX SINGLE 
DEVICE CW 
CURRENT 

AVAILABLE 
(A)

MAX VOLT- 
AMP PRODUCT 
AVAILABLE 
Vn̂ xU’ (kVA)

PART 
NUMBER 
FOR MAX 
VOLT-AMP 
DEVICE

ON-STATE 
VOLTAGE DROP 
AT CW RATING3 

(V)

TURN-ON
TIMi?
0»)

TURN-OFF
TIME3
(fit)

PEAK
OPERATING

FREQUENCY”
(kHz)

MAXIMUM
OPERATING

TEMP
(•C)

COMMU­
TATION
TYPE

MAJOR
MANU­

FACTURERS

GTO/FET
CASCODE

8000 1900 7200
1200 A at 6000 V

NONE 3.5 5 2 1-2 250 Self
Commutation

Research by 
International 
Rectifier, ct. 

al.
SCR/FCT/

IGBT
HYBRID

6500 7900 412
5000 A at 5200 V

NONE 2.2 2 0.8 
(user- 

controlled 
via gate)

1-2 125 Self
Commutation

Custom by 
General 
Atomics

IGBT
CUSTOM
MODULE

1200 2000 200
2000 A at 1000 V

KWT8000 3.3 0.2 
(user- 

controlled 
via gate)

0.8 
(user- 

coni rolled 
via gate)

8-10 150 Self
Commutation

Custom by 
Gcntron Corp.

1) Ic is the continuous dc current rating at 25 °C case temperature.
2) Data for the maximum volt-ampere device.
3) 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.



TABLE 2-3
QUALITATIVE CHARACTERISTICS OF SOLID STATE SWITCHES

FIELD EFFECT TRANSISTOR (FET) BIPOLAR TRANSISTOR INSULATED GATE BIPOLAR TRANSISTOR (IGBT)
O Optimally applied SO to 200 V.
+ Fast tum-on and turn-off.
O Reverse conducting (equal to forward current rating). 
+ Wide safe operating area, no second breakdown; 

rugged.
O Positive temperature coefficient of resistance (parallel 

sharing).
+ Active device, conductivity modulated via gate.
+ Little temperature effect on switching parameters.
□ High on-state resistance at high voltage ratings.

O Optimally applied S00 to 1400 V.
+ Medium tum-on and turn-off speed.

Reverse blocking but only at low voltage.
□ Safe operating area has second breakdown.
□ Negative temperature coefficient of resistance makes 

sharing difficult.
O Active device, conductivity modulated via base.
□ Temperature affects switching parameters.
□ High on-slate voltage drop at high current.
□ Conduction requires base drive of 10 % of forward 

current.

+ Optimally applied 400 to 1200 V.
+ Fast tum-on, medium turn-off speed.
O Reverse blocking, but to a low voltage.
+ Wide safe operating area, no second breakdown.
+ Positive temperature coefficient of resistance (parallel 

sharing).
+ Active device, conductivity modulated via gate.
O One volt threshold and then less than a linear voltage rise 

with current.
+ Little temperature effect on switching parameters! 
a High on-state voltage drop at high voltage.

SILICON CONTROLLED RECTIFIER GATE TURN-OFF THYRISTOR (GTO) MOS CONTROLLED THYRISTOR (MCT)
O Optimally applied SO to 6S00 V •
+ Highest power device; lowest cost per watt switched.
□ Only turns off at zero current.
□ Negative temperature coefficient of resistance makes 

sharing difficult.
o Requires recovery time for voltage hold-off after zero 

current.
+ Reverse blocking to full forward voltage.
+ Moderate tum-on time and dl/dt.
+ Low on-state voltage drop.
□ Device destruction if dl/dt rating is exceeded, but 

otherwise very rugged.

4- Optimally applied 800 to 8000 V.
+ Turns off with a gate counter-pulse — 15% of forward 

current.
+ Reverse blocking types available.
□ Negative temperature coefficient of resistance makes 

sharing difficult.
O Moderate tum-on time, but low dl/dt.
+ Highest power self-commutated turn-off switch available.
+ Moderate on-state voltage drop.
□ Device destruction if turn-off attempted above rating, if 

dl/dt rating is exceeded, if gate pulse is inadequate, or if 
retriggered too soon.

+ Excellent promise for high voltage, low-loss turn-off switch. 
□ Not commercially available.
n Negative temperature coefficient of resistance makes sharing 

difficult.
O Loses turn-off capability above rating, but device will 

survive if turn-off is attempted.

* Advantage
°Typical Characteristic
"Disadvantage

roiCJ1



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 Figurec2-1. 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 diagram of maglev power conditioning system.



1. 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.

i

2. 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.

3. The operating temperature of the devices is not allowed to exceed the manufacturer's 
maximum rating minus 25 °C.

4. Buswork and frame estimates are scaled from actual hardware.

5. 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.

2.3 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 values 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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Figure 2-2. Organization of analysis and data.
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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

Capacitor Type Relative Weight
Relative Volume 

(including mounts)
Relative Number of 

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 - 5 0  MW

2.3.1.1 Incut 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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Figure 2-3. Input power conditioning without conversion.

2.3.1.2 Single Phase AC to DC Converter

This converter is intended to condition 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 single 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 2-5.1 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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Figure 2-7.1 IGBT single phase input covnerter 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 voltage 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 kVdc - 35 kVdc

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 increases 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 fjs 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 carrier 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 2-16.3 GTO switch module characteristics vs. carrier frequency.
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Figure 2-17.3 IGBT switch module characteristics vs. carrier frequency



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 Figure 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.

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.

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 
between 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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Figure 2-18 GTO power inverter for high frequency operation.



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/s2 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 operating 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 Figure 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 Subsystem

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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Figure 2-19 GTO braking chopper.
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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 power 
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 .7 5  m3, and the cost is estimated at $58,000.
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Figure 2-21 Power conditioner for auxiliary loads (hotel power).
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Figure 2-22.1 BJT three phase auxiliary power inverter characteristics vs. output power.
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Figure 2-25 Power converter for superconducting coils.



3 .  D E T A I L E D  A N A L Y S I S

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 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 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 MVA. The second set covers the case where the output
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Figure 3-2 Switch
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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
o

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 (mA3): 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 controller.

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)
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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 Services: 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 voltage.

Output MVA: Input - unprotected 
Inverter output MVA.

Switch Freq (Hz): Input - unprotected 
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:

MAS S (MSW*N +MF +MC) * (l +KMBW) +bMHEX +(mMHEX * P]

where:

MASS
Msw
N
Mf

Mc

K m b w

bn/IHEX

m M H E X

P

Total inverter mass estimate in kg.
Mass estimate of individual switch in kg from sheet 2.
Number of switches.
Mass of capacitor filter bank in kg from sheet 4.
Mass estimate of controller in kg.
% increase in total mass due to the inverter buswork & frame. 
Cooling system fixed mass estimate in kg.
Cooling system mass per kW inverter loss estimate in kg/kW. 
Total estimated inverter loss in kW.

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

VOLUME = (vsw*N+VF+Vc)*(l +KVBW) +bVHEX +(mVHEX*P)

where:

VOLUME

Vsw
N
VF
Vc
K v b w

bVHEX
mVHEX
P

Total inverter volume estimate in m3.
Volume estimate of individual switch in m3 from sheet 2. 
Number of switches.
Volume of capacitor filter bank in m3 from sheet 4.
Volume estimate of controller in m3.
% increase in total volume due to the inverter buswork & frame. 
Cooling system fixed volume estimate in m3.
Cooling system volume per kW inverter loss estimate in m3/kW. 
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 = (^sw* ^  + $F+k ^ c+m^C *^)*p~+^$>BW)'l'k<->HEX'l'(m$HEX*P)

K $ m a t

where:

COST = Total inverter plus heat exchanger cost.
$sw = Cost estimate of individual switch from sheet 2.
N = Number of switches.
$F = Cost estimate of capacitor filter bank from sheet 4.
b$c = Controller fixed cost.
m$c = Controller cost per switch.
K$BW = % increase in total cost due to inverter buswork and frame.
b$HEX = Cooling system fixed cost estimate.
m$HEX = Cooling system cost per kW inverter loss estimate.
P = Total estimated inverter loss in kW.
K$mat = Material % of total cost.

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

P = (p sw* n +p f)

where:

P = Total estimated inverter loss in kW.
Psw = Loss estimate of individual switch in kW from sheet 2.
N = Number of switches.
PF = Loss estimate of the input filter capacitor bank in kW from sheet 4.

Heat Ex Power (kVA): Output - protected
Total cooling system prime power requirements estimated from the following 
equation:
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kVA = P*KHEX

where:

kVA = Prime power estimate for the cooling system in kVA.
P = Total estimated inverter loss in kW.
KHex = Cooling system input prime power required as a function of inverter 

power loss in kVA/kW loss.

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

tIi n v
MVA

M V A + P ^

where:

/7,nv = Estimated inverter efficiency in %.
MVA = Desired inverter output power in MVA. 
Pmw = Estimated inverter loss in MW.

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

„ = MVA
Vtot " MVA +PMW +MVAhex

where:

/7,nv = Estimated inverter efficiency in %.
MVA = Desired inverter output power in MVA.
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Pmw = Estimated inverter loss in MW.
MVAHEX = 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*toff

where:

Du = Maximum duty cycle.
F = Switching frequency in Hz.
t0ff = 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:

M V i W  = *n p*I0max*v/H7*io-3

where:

M V A ^  = Maximum estimated MVA capacity.
V,Np = DC input voltage in kV.
Du = Maximum estimated duty cycle.
NP = Number of switch modules in parallel from sheet 2.
I0max = Maximum estimated phase current per switch module in amperes 

from sheet 2.
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= Number of phasesn *

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. In the case of the 
GTO spreadsheet, one Toshiba SG3000JX24 GTO per switch module is assumed. For the 
IGBT spreadsheet, 10 Advanced Power Technology APT200G100BFN 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 chips 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:

GTO/IGBT/BJT Parameters

This block contains the electrical parameters of the switching device.

Voltage Rating (kV): Input - 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.
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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.

Inc. Sw  Loss Per Amp (J/A): Input - unprotected

Slope of the graph of device total switching energy loss in joules versus forward

current.

%  Increase 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.

Driver Cost per Module: Input - unprotected
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.
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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:

M,sw NSm*(bMSM + m MSM *  ̂ SNUB)k l+KSBWM/

where:

Msw = Total switch mass estimate in kg.
NSM = Number of switch modules. 
bMSM = Switch module fixed mass estimate in kg/kW.
mMSM = Switch module mass per dv/dt and di/dt snubber loss estimate in

kg/kW.
Psnub = Estimated dv/dt and di/dt snubber power loss in kW from sheet 3.
k sbwm  = % 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:

^SW NSM*(bVSM + m VSM * ^SNUB,)]*(l+KSBWV;
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where:

Vsw = Total switch volume estimate in m3.
NSM = Number of switch modules. 
bVSM -  Switch module fixed volume estimate in (m3/kW). 
mvsM = Switch module volume per dv/dt and di/dt snubber loss estimate in 

(m3/kW).
PSNUB = Estimated dv/dt and di/dt snubber power loss in kW from sheet 3. 
Ksbwv = % 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:

?sw = [NSM*(b$SM + m $ S M * ^SNUB)+b$D+m$D*NSM *(l+K$SBW)

where:

$SW

N sm

m $SM

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 sheet 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:

p = N *P 
^ S W  W SM ^ S M

where:

Psw = Total switch loss estimate in kW.
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Nsm = Number of switch modules.
PSM = total switch module power loss estimate in kW.

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

^■PKM AX |’ -C

where:

c ( ^ S W ^ ' ^ D I S s )

2 * r D Y N A M IC * D U

b = ^T H R E S H O L D  ~l' e a w *  ^  

r  D Y N A M IC

and:

W m a x

T̂HRESHOLD
®SW
F

•"d y n a m ic

^sw

^DISS

Du

= Maximum estimated peak switching device current in amperes. 
= Switching device threshold voltage in volts.
= Incremental switching energy loss per ampere in J/A.
= Switching frequency in Hz.
= Switching device dynamic resistance in ohms.
= Switching device fixed switching energy loss in J.
= Switching device maximum power dissipation in W.
= 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:

^ R M S M A X  “  ^ -P K M A X *
/ 2*DU 

V n

where:

I r m s m a x  = Maximum estimated phase current per parallel set of switch modules 
in rms amperes.

•p k m a x  = 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:

^ I N P  *  y — ^  R M S M A X  *  V V

where:

AP = Ratio of the desired output MVA to the MVA capacity of a
single switch module operating at maximum rated current. 

= Desired inverter output power in MVA.MVA
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VINP = DC input voltage in volts.
Du = Maximum estimated duty cycle.
Ir m s m a x  = Maximum estimated phase current per parallel set of switch modules 

in rms amperes.
n0 = Number of phases.

If AP is exactly a integer, then the spreadsheet loads AP into the cell. 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:

where:

As

VINP 
V qm ax

2.5

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

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

A =
^ d m a x / 2 * 5

= Ratio of the desired input voltage to the voltage capacity of a 
single switch module.

= DC input voltage in kV.
= Maximum switching device voltage rating in kV.
= Device voltage derating factor.

^ s m  “  N P* N S
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where:

NSM = Number of switch modules per switch.
NP = Number of switch modules in parallel.
Ns = Number of switch modules in series.

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 60-1OA diodes per switch module are assumed. In the case of the BJT spreadsheet, 2 
each International Rectifier R38BF6A diodes per switch module are assumed. 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. ~

di/dt Snubber Inductor (uH): Input - unprotected
Inductance value of the di/dt snubber inductor in microhenries.

Anti-Parallel Diode Parameters

This block contains the electrical 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
o

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:

^ S M  "  ^ S D  +P A D  + d̂vdt+ d̂idt + ^ C O N D

where:

P SM = Total
P SO = Total

Pad = Total
Pdvdt = : Total

P didt = Total

P COND = T otal

estimated switch module power loss in kW. 
estimated module switching device power loss in kW. 
module anti-parallel diode estimated power loss in kW. 
dv/dt snubber power loss in kW. 
di/dt snubber power loss in kW. 
module conduction loss in kW.
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M o d u l e  P e a k  C u r r e n t  ( A ) :  O u t p u t  -  p r o t e c t e d

S w i t c h  m o d u l e  p e a k  f o r w a r d  c u r r e n t  f o r  t h e  g i v e n  n u m b e r  o f  p a r a l l e l  m o d u l e s  a n d  

t h e  d e s i r e d  o u t p u t  M V A  f r o m  t h e  f o l l o w i n g  e q u a t i o n :

lpk

N p * V INP

M V A  

7T

• * 1 0 3

w h e r e :

IP K  =  S w i t c h  m o d u l e  p e a k  f o r w a r d  c u r r e n t  e s t i m a t e  in  A .

M V A  =  D e s i r e d  i n v e r t e r  o u t p u t  p o w e r  in  M V A .

N P =  N u m b e r  o f  s w i t c h  m o d u l e s  in  p a r a l l e l .

V 1NP =  D C  i n p u t  v o l t a g e  in  k V .

D u  =  M a x i m u m  e s t i m a t e d  d u t y  c y c l e ,

n *  =  N u m b e r  o f  p h a s e s .

M o d u l e  C o n d  L o s s  ( k W ) :  O u t p u t  -  p r o t e c t e d

S w i t c h  m o d u l e  f o r w a r d  c o n d u c t i o n  p o w e r  l o s s  e s t i m a t e d  f r o m  t h e  f o l l o w i n g  

e q u a t i o n :

P SCOND
r  D Y N A M IC  

^SDEV
* I p K  ̂ THRESHO LD * ^ P K

-3

w h e r e :

P scond

D̂YNAMIC
NSDEV
>PK
T̂HRESHOLD

D u

=  E s t i m a t e d  s w i t c h  m o d u l e  f o r w a r d  c o n d u c t i o n  p o w e r  lo s s  in  k W .  

=  S w i t c h i n g  d e v i c e  d y n a m i c  r e s i s t a n c e  in  o h m s .

=  N u m b e r  o f  s w i t c h i n g  d e v i c e s  p e r  m o d u l e .

=  E s t i m a t e d  s w i t c h  m o d u l e  p e a k  f o r w a r d  c u r r e n t  in  A .

=  S w i t c h i n g  d e v i c e  t h r e s h o l d  v o l t a g e  in  v o l t s .

=  M a x i m u m  e s t i m a t e d  d u t y  c y c l e .
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Module Switch Loss (kW): Output - protected
Switch module switching power loss estimated from the following equation:

' S W ITC H IN G

e*

£flu
Hi__

ŜDEV
+E * n s d e v * F

.* 1 0 -3

where:

Ps w it c h in g  =  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.
Nsdev = 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:

^ S D  ”  ^ S C O N D S W IT C H IN G

where:

PSD = Total estimated module switching device power loss in kW.
p s c o n d  = Switch module forward conduction power loss estimate in kW.
P s w it c h in g  = 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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L

P ad

rADDYNAMIC
IPK

VaDTHRESHOLD
Du

where:

Total module anti-parallel diode estimated power loss in kW. 
Anti-parallel diode dynamic resistance in ohms.
Estimated switch module peak forward current in A. 
Anti-parallel diode threshold voltage in volts.
Maximum estimated duty cycle.

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

Pdvdt ^D M A X

2

2

* F * 10 ”3

where:

Pdvdt = Total dv/dt snubber power loss in kW.
C = Total estimated snubber capacitance in microfarads. 
v dmax = Maximum switching device voltage rating in kV.
F = Switching frequency in Hz.

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

Paid, = *L*(lPK+Irr)2*F* 10*9

where:



Pdidt = Total di/dt snubber power loss in kW.
L = Total estimated snubber inductance in microhenries.
Ipk = Estimated switch module peak forward current in A.
Irr = 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:

I p K *

COND
( ^ ) *Vdrop*1 0 '3

where:

Pc o n d  = Total module power loss in the conductor in kW.
Ipk = Estimated switch module peak forward current in A.
Du = Maximum estimated duty cycle.
Vdrop = 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.

Voltage (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 filte r parameters calculated by the spreadsheet.

Total Est Mass (kg): Output - protected

Total input filte r capacitor bank mass estimated from the fo llow ing equation:

=  ^ c p * N Cp * ( l  + K fbw m )

where:

MF

MCP

NCP

K fbw m

Total input filte r capacitor bank mass estimate in kg.

Mass estimate of individual capacitor and bleeder resistor in kg. 

Total number of capacitors in the input filte r bank.

% increase in tota l input filte r mass due to  the capacitor bank bus- 

w ork and frame.

Total Est Volume (m3): Output - protected

Total input filte r capacitor bank volume estimated from  the fo llow ing equation:

VF -  VCp*NCP* ( l  +KFBWVj

where:

V F =  Total input filte r capacitor bank volume estimate in m3.

V cp = Volume estimate of individual capacitor and bleeder resistor in m3.

NCP = Total number of capacitors in the input filte r bank.

Kfbwv =  % increase in tota l input filte r volume due to  the capacitor bank buswork 

and frame.

Total Est Cost: Output - protected

Total input filte r capacitor bank cost estimated from the fo llow ing equation:
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$ F  (N CP* $C P + E F * 1II$ E f) * ( 1  + K $FB\v)

where:

$F =  Total input filte r capacitor bank cost estimate.

NCP = Total number of capacitors in the input filte r bank.

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

Ef =  Total estimated stored energy in the input filte r bank in kJ.

m $EF = Energy dump cost per kJ.

K$fbw =  % increase in to ta l input filte r cost due to  the capacitor bank buswork and 

frame.

Total Est Loss (kW): Output - protected

Total input filte r capacitor bank power loss estimated from the fo llow ing equation:

PF = PCP*NCP*10'3

where:

PF =  Power loss estimate of the input filte r capacitor bank in kW.

Pcp =  Estimated power loss per capacitor w ith  bleeder resistor in W .

NCP = Total number of capacitors in the input filte r bank.

RMS Filter Current (A): Output - protected

Total input filte r capacitor bank ripple current estimated from  the fo llow ing 

equation:

where:

MVA+PSW*N*10"3
-FRMS . * 1 0 3

V ,N P *
/ 2* Du

V it

lFRMS = Total estimated input filte r capacitor bank rms current in A.
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MVA

P sw 
N
VINP
Du

Desired inverter output power in MVA.

Loss estimate of individual sw itch in kW from  sheet 2. 
Number of sw itches from sheet 1.

DC input voltage in kV.

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 

fo llow ing equation:

PCP

'  «

T  1-l fr m s
2

*ESR+
V ^ I O 3

N Cpp
.  .

N Cps
.  .

where:

Pep

Ifrms

NCPP

ESR

VINP
N Cps

R b

Estimated power loss per capacitor w ith  bleeder resistor in W. 

Total estimated input filte r capacitor bank rms current in A. 

Number of parallel capacitor strings in the input filte r bank. 

Capacitor equivalent series resistance in ohms.

DC input voltage in kV.

Number of capacitors in series in the input filte r bank.

Bleeder resistance in ohms.

Total Stored Energy (J): Output - protected

Total stored energy in the input filte r capacitor bank estimated from  the fo llow ing 

equation:

E„ = -±*
V INP

* C * N c p * 1 0 - 3
CPS

where:

Ef =  Total estimated stored energy in the input filte r bank in kJ.
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V,Np =  DC input voltage in kV.

NCPS = Number of capacitors in series in the input filte r bank.
C = Capacitance of individual capacitor in uF.

NCP = Total number of capacitors in the input filte r bank.

Parallel Caps Req: Output - protected

Number of parallel strings, Ncpp , of capacitors required to  meet the current 

requirements estimated from  the fo llow ing equation:

_______ ^FRMS_______

^  RIPPLE *  ̂  CURRENT

=  Ratio of input filte r rms current to  the rms current rating of a 
single capacitor.

=  Total estimated input filte r capacitor bank rms current in A.

=  Maximum capacitor rms ripple current in A.

=  Capacitor ripple current derating factor.

If Acpp is exactly an integer, then the spreadsheet loads ACPP into the cell. 

O therwise, the spreadsheet loads the integer of A cpp +1 into the cell.

Series Capacitors Req: Output - protected

Number of capacitors in series, NCPS , required to  meet the desired input voltage 

requirements estimated from  the fo llow ing equation:

Let:

where:

A cpp

' frms

' ripple

DCURRENT

Let:
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where:

V.INP
CPS vCP *dvoltage

A CPS

V

V 

D

INP

CP

VOLTAGE

Ratio of the desired input voltage to  the voltage rating of a 

single capacitor.

DC input voltage in kV.

Capacitor voltage rating in kV.

Capacitor voltage derating factor.

a cps 's exactly an integer, then the spreadsheet loads A CPS into the cell. 

O therw ise, the spreadsheet loads the integer of A CPS +1 into the cell.

Total Caps Req: Output - protected

The to ta l number of capacitors required for the input filte r bank estimated from  the 

fo llow ing equation:

^ c p  ~  N c pp* N Cps

where:

N Cp

N Cpp

N Cps

Total number of capacitors in the input filte r bank.

Number of parallel capacitor strings in the input filte r bank. 

Number of capacitors in series in the input filte r bank.
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3.2  INPUT POWER CONDITIONING ANALYSIS

3.2.1 Spreadsheet Description

A spreadsheet has been develeped which estimates the mass, size, volume, cost and 

e ffic iency of a one or three phase input power conditioning converter fo r a given input voltage 

and output power. The electrical, physical and cost parameters o f the semiconductor 

sw itch ing device, support electronics and heat removal system are included in the estimate.

The input converter consists of either four or six sw itches, an input transform er and
o

controls. Each sw itch  consists of a driver and a series parallel array o f sw itch  modules. The 

sw itch  modules consist of the basic sw itch ing element and gate drive. Unipolar PWM (pulse 

w id th  modulation) is assumed in ail cases.

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

upon the input voltage, output power, sw itch  element electrical characteristics and thermal 

requirements. The power dissipation of all of the major heat generating components is 

calculated for the estimated sw itch  series-parallel configuration. The mass, volume and cost 

of the entire sw itch  including busw ork and frame is estimated for the number of sw itch 

modules required.

The number of capacitors required for the output filte r capacitor bank is estimated 

based upon the output voltage, output power and sw itch  power loss. The sw itch  and 

capacitor filte r bank mass, volume, cost and loss are summed w ith  allowances fo r the overall 

buswork and frame estimates to  arrive a t the converter estimates. The to ta l converter losses 

are used to  size a refrigerated heat removal system. Its parameters are combined w ith  those 

of the converter to  estimate the to ta l mass, volume, cost and e ffic iency of the system.

Tw o sets of spreadsheets are provided in Appendix H for each type of sw itch ing device 

considered. The structure of the spreadsheets and the basis fo r the input parameters 

assumed are discussed in Section 3 .2 .2 . The completed spreadsheet for GTO, IGBT, and BJT 

sw itch ing devices in a single phase input converter are shown in Figures H-7, H-8, and H-9 

in Appendix H. Figures H-10, H-11, and H-12 show spreadsheets for three phase input 

power converters w ith  GTO, IGBT and BJT sw itch ing devices, respectively.

i
\
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3.2 .2  Detailed Description of Spreadsheet for Power Conditioning

The spreadsheet consists of four sheets arranged as fo llows. The title  of the sheet is 

shown in the upper le ft hand corner. The top half of each sheet consists of a series of blocks 
w hich 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 firs t page are copied to  the remaining four sheets 

for convenience. The firs t three sheets have the same cell equations as described in Section 

3 .1 .2 . The last sheet estimates the size of the input transform er based on standard 

equations.

3.2.2.1 Transform er Sizing

This sheet estim ates the size of the transformer. The transform er mass, volume, cost 

and loss were scaled as a function of MVA from catalog parameters of a given transform er. 

Standard transform er scaling equations found in chapter 10 of Fink, Donald G., and Beaty, H. 

Wayne (eds.) Standard Handbook for Electrical Engineers. 1 1th edition, McGraw Hill, 1978, 

were used.

Basis Transformer Parameters

This block contains parameters for the catalogue transform er used as a basis for 

scaling.

MVA Rating 50%  Duty Cycl: Input-unprotected 

MVA rating o f transformer

Mass (kg): Input-unprotected 

Mass o f transform er

Volume (nrT3): Input - unprotected 

Volume of transform er
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Frequency (Hz): Input - unprotected 

Frequency of transformer

Full Load Power Loss (kW): Input - unprotected 
Power loss of transformer a t fu ll load

Estimated Cost: Input - unprotected 

Cost of transformer

Transformer Power Factor

Rectification Power Factor (PF): Input - unprotected

Ratio of output power from  rectifie r to  transform er M VA rating

Input Parameters

This block contains the desired transform er 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 Results

This block contains the transform er parameter estimates calculated by the spreadsheet.

Total Est Mass (kg): Output - protected

Total transformer mass estim ated from  the fo llow ing equation:
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where:

mtr - mtrb* mvatr 3/4

MV A.TRB

^ trb

M VA

M VA
TR

TRB

Total transformer mass estimate in kg. 

Mass of transformer used as a basis. 
Transformer MVA rating.

M VA rating of transformer used as a basis.

Total Est Volume (m '3 ): Output - protected

Total transform er volume estimated from the fo llow ing equation:

^ t r  =  ^TRB
MVA. 3/4

TR

^ ^ T R B

where:

VTR =  Total transformer volume in m3

VTRB = Volume of transformer used as a basis in m3

Total Est Cost: O utput - protected

Total transform er cost estimated from the fo llow ing equation:

$ t r  =  $ TRB
MVA.TR

M V A tr b

3/4

where

$TR = Total transform er material cost estimate.

$trb -  Cost of transformer used as a basis.

Total Est Loss (kW):. Output - protected

Total power loss in the transformer estimated from the fo llow ing equation:
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PTR = Total transform er loss estimate in kW.
PTRB =  Power loss' in the transform er used as a basis in kW.

Transformer MVA Rating: O utput - protected

Transformer MVA rating calculated from the fo llow ing equation

where

3.3  BRAKING CHOPPER ANALYSIS

3.3.1 Spreadsheet Description

A spreadsheet has been developed which estimates the mass, size, volume, cost and 

e ffic iency of a braking chopper for a given input voltage, braking power, and frequency. The 

electrical, physical and cost parameters of the sem iconductor sw itch ing device, support 

electronics and heat exchanger are included in the estimate. The estim ate 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 sw itch  consisting of a series parallel array of sw itch  modules 

and controls.

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

MVAtr = MW/PF

where:

MVAth

MW

PF

Transformer M VA rating 

Required output power 

Rectification power factor
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upon the input voltage, braking power, sw itch ing frequency, sw itch  element electrical 

characteristics and thermal requirements. The power dissipation of all of the major heat 
generating components is calculated based upon the estimated sw itch series-parallel 

configuration. The mass, volume and cost of the entire sw itch  is estimated based upon the 
number of sw itch  modules required along w ith  buswork and frame estimates.

The to ta l braking chopper losses are used to  size a liquid cooling system including 

refrigeration w h ich is combined w ith  the braking chopper estim ates to  generate the tota l 

estimated mass, volume, cost and efficiency of the system.

Tw o sets of spreadsheets are provided in Appendix H. The firs t 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 Brakino Chopper Spreadsheet

The spreadsheet consists of three sheets arranged as fo llow s. 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 w hich contain the parameters of the various braking chopper 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, 

braking power in MW  and sw itching frequency. The calculated results are the estimates 

generated by the spreadsheet. The input results from the firs t page are copied to  the 

remaining three sheets for convenience. The four sheets are described as fo llow s:

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 tota l estimated mass, volume, cost and effic iency including the 

cooling system are displayed in the calculated results columns. The detailed description of 

each block is as fo llow s:
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Heat Exchanger Parameters

This block contains the basis for cost, prime power, mass and volume estim ates for 

the heat exchanger.

Fixed Cost: Input - unprotected

Y intercept of the heat exchanger cost vs. power graph based upon m anufacturer's 

data.

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

Slope of the heat exchanger cost vs. power graph based on m anufacturer'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): Input - unprotected

Slope of the cooling system mass vs. power loss graph based upon m anufacturer's 

data.

Fixed Volume (m “ 3): Input - unprotected

Y in tercept of the cooling system volume vs. power loss graph.

Volum e/kW  Loss: Input - unprotected

Slope of the cooling system volume vs. power loss graph based upon 

m anufacturer'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 sw itches, capacitor filte r bank and 

controller.

% Increase 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 w hich provides 

the basis to  extrapolate the tota l braking chopper cost based upon the material cost.

Material: Input - unprotected

Material cost as percentage of the tota l 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 (Msw +Mc)* ( l +Kmbw) +b MHEx +(mMHEX* ?)
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where:

MASS

Msw
Mc

M̂BW

^mhex

m M H E X

P

Total braking chopper mass estimate in kg.
Mass estimate of individual switch in kg from sheet 2.
Mass estimate of controller in kg.
% increase in total mass due to the braking chopper buswork & 
frame.
Cooling system fixed mass estimate in kg.
Cooling system mass per kW braking chopper loss estimate in 
kg/kW.
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 = (Vsw+Vc)*(l +KVBW)+bVHEX+(mVHEX*P)

where:

VOLUME

Vsw
Vc
KVbw

kvHEX
m V H E X

P

= Total braking chopper volume estimate in m3.
= Volume estimate of individual switch in m3 from sheet 2.
= Volume estimate of controller in m3.
= % increase in total volume due to the braking chopper 

buswork & frame.
= Cooling system fixed volume estimate in m3.
= Cooling system volume per kW braking chopper loss estimate 

in m3/kW.
= 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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where:

C O S T  =  (^ S W  +  $ c ) * ( 1 + K $ B w ) + b $H E X 'l‘ (n i $ H E X * P )

K$MAT

COST = Total cost of braking chopper plus cooling system cost.
$sw = Cost estimate of individual switch from sheet 2.
$F =  Cost estimate of capacitor filter bank from sheet 4.
$c = Controller fixed cost.
K$BW = % increase in total cost due to braking chopper buswork and

frame.
b$HEx = Cooling system fixed cost estimate.
m$hex = 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): Output - protected
Total braking chopper loss estimated from the following equation:

p  ~  p s w

where:

P = Total estimated braking chopper loss in kW.
Psw = 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 * ^

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

chopper power loss in kVA/kW loss.

Braking chopper Efficiency: Output - protected
Braking chopper efficiency based on the following equation:

ÎNV
MW

MW+P M W

where:

/7,nv = Estimated efficiency of braking chopper including cooling system in
%.

MW = Desired braking chopper output power in MW.
Pmw = 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:

Vtot ~
______ MW

+Pmw +MWhex

where:

/7tot = Estimated efficiency of braking chopper including cooling system 
in %.

MW = Desired braking chopper output power in MW.
Pmw = Estimated braking chopper loss in MW.
MWhex = Estimated cooling system prime power requirements in MW.

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*T OFF

where:

Du = Maximum duty cycle.
F = Switching frequency in Hz.
t 0ff = 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:

MWmax = V ^ D u ^ N p ^ Ip ^ A x^ O -3

= Maximum estimated MW capacity.
= DC input voltage in kV.
= Maximum estimated duty cycle.
= Number of switch modules in parallel from sheet 2.
= 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:

where:

M W ^
VINP
Du
NP

IpKMAX
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GTO Parameters

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 Itgq (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

3-47



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 (mA3): Input - unprotected
Y intercept for the switch module volume vs. snubber power loss.

Vol per Snub Loss (mA3/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 the desired braking chopper parameters copied from sheet 1.

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

Braking Power (MW): Input - protected 
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:

M,sw Nsm* (bMSM +mMSM* ̂ SNUB)]*(1+K,sbwm;

where:
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Msw = Total switch mass estimate in kg.
Nsm = Number of switch modules.
t>MSM = Switch module fixed mass estimate in (kg/kW).
mMSM = Switch module mass per dv/dt and di/dt snubber loss estimate in

(kg/kW).
psnub = Estimated dv/dt and di/dt snubber power loss in kW from sheet 3.
Ksbwm = % 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:

Vs w NSM*(bVSM +niVSM* PSNUB)]*<1 +Ksbwv)

where:

^sw
ŜM

bvSM
mVSM

PSNUB
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 estimate based on the following equation:

''SW -  [n Sm*(>=?SM +m$SM*PSNUB ) +b$D +m$D*NSMj*(l +K$sbw)

where:

$sw = Total switch material cost estimate.
Nsm = Number of switch modules.

~ Y intercept of the graph of switch module cost vs. snubber power 
loss.

3-50



m$SM = Slope of the graph of switch module cost vs. dv/dt and di/dt snubber 
loss in ($/kW).

Psnub = Estimated dv/dt and di/dt snubber power loss in kW from sheet 3.
b$D = Y intercept of the graph of driver cost vs. number of switch

modules.
m$D = Slope of the graph of driver cost vs. number of switch modules.
K$SBW = % 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 “ Nsm*Psm

where:

Psw = Total switch loss estimate in kW.
Nsm = Number of switch modules.

Maximum Peak Current (A): Output - protected
Maximum peak GTO current based upon the following equation:

-PKMAX

where:

c Esw*P~Pdiss

r  DYNAMIC* DU

b T̂HRESHOLD +e sw *  P 
r  DYNAMIC*^
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and:

I PKM AX

T̂HRESHOLD

®SW
F

•dynamic

E s w

D̂ISS
Du

=  M axim um  estim ated peak GTO current in amps.

=  GTO threshold voltage in volts.

=  Increm ental sw itching energy loss per amp in J /A . 

=  Switching frequency in Hz.

=  GTO dynam ic resistance in ohms.

=  GTO fixed sw itching energy loss in J.

=  GTO m axim um  pow er dissipation in W .

=  M axim um  estim ated duty cycle.

NOTES:

1 . In the event that the calculated m axim um  peak GTO current exceeds the 

specified maximum Itgq, the m axim um  Itgq value is loaded into the cell.

2. In the event that the calculated m axim um  peak GTO current is negative, the  

m essage "freq too high" is loaded into the cell.

M ax Current/Parallel (Arms): O utput - protected

Calculates the m axim um  rms current per parallel set of sw itch  m odules based on 

the following equation:

T = T *± RMSMAX ± PKMAX y/Du"

where:

•rmsmax =  M axim um  estim ated current per parallel set of sw itch modules in 

rms amperes.

Ipkmax =  M axim um  estim ated peak GTO current in am peres.

Du =  M axim um  estim ated duty cycle.

Parallel M odules Req: Output - protected

Estimates the number of sw itch modules in parallel for a given braking power in 

M W  rating based upon the following schem e:
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Let:

Ap
______ MW______
Vinp *1 RMSMAX

where:

Ap

MW

V|NP
Du

I RMSMAX

Ratio of the desired braking power in MW to the MW capacity 
of a single switch module operating at maximum rated current. 
Desired braking chopper output power in MW.
DC input voltage in volts.
Maximum estimated duty cycle.
Maximum estimated phase current per parallel set of switch modules 
in rms amperes.

If AP is exactly an integer, then the spreadsheet loads AP into the cell. 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:

A =—  s V
VINP

DMAX/  2 . 5

where:

V|NP
VqmaX
2.5

Ratio of the desired input voltage to the voltage capacity of a 
single switch module.
DC input voltage in kV.
Maximum GTO voltage rating in kV.
Device voltage derating factor.
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If As is exactly an integer, then the spreadsheet loads As into the cell. Otherwise, 
the spreadsheet loads the integer of As+ 1 into the cell.

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

3.3.2.3 Switch Loss Estimation

This sheet calculates the losses of all of the switch module components under actual 
operating conditions. One Toshiba 800GXHH21 anti-parallel diode per switch module is 
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.

di/dt Snubber Inductor (uH): Input - unprotected 

Inductance value of the di/dt snubber inductor.

Anti-Parallel Diode Parameters

This block contains the electrical characteristics of the anti-parallel diode.

Diode VT (V): Input - unprotected

NSM = Np*Ns

where:

= Number of switch modules per switch. 
= Number of switch modules in parallel. 
= Number of switch modules in series.
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Y intercept of the graph of diode conduction voltage drop versus forward current. 

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 braking chopper parameters copied from sheet 1.

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

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

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

Calculated Results

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

^ S M  ^SD + ^ A D  + ^dvdl+ ^>didt + ^COND

where:

PSM = Total estimated switch module power loss in kW.
PSd = Total estimated module GTO power loss in kW.
pad = Total module anti-parallel diode estimated power loss in kW.
Pdvdt = Total dv/dt snubber power loss in kW.
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Module Peak Current (A): Output - protected
Switch module peak forward current for the given number amount of parallel 
modules and the desired braking power in MW estimated from the following 
equation:

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

Pcond = Total module conduction loss in kW.

LPK
MW

n p* v inp* Du
* 1 0 3

where:

Ipk = Estimated switch module peak forward current in A.
MW = Desired braking chopper output power in MW.
NP = Number of switch modules in parallel.
V,NP = DC input voltage in kV.
Du = Maximum estimated duty cycle.

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

SCOND - ( r D Y N A M IC *^ PK ^ T H R E S H O L D * Ipk)*Du *10"3

where:

PsCOND
D̂YNAMIC

IpK

T̂HRESHOLD
Du

= Estimated switch module forward conduction power loss in kW. 
= GTO dynamic resistance in ohms.
= Estimated switch module peak forward current in A.
= GTO threshold voltage in volts.
= Maximum estimated duty cycle.

Module Switch Loss (kW): Output - protected

Estimated switch module switching power loss based on the following equation:
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ŜWITCHING -  (e*IpK + E)*F*10 3

where:

P SWITCHING
e

Du
E
F

Estimated switch module switching power loss in kW. 
Incremental switching loss per amp per GTO in J/A. 
Estimated switch module peak forward current in A. 
Maximum estimated duty cycle.
Fixed switching loss per GTO in J.
Switching frequency in Hz.

Total Module Loss (kW): Output - protected
Sum of switch module GTO conduction and switching power loss based on the 
following equation:

SD P s c o n d + P s w i t c h i n g

where:

PSD = Total estimated GTO power loss in the module in kW.
Pscond = Estimated switch module forward conduction power loss in kW.
Pswitching = Estimated switch module switching power loss in kW.

Anti-Parallel Loss (l<W): Output - protected
Total switch module anti-parallel diode power loss estimated from the following 
equation:

AD - t r  ADDYNAMIC* ^ PK + ^ADTHRESHOLD *  ^ P k ) * ^ U *

where:

Pad

rADDYNAMIC
•PK

VaDTHRESHOLD

Total module anti-parallel diode estimated power loss in kW. 
Anti-parallel diode dynamic resistance in ohms.
Estimated switch module peak forward current in A. 
Anti-parallel diode threshold voltage in volts.
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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:

P d v d t
^D M A X

2

-»2

* F *  1 0 * 3

where:

Pdvdt = Total dv/dt snubber power loss in kW.
C = Total estimated snubber capacitance in microfarads.
VDMAX = Maximum GTO voltage rating in kV.
F = Switching frequency in Hz.

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

Pdid, = | * L * ( I PK+ I rr )2* F * 1 0 - 9

where:

Pdidt

L

F

= Total di/dt snubber power loss in kW.
= Total estimated snubber inductance in microhenries. 
= Estimated switch module peak forward current in A. 
= Anti-parallel diode reverse recovery current in A.
= 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:
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PCOND = IpK^DU^Vdrop*10'3

where:

Total module conduction loss in kW.
Estimated switch module peak forward current in A.
Maximum estimated duty cycle.
Total switch module conductor voltage drop required for sharing 
in V.

3.4 SUPERCONDUCTING COIL CONVERTER ANALYSIS

3.4.1 Spreadsheet Description

A spreadsheet has been developed which estimates the mass, size, volume, cost and 
efficiency of a superconducting coil converter for a given input voltage, charging 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 spreadsheet is based on the converter configuration shown in Figure 2-25. The 
spreadsheet estimates the number of switch modules in series and in parallel based upon the 
input voltage, charging 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, including buswork and frame, is estimated based 
upon the number of switch modules required.

The total converter losses are used to size a cooling system which is combined with 
the converter estimates to estimate the total mass, volume, cost and efficiency of the system.

The spreadsheet cell equations are the same as those in the braking chopper 
description. Ten APT200G1OOBFN IGBT chips per switch module are assumed. The detailed 
spreadsheets are provided in Appendix H in Figures H-14.1 to 14.3.

CONO

'PK

Du
V,drop
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4 .  C O M P U T E R  M O D E L L I N G

C o m p u t e r  m o d e l s  w e r e  d e v e l o p e d  b a s e d  o n  t h r e e  d e v i c e  t y p e s ;  t h e  

b i p o l a r  j u n c t i o n  t r a n s i s t o r  ( B J T ) ,  t h e  g a t e  t u r n - o f f  t h y r i s t o r  ( G T O ) ,  a n d  t h e  

i n s u l a t e d  g a t e  b i p o l a r  t r a n s i s t o r  ( I G B T ) .  T h e s e  m o d e l s  w e r e  t h e n  

i n c o r p o r a t e d  i n t o  c i r c u i t r y  t o  v e r i f y  o p e r a t i o n  a n d  t h e n  f i n a l l y  i n t o  a n  

i n v e r t e r  c o n f i g u r a t i o n .

T h e  d e v i c e s  c h o s e n  f o r  m o d e l l i n g  w e r e  t h e  m a x i m u m  v o l t - a m p  

p r o d u c t  d e v i c e s  p r e s e n t l y  a v a i l a b l e .  T h e i r  d a t a  s h e e t s  a r e  p r e s e n t e d  i n  

A p p e n d i x  C .  T h e  d e v i c e s  c h o s e n  f o r  d e t a i l e d  c o m p u t e r  m o d e l l i n g  w e r e  

t h e  M a r c o n i  D T 6 0 0  B J T ,  t h e  A d v a n c e d  P o w e r  T e c h n o l o g y  

A P T 2 0 0 G 1 O O B F N  I G B T  a n d  t h e  T o s h i b a  S G 3 0 0 0 J X 2 4  G T O  t h y r i s t o r .  A  

c o m p u t e r  d e v i c e  m o d e l  o f  t h e  A s e a  B r o w n  B o v e r i  C S 2 1 0 4  s i l i c o n  

c o n t r o l l e d  r e c t i f i e r  ( S C R )  i s  a l s o  p r o v i d e d  a l t h o u g h  n o  h i g h e r  l e v e l  

s i m u l a t i o n s  w e r e  p e r f o r m e d  f o r  t h i s  d e v i c e .

T h e  n e x t  l e v e l  o f  s i m u l a t i o n  p l a c e d  t h e  m o d e l l e d  d e v i c e  i n t o  a  c i r c u i t  

t o  p r o v i d e  v e r i f i c a t i o n  o f  t h e  d e v i c e  c h a r a c t e r i s t i c s .  F i n a l l y ,  e a c h  s w i t c h  

t y p e  w a s  m o d e l l e d  i n t o  a n  i n v e r t e r  a p p l i c a t i o n  a l o n g  w i t h  t h e  s n u b b i n g  

c i r c u i t r y  a n d  m a t c h i n g  c i r c u i t r y  t h a t  w o u l d  b e  r e q u i r e d .  T h e  i n p u t  v o l t a g e  

a n d  c u r r e n t s  o f  t h e  i n v e r t e r s  w e r e  s e t  a c c o r d i n g  t o  t h e  d e v i c e  

s p e c i f i c a t i o n s .

N o n e  o f  t h e  d e v i c e s  a r e  s i n g u l a r l y  c a p a b l e  o f  m e e t i n g  t h e  v o l t a g e  

a n d  c u r r e n t  r e q u i r e m e n t s  a t  M W  o u t p u t  p o w e r  l e v e l s .  L a r g e r  s e r i e s -  

p a r a l l e l  d e v i c e  a r r a y s  a r e  u s e d  t o  b u i l d  t h e  f i n a l  i n v e r t e r .  T h e  a p p r o a c h  f o r  

c i r c u i t  m o d e l l i n g  o f  l a r g e  d e v i c e  a r r a y s  a n a l y z e s  t h e  d e v i c e  a r r a y  a s  a  

s i n g l e  d e v i c e  o n l y  w i t h  t h e  c h a r a c t e r i s t i c s  o f  t h e  f u l l  s w i t c h  a r r a y .  T h e  

d e v i c e  w h i c h  r e p r e s e n t s  t h e  w h o l e  a r r a y  i s  t h e n  a p p r o p r i a t e l y  s c a l e d  a s  

d e t e r m i n e d  b y  t h e  p e r f o r m a n c e  c h a r a c t e r i s t i c s  o f  t h e  s i n g l e  d e v i c e .

E x t e r n a l  c o m p o n e n t s  a r e  u s e d  t o  p r o t e c t  t h e  i n d i v i d u a l  

s e m i c o n d u c t o r  d e v i c e s .  T h e  v a l u e s  o f  t h e s e  e x t e r n a l  c o m p o n e n t s  t a k e  

i n t o  a c c o u n t  t h e  m i s m a t c h  i n  p a r a m e t e r s  s u c h  a s  s t o r a g e  t i m e  a n d  

s a t u r a t i o n  v o l t a g e  t h a t  m u s t  b e  a c c o u n t e d  f o r  w h e n  d e v i c e s  a r e  p l a c e d  

i n  s e r i e s  o r  i n  p a r a l l e l .  T h i s  i s  f u r t h e r  e x p l a i n e d  w i t h  e a c h  t o p o l o g y  

d e s c r i p t i o n .
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I n  d e v e l o p i n g  t h e  c i r c u i t s ,  a  s a f e t y  f a c t o r  o f  2 . 5  f o r  v o l t a g e  ( e . g . ,  

d e v i c e  r a t e d  V CE ■+■ a c t u a l  v o l t a g e  i n  a p p l i c a t i o n )  w a s  u s e d .  D e v i c e  

j u n c t i o n  t e m p e r a t u r e s  w e r e  m a i n t a i n e d  a t  l e a s t  2 5  0  C  b e l o w  t h e  m a x i m u m  

r a t e d  o p e r a t i n g  t e m p e r a t u r e s .

T h e  o u t p u t  l i s t  f i l e s  f o r  t h e  s i m u l a t i o n  o f  t h e  i n v e r t e r  c i r c u i t s  a r e  

i n c l u d e d  a s  A p p e n d i x  D .  T h e s e  o u t p u t  f i l e s  i n c l u d e  t h e  c o d e s  f o r  a l l  

s u b c i r c u i t s  o r  m o d e l s  t h a t  w e r e  d e v e l o p e d .
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4 . 1  B I P O L A R  J U N C T I O N  T R A N S I S T O R  C O M P U T E R  M O D E L S

4 . 1 . 1  P S p i c e  S e m i c o n d u c t o r  M o d e l

T h e  B J T  m o d e l  o f  t h e  D T 6 0 0  M a r c o n i  t r a n s i s t o r  i s  i n c l u d e d  i n  

F i g u r e  4 - 1 .

* DT600 model created using Parts version 5.1 on 03/12/92 at 16:14
*

.model DT600 NPN(Is=84.59p Xti=3 Eg=l.ll Vaf=100 Bf=466.9 
+ Ise=84.59p Ne=1.192 Ikf=165.3 Nk=.6454 Xtb=1.5 Br=1.004K
+ Isc=4.049n Nc=1.626 Ikr=60.72m Rc=0 Cjc=2p Mjc=.3333
+ Vjc=.75 Fc=.5 Cje=5p Mje=.3333 Vje=.75 Tr=10n Tf=ln Itf=l 
+ Xtf=0 Vtf=10)

F i g u r e  4 - 1 .  P S p i c e  M o d e l  o f  t h e  M a r c o n i  D T 6 0 0  B i p o l a r

J u n c t i o n  T r a n s i s t o r

4 . 1 . 2  P S p i c e  C i r c u i t  S i m u l a t i o n  w i t h  B J T  S w i t c h e s

T h e  c i r c u i t  t o p o l o g y  s i m u l a t i o n  i s  t h e  l e g  o f  a  t h r e e - p h a s e  m o t o r  

d r i v e  i n v e r t e r  s h o w n  i n  F i g u r e  4 - 2 .  B e c a u s e  o f  t h e  c o m p a r a t i v e l y  l o w  

v o l t - a m p  p r o d u c t  o f  t h e  B J T ,  a  s w i t c h  m a d e  u p  o f  b i p o l a r  t r a n s i s t o r s  w i l l  

r e q u i r e  a  s e r i e s - p a r a l l e l  a r r a n g e m e n t  o f  d e v i c e s .  F o r  e x a m p l e ,  t o  f i r s t  

o r d e r ,  w i t h  a  5  M W ,  5 0 0 0  V  i n p u t ,  t h e  r e q u i r e d  a r r a y  s i z e  o f  B J T s  i s  

2 3  x  2 .

T h e  m a n u f a c t u r e r ' s  d a t a  s h e e t  f o r  t h e  M a r c o n i  D T 6 0 0  w a s  

c o n s u l t e d  t o  d e t e r m i n e  t h e  b e s t  m e t h o d  o f  r u n n i n g  d e v i c e s  i n  s e r i e s  a n d  

p a r a l l e l .  T h e  v a r i a t i o n  i n  s t o r a g e  t i m e  b e t w e e n  d e v i c e s  a f f e c t  t h e  a b i l i t y  

o f  p a r a l l e l  B J T  d e v i c e s  t o  s h a r e  u n d e r  t r a n s i e n t  c o n d i t i o n s .  E x p e r i e n c e  

h a s  s h o w n  t h a t  h a v i n g  d e v i c e s  s e l e c t e d  w i t h  s i m i l a r  c h a r a c t e r i s t i c s  i s  n o t  

p r a c t i c a l  f o r  l a r g e  s c a l e  a p p l i c a t i o n s .  A n  a n t i s a t u r a t i o n  c l a m p  ( B a k e r  

c l a m p )  w a s  u s e d  t o  r e d u c e  t h e  c o l l e c t o r  s t o r a g e  t i m e .
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< <
F i g u r e  4 - 2 .  T h r e e  p h a s e  m o t o r  d r i v e  i n v e r t e r  u s i n g  B J T s .

t h e  b a s e  d r i v e  c i r c u i t  i s  i n c l u d e d .  T h e  B a k e r  c l a m p  t h u s  m i n i m i z e s  t u r n ­

o f f  t i m e  v a r i a t i o n s  b e t w e e n  d e v i c e s .  T h e  c i r c u i t  s h o w n  i n  F i g u r e  4 - 3  i s  

o n e  c e l l  c o n t a i n i n g  t w o  p a r a l l e l  d e v i c e s .

T h e  n e x t  s t e p  w a s  t o  p l a c e  t h e  p a r a l l e l  d e v i c e  c i r c u i t s  i n  s e r i e s  t o  

m e e t  t h e  i n p u t  v o l t a g e  r e q u i r e m e n t s .  F o r  d e v i c e s  i n  s e r i e s ,  t h e  t u r n - o f f  

t i m e  m u s t  b e  c o n t r o l l e d  o r  e l s e  t h e  f i r s t  d e v i c e  i n  t h e  s t r i n g  t o  t u r n  o f f  w i l l  

b l o c k  t h e  m o s t  v o l t a g e  a n d  w i l l  b e  d e s t r o y e d .  T o  e q u a l i z e  t h e  t u r n - o f f  

t i m e s ,  a  s n u b b e r  c i r c u i t  i s  a d d e d  t o  t h e  m o d e l  a n d  i s  a l s o  s h o w n  i n  

F i g u r e  4 - 3 .  A  f r e e w h e e l i n g  d i o d e  i s  a d d e d  t o  t h e  c e l l  t o  p r o v i d e  a  c u r r e n t  

p a t h  n e e d e d  i n  o p e r a t i o n  w i t h  a n  i n d u c t i v e  l o a d .

A  c o m  D u t e r  s i m u l a t i o n  o f  t h e  c i r c u i t  i n  F i g u r e  4 - 4  w a s  u s e d  t o  v e r i f y  

p r o p e r  o p e r a t i o n .  T h e  b a s e  d r i v e  v o l t a g e  s o u r c e  i n  t h i s  m o d e l  i s  a  

w a v e f o r m  t y p i c a l  f o r  b i p o l a r  t r a n s i s t o r s  w h e r e  t h e r e  i s  a  h i g h  i n i t i a l  p u l s e  

w h i c h  r e a c h e s  s o m e  n o m i n a l  d r i v e  l e v e l  o n c e  t h e  d e v i c e  i s  o n  a n d  t h e n  

a  h i g h  r e v e r s e  p u l s e  a n d  a  n o m i n a l  n e g a t i v e  d r i v e  w h e n  t u r n i n g  o f f  t h e  

d e v i c e .  F i g u r e  4 - 5  s h o w s  t h e  s u m  o f  t h e  c u r r e n t  t h r o u g h  t h e  p a r a l l e l  

t r a n s i s t o r s  i n  t h e  u p p e r  w a v e f o r m  a n d  t h e  b a s e  c u r r e n t  i n  t h e  l o w e r  

w a v e f o r m .  F i g u r e  4 - 6  s h o w s  t h e  c o l l e c t o r  c u r r e n t  i n  t h e  u p p e r  w a v e f o r m  

v e r s u s  t h e  V CE d r o p  a c r o s s  t h e  t r a n s i s t o r s  i n  t h e  l o w e r  w a v e f o r m .  T h e  

l a b e l e d  d a t a  p o i n t s  s h o w  a  s i m u l a t e d  v o l t a g e  d r o p  o f  1 . 5  V  w h e n  t h e r e  

i s  a  c o l l e c t o r  c u r r e n t  o f  5 4 5  A  w h i c h ,  w h e n  c o m p a r e d  t o  t h e  d a t a  s h e e t ,  

i s  a  r e a s o n a b l e  v a l u e .
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F i g u r e  4 - 3 .  A  c e l l  c o m p r i s e d  o f  t w o  D T 6 0 0  B J T s  i n  p a r a l l e l .
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F i g u r e  4 - 5 .  P a r a l l e l  B J T  c o l l e c t o r  c u r r e n t  ( t o p )  a n d  b a s e  c u r r e n t  ( b o t t o m ) .
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Oate/T im e run 0 3 /2 5 /9 2  14 06 12
8JT3188

T e m p e r a t u r e  2 7  0

Time

F i g u r e  4 - 6 .  C o l l e c t o r  c u r r e n t  w a v e f o r m  ( t o p )  a n d  c o l l e c t o r - e m i t t e r  

v o l t a g e  ( b o t t o m )  o f  B J T  c e l l .

O n c e  t h e  c e l l  w a s  w o r k i n g ,  t h e  s i m u l a t i o n  w a s  e x p a n d e d  u n t i l  e a c h  

p o w e r  s w i t c h  c o n s i s t e d  o f  2 3  c e l l s  i n  s e r i e s .  T h e  s u b c i r c u i t  B J T S W 1  

c o n t a i n s  t h e  2 3  c e l l s .  T w o  o f  t h e s e  2 3  x  2  p o w e r  s w i t c h e s  w e r e  t h e n  

i n s e r t e d  i n t o  a  h a l f - b r i d g e  a r r a n g e m e n t  a n d  l o a d e d  b y  a n  a r b i t r a r y  

i n d u c t i o n  m o t o r  l o a d .  F i g u r e  4 - 7  i s  t h e  h a l f - b r i d g e  s c h e m a t i c  a s  m o d e l l e d  

a n d  F i g u r e  4 - 8  s h o w s  s o m e  o f  t h e  p e r t i n e n t  w a v e f o r m s  o f  t h e  c i r c u i t .
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F i g u r e  4 - 7 .  C o m p u t e r  m o d e l  o f  B J T  i n v e r t e r  l e g  w i t h  a  m o t o r  l o a d .

BJT HfiLF-BRIDGE
Date/Time run: 04/02/92 17:05 06
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F i g u r e  4 - 8 .  P W M  v o l t a g e  ( t o p )  a n d  c u r r e n t  ( b o t t o m )  i n  t h e  B J T  h a l f -  

b r i d g e .
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4 . 1 . 3 P S p ice  In v e rte r  S im u la tio n  w ith  B JT  S w itc h e s

T h e  th re e  p h as e  in v e rte r s im u la tio n  using B JT  s w itc h e s  is p ic tu re d  
in F igure  4 - 9 .  T h e  d e ra te d  in p u t v o lta g e  fo r  th is  s ing le  d e v ic e  s im u la tio n  
using  th e  M a rc o n i D T 6 0 0  is th e  ra ted  in p u t v o lta g e  ( 5 0 0  V ) x  0 . 4  or 
2 0 0  V . From  th e  m a n u fa c tu re r 's  d a ta  s h e e t, th e  p e a k  c u rre n t ra tin g  o f  
ea ch  d e v ic e  is 1 0 0 0  A  and th e  co n tin u o u s  c u rre n t ra tin g  is 7 5 0  A .

T h e  s w itc h in g  fre q u e n c y  o f th is  s im u la tio n  is 2 .5  k H z , and th e  P W M  
co n tro l is s e t fo r  an o u tp u t ac  fre q u e n c y  o f 6 0  H z . T h e  p u lse  w id th  
m o d u la tio n  m e th o d  in th is  c o m p u te r m ode l w a s  ch o sen  fo r  its  co d in g  
s im p lic ity  a lth o u g h  it is reco g n ized  th a t  o th e r  m e th o d s  m a y  h a v e  m o re  
o p tim a l resu lts  in a M a g le v  s y s te m . T h e  P W M  d rive  s ig n a ls  are  
d e te rm in e d  b y  c o m p a ris o n  o f a tr ia n g le  w a v e  w ith  a 6 0  H z s in e  w a v e  and  
th e n  each  p h ase  is s ta g g e re d  by 1 2 0 ° .

T h e  lin e -to -lin e  v o lta g e  and load cu rren t w a v e fo rm s  are  s h o w n  in 
Figure  4 - 1 0 .  F igure  4 -1 1  s h o w s  th e  s w itc h  c u rre n t and s w itc h  p o w e r  
w a v e fo rm s  o f an u p p e r B JT  s w itc h . T h e  w a v e fo rm s  o f F igure  4 - 1 2  ta k e  
a c lo ser lo o k  w ith in  a s w itc h  cell to  d e te rm in e  th e  p e a k  c o lle c to r-e m itte r  
v o lta g e  and  s n u b b e r c a p a c ito r v o lta g e  and c u rre n t.

4 - 9



4 - 1 0



•  V( 1 4 9 ,1 5 0 )

Figure 4 - 1 0 .  L ine -lin e  v o lta g e s  and load cu rren ts  o f B JT  in v e rte r.

I - i t e /  I i « e  ru o :  0 6 / 0 8 /9 2  17 13 29
8JT  3 -PHASE INVERTER

T e o p e r a t u r *  27  0

l  2KH

-0 1KH 
3 OKU •

•  A V G (f (V t)* V (2 ,3 ) )

•Q 1KU llin

INSTANTANEOUS SWITCH POWER

fl ]i
t  OK A-

- 0  SKA

V C 2 .3 1 » l(V I )

i Ans ANO AVERAGE SWITCH CURRENT (12 093â424 054)

ii•
--------- -- ■ —

(32 093m,230 364)
» A n S (K V t) )  .  A V G d (V l) )

- 0  1KA <■”  
■

l  OK A-

Mitt i
l c  -  UPPER SUITCH

111 Ji[M i llil
t ( V t )

F ig u re  4 - 1 1 .  B JT  s w itc h  c u rren ts  and p o w e r.
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D a t e / T i m e  r u n  0 6 / 0 9 / 9 2  I S : 2 0  18
BJT 3-PHASE INVERTER

T e m p e r a tu r e  2 7  0

SNUBBER CAPACITOR CURRENT

■ I CCS)

« V ( 4 3 , 4 4 )

Figure  4 - 1 2 .  D e ta ile d  s w itc h  w a v e fo rm s  in B JT  ce ll.
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4 .2  G A T E  T U R N -O F F  T H Y R IS T O R  (G T O ) C O M P U T E R  M O D E L S

4 .2 .1  P S p ice  S e m ic o n d u c to r M ode l

T h e  c o m p u te r  m odel o f th e  G T O  is g iven  in F igure 4 - 1 3  a long w ith  
a s c h e m a tic  o f th e  d e ta iled  m odel. T h is  p a rticu la r m odel is based  on th e  
J 3  S C R  m o d e l d e v e lo p ed  by A v a n t and Lee \  w ith  th e  a p p ro p ria te  
ch an g es  to  th e  g a in  o f th e  d ev ice  to  a llo w  g a tin g  c o n tro l.

. S U B C X T  G T O l  A G O  
*  2 / 2 1 / 9 2
• R E V I S E D  J 3  T H Y R IS T O R  M O D E L  O P  T H E
• T O S H I B A  S 6 3 0 0 0 J X 2 4 ,  I T G Q - 3 0 0 0 A ,  I T E M S - 1 2 0 0 A  A N D  V D R M - 6 0 0 0 V
.M O D E L  D A  D ( I S —1 . 1 9 E - l l , G J O —1 E - 6 , M —0 . 3 3  , T T —8 E - 6  , B V —1 6 )
• M O D E L  D C  D ( I S » 1 E - 5 , C J O - 1 E - 6 , M - 0 . 3 3 , T T - 8 E - 6 , B V - 6 0 0 0 )
• M O D E L  D K  D ( I S - 1 . I E - 4 , C J O - O . 5 E - 6 , M - 0 . 3 3 , T T - 0 . I E - 6 , B V - 1 8 , I B V - 1 E - 3 )
.M O D E L  D A I  D ( I S - 1 . 1 9 E - 1 1 )
.M O D E L  D K I  D ( I S - l . l E - 4 )

R 1  A  3  1 . 1 5 E - 3  
R A  3  4  1 6 0 0  
R C  4  G  2 5 E 3  
R K  G  C  1 6 0 0  
D A  3  4  D A  
D C  G  4  D C  
D K  G  C  D K  
V K  1 3  C  0  
E A  1 2  C  3  4  1 . 0
F C  4  G  P O L Y ( 2 )  V A  V K  0 .  1 . 0  1 . 0  
D A I  1 2  6  D A I  0 . 2  
V A  6  C  0
O K I  3  1 3  D K I  0 . 9 S  
E K  8  C  G  C  1 . 0  
.E N D S

J 3  SCH nOCEL OF GTO A l \  I C 
fCKHlBA S G 3 0 0 0 Jx a4  * —  .. I — *'1.S gate
sssisaa *

Figure 4 - 1 3 .  P S p ice  m odel and s c h e m a tic  o f a G T O  th y r is to r .

Roger L. Avant and Fred C. Lee, "A Unified SCR Model for 
Continuous Topology CADA," IE E E  T ran saction s on  Industrial 
Electron ics, Vol. IE-31, No. 4, November 1984.
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4 . 2 . 2 P S p ice  C ircu it S im u la tio n  w ith  G T Q  T h y r is to r  S w itc h e s

J u s t as w a s  d o n e  w ith  th e  b ip o lar tra n s is to r  s im u la tio n , f irs t th e  
G T O  d e v ic e  m ode l w a s  p laced  in to  a s im p le  c irc u it to  v e r ify  p ro p er  
o p e ra tio n . F igure 4 - 1 4  s h o w s  th is  s im p le  c irc u it an d  th e  resu ltin g  
w a v e fo rm s .

R8 i

0 8
OFU GTO

GT032SO
O a t* /T in e  r u n  0 3 /2 5 /9 2  10 4 3  29  f o tn p e r a tu r *  27 0

20V T

Figure  4 - 1 4 .  G T O  te s t  c irc u it and  w a v e fo rm s .

T h e  in v e rte r  c ircu it to  be m o d e lle d  is s h o w n  in F igure  4 - 1 5 .  T h is  
c irc u it in c lu d es  tu rn -o n  and tu rn -o f f  sn u b b ers  fo r  each  d e v ic e . In o rd er to  
v e r ify  th e  o p era tio n  o f a s w itc h  in one  leg , th e  c irc u it s h o w n  in

4 - 1 4



Figure  4 - 1 6  is s im u la te d . T h is  c irc u it also in c lu d es  th e  pu lse  w id th  
m o d u la tio n  d riv e r m o d e ls . T h e  c irc u it s im u la tio n  w a v e fo rm s  are  s h o w n  
in F igure  4 - 1 7 .  N o tic e  th a t  th is  m odel in c lu d es  e s tim a te d  lead  
in d u c ta n c e s  in o rd er to  fu lly  c h e c k  th e  o p era tio n  o f th e  G T O  ce ll.

S H tu iis c m *

Figure  4 - 1 5 .  G T O -b a s e d , th re e  phase m o to r  d rive  in v e rte r.
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Figure  4 - 1 6 .  G T O  in v e rte r  leg  c o m p u te r  m ode l



GT0326C
T e m p e r a tu r e  2 7  0D a t e / T i m e  r u n :  0 3 / 3 0 / 9 2  1 3 : 2 1 : 2 3

Figure  4 - 1 7 .  S im u la te d  G T O  s w itc h in g  w a v e fo rm s .
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4 . 2 . 3  P S p ice  In v e rte r  S im u la tio n  w ith  G T O  T h y r is to r  S w itc h e s

T h e  th re e  p h ase  in v e rte r  m ode l us ing  G T O  s w itc h e s  is s h o w n  in  
Figure  4 - 1 8 .  T h e  d e ra te d  in p u t v o lta g e  fo r  th is  s in g le  d e v ic e  s im u la tio n  
using  th e  T o sh ib a  S G 3 0 0 0 J X 2 4  G T O  is th e  ra te d  in p u t v o lta g e  ( 6 0 0 0  V )  
x  0 . 4  or 2 4 0 0  V .  A c c o rd in g  to  th e  m a n u fa c tu re r 's  s p e c ific a tio n s , th e  
p e a k  tu rn -o f f  c u rre n t ra tin g  o f th e  d e v ic e , lTGQ, is 3 0 0 0  A  and  th e  rm s o n - 
s ta te  c u rre n t ra tin g  is 1 2 0 0  A . T h e  m e th o d  o f p u lse  w id th  m o d u la tio n  is 
th e  s a m e  as fo r  th e  in v e rte rs  p re v io u s ly  d e s c rib e d  e x c e p t th e  P W M  
s w itc h in g  fre q u e n c y  has b een  d e c rea s e d  to  1 .2 5  k H z . T h is  s w itc h in g  
fre q u e n c y  is p ro b ab ly  th e  u p p er end o f th e  u s e a b le  ran g e  b e c a u s e  a t  
h ig h er fre q u e n c ie s  th e  G T O  s w itc h in g  losses  fo r  a s in g le  d e v ic e  a re  
g re a te r  and th e  o p e ra tin g  c u rre n t m u s t be d ro p p ed  to  m a in ta in  th e  
ju n c tio n  te m p e ra tu re  w ith in  s a fe  lim its .

T h e  lin e -to -lin e  v o lta g e  an d  load c u rre n t w a v e fo rm s  are  s h o w n  in 
Figure  4 - 1 9 ,  and F igure  4 - 2 0  s h o w s  th e  v o lta g e  and  c u rre n t w a v e fo rm s  
o f an u p p er and lo w e r  G T O  s w itc h . T h e  w a v e fo rm s  o f F igure  4 -2 1  ta k e  
a c lo ser lo o k  w ith in  a s w itc h  cell to  d e te rm in e  th e  p e a k  a n o d e -c a th o d e  
v o lta g e  and  p e a k  sn u b b e r c a p a c ito r  v o lta g e  as w e ll as th e  p e a k  c u rre n ts .

4 - 1 8



u? ta*4

Figure  4 - 1 8 .  T h re e -p h a s e in ve rte r w ith  G T O  s w itc h e s .
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4 OKV —

4 OKV —-
» V ( 1 1 3 , 7 9 )

rifuifU iiiJ i n m iu
OKV

4 OKV —-
» V ( 3 5 , 1 1 3 )

- 4  O KV-
■ V ( 7 9 , 3 5 )

-  I ( L 4 3 )  •  K L 4 2 )  *  I ( L 4 6 )
T in

Figure  4 - 1 9 .  L ine-line  v o lta g e s  and load c u rren ts  o f G T O  in v e rte r.

3 OKA
! <  -  LOWER a J IT C H  CURRENT

- 0  1KA
•  I ( V 3 4 )

h M
3 OKA

- 0  1KA

I c  -  UPPER SW ITCH CURRENT

I (L 4 2 )
T i n e

Figure 4 - 2 0 .  G T O  s w itc h  c u rre n ts .
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Figure  4 - 2 1 .  D e ta ile d  s w itc h  w a v e fo rm s  in G T O  ce ll.
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4 . 3 . 1  P S o i c e  S e m i c o n d u c t o r  M o d e l

T h e  P S p i c e  c o m p u t e r  m o d e l  o f  t h e  t h i r d  p o w e r  s e m i c o n d u c t o r  

d e v i c e  t y p e ,  a n  I G B T ,  w a s  r e f i n e d  a n d  t e s t e d .  T h e  s i m u l a t e d  d e v i c e  w a s  

t h e  A d v a n c e d  P o w e r  T e c h n o l o g y  A P T 2 0 0 G 1 O O B F N .  F i g u r e  4 - 2 2  is t h e  

s u b c i r c u i t  c o m p u t e r  c o d e  d e v e l o p e d  t o  s i m u l a t e  t h e  A P T  d e v i c e .

.SUBCKT IGBT1 C G E '*
* THIS IS THE BIPOLAR TRANSISTOR OUTPUT SECTION
* OF THE IGBT:
*

* IGBT PNP model created using Parts version 5.1
* “ on 04/23/92 at 13:11
*

.MODEL 
+
+
+
+
+
*

* THIS IS THE MOSFET INPUT STRUCTURE OF THE IGBT:
*

* IGBT APT model created using Parts version 5.1
* “ on 04/23/92 at 15:16
*

.MODEL 
+
+
+
+
+
*

Cl 1 E IE-12 
R1 C 1 .1
Ml 1 G E E IGBT_APT 
Q1 E 1 C IGBT_PNP 
.ENDS

4 .3  INSULATED GATE BIPOLAR TR A NSISTO R  (IGBT) COMPUTER
MODELS

F i g u r e  4 - 2 2 .  P S p i c e  M o d e l  o f  t h e  A d v a n c e d  P o w e r  T e c h n o l o g y  I n s u l a t e d  

G a t e  B i p o l a r  T r a n s i s t o r ,  t h e  A P T 2 0 0 G 1  O O B F N .

T h e  d e v i c e  m o d e l  f o r  a n  I G B T  is a  M O S F E T  d e v i c e  d r i v i n g  a  P N P  

o u t p u t  t r a n s i s t o r .  T h e  t e s t  c i r c u i t  f o r  t h i s  I G B T  is s h o w n  in F i g u r e  4 - 2 3 .  

T h e  p a r a m e t e r s  o f  t h e s e  t w o  t r a n s i s t o r s  r e q u i r e d  c a r e f u l  m a n i p u l a t i o n  in 

o r d e r  t o  k e e p  a  p a r a s i t i c  S C R  ( m a d e  u p  o f  t h e  B J T  a n d  t h e  M O S F E T  

s o u r c e )  f r o m  l a t c h i n g  u p .

IGBT_APT NMOS(Level=3 Gamma=0 Delta=0 Eta=0 
Theta=0 Kappa=0 Vmax=0 Xj=0 Tox=100n Uo=600 
Phi=.6 Kp=20.76u W=1.4 L=2u Rs=86.27u 
Vto=3.626 Rd=9m Rds=5K Cbd=8.589n Pb=.8 
Mj = .5 Fc=.5 Cgso=4n Cgdo=ln Rg=0 Is=10f 
N=1 Rb=lm)

IGBT_PNP PNP(Is=921.9n Xti=3 Eg=l.ll Vaf=100 
Bf=1.092 Ise=2.777m Ne=1.821 Ikf=.804 
Nk=.5062 Xtb=l.5 Br=2 Isc=9.219u Nc=1.5 
Ikr=l Rc=10m Cjc=3.208p Mjc=.3333 Vjc=.75 
Fc=.5 Cje=1.326p Mje=.3333 Vje=.75 Tr=10n 
Tf=8.Ollu Itf=4.134 Xtf=lm Vtf=10)
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4 . 3 . 1  P S o i c e  S e m i c o n d u c t o r  M o d e l

4 .3  IN S U LA TE D  GATE BIPOLAR TR A N S ISTO R  (IGBT) CO M PUTER
M O D ELS

T h e  P S p i c e  c o m p u t e r  m o d e l  o f  t h e  t h i r d  p o w e r  s e m i c o n d u c t o r  

’ d e v i c e  t y p e ,  a n  I G B T ,  w a s  r e f i n e d  a n d  t e s t e d .  T h e  s i m u l a t e d  d e v i c e  w a s  

t h e  A d v a n c e d  P o w e r  T e c h n o l o g y  A P T 2 0 0 G 1 O O B F N .  F i g u r e  4 - 2 2  is t h e  

s u b c i r c u i t  c o m p u t e r  c o d e  d e v e l o p e d  t o  s i m u l a t e  t h e  A P T  d e v i c e .

•SUBCXT IGBT1 C G E *
* THIS IS THE BIPOLAR TRANSISTOR OUTPUT SECTION
* OF THE IGBT:
*

* IGBT_PNP model created using Parts version 5.1
* on 04/23/92 at 13:11
*

.MODEL IGBT PNP PNP(Is=921.9n Xti=3 Eg=l.ll Vaf=100 
+ Bf=1.092 Ise=2.777m Ne=1.821 Ikf=.804
+ Nk=.5062 Xtb=l.5 Br=2 Isc=9.219u Nc=1.5
+ Ikr=l Rc=10m Cjc=3.208p Mjc=.3333 Vjc=.75
+ Fc=.5 Cje=1.326p Mje=.3333 Vje=.75 Tr=10n
+ Tf=8.011u Itf=4.134 Xtf=lm Vtf=10)
*

* THIS IS THE MOSFET INPUT STRUCTURE OF THE IGBT:
*

* IGBT APT model created using Parts version 5.1
* ” on 04/23/92 at 15:16
*

.MODEL +
+
+
+
+
*

Cl 1 E IE-12 
R1 C 1 .1
Ml 1 G E E IGBT APT 
Q1 E 1 C IGBT_PNP 
.ENDS

IGBT_APT NMOS(Level=3 Gamma=0 Delta=0 Eta=0 
Theta=0 Xappa=0 Vmax=0 Xj=0 Tox=100n Uo=600 
Phi=.6 Xp=20.76u W=1.4 L=2u Rs=86.27u 
Vto=3.626 Rd=9m Rds=5X Cbd=8.589n Pb=.8 
Mj=.5 Fc=.5 Cgso=4n Cgdo=ln Rg=0 Is=10f 
N=1 Rb=lm)

F i g u r e  4 - 2 2 .  P S p i c e  M o d e l  o f  t h e  A d v a n c e d  P o w e r  T e c h n o l o g y  I n s u l a t e d  

G a t e  B i p o l a r  T r a n s i s t o r ,  t h e  A P T 2 0 0 G 1  O O B F N .

T h e  d e v i c e  m o d e l  f o r  a n  I G B T  is a  M O S F E T  d e v i c e  d r i v i n g  a  P N P  

o u t p u t  t r a n s i s t o r .  T h e  t e s t  c i r c u i t  f o r  t h i s  I G B T  is s h o w n  in F i g u r e  4 - 2 3 .  

T h e  p a r a m e t e r s  o f  t h e s e  t w o  t r a n s i s t o r s  r e q u i r e d  c a r e f u l  m a n i p u l a t i o n  in 

o r d e r  t o  k e e p  a  p a r a s i t i c  S C R  ( m a d e  u p  o f  t h e  B J T  a n d  t h e  M O S F E T  

s o u r c e )  f r o m  l a t c h i n g  u p .
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: g9t suscircuit

F i g u r e  4 - 2 3 .  I G B T  m o d e l  t e s t  c i r c u i t .

F i g u r e  4 - 2 4  s h o w s  a  p l h t  o f  c o l l e c t o r  c u r r e n t  a n d  t h e  c o l l e c t o r - t o -  

e m i t t e r  v o l t a g e  w h i c h  c l o s e l y  r e s e m b l e  t h e  d a t a  s h e e t  s p e c i f i c a t i o n s .  

N o t i c e  t h a t  V C E ( s a t )  =  3 . 4  V  a t  1 9 8  A  w h e r e a s  t h e  d a t a  s h e e t  s p e c i f i e s  

V C E ( s a t )  a s  4 . 0  V  m a x i m u m  a n d  3 . 2  V  t y p i c a l  a t  t h a t  c u r r e n t .  A l s o ,  t h e  

I G B T  h a s  a  tail c u r r e n t  d u r i n g  t u r n - o f f  w h i c h  t h i s  m o d e l  e s t i m a t e s  t o  b e  

5 - 7  j j s  in d u r a t i o n .  W e  t h i n k  t h i s  v a l u e  is a  g o o d  a p p r o x i m a t i o n  o f  w h a t  

t h e  d e v i c e  wi l l  e x h i b i t  b a s e d  o n  t e s t  d a t a  s u p p l i e d  b y  t h e  m a n u f a c t u r e r .  

T h e  t r a n s c o n d u c t a n c e  o f  t h e  I G B T  s u b c i r c u i t  is s h o w n  in F i g u r e  4 - 2 5 .  

T h e  d a t a  s h e e t  s p e c i f i e s  a  g fa o f  2 5  S  ( U )  m i n i m u m  a n d  4 5  S  t y p i c a l ,  

w h e r e a s  F i g u r e  4 - 2 5  s h o w s  a  v a l u e  o f  a p p r o x i m a t e l y  3 1  S .

4 . 3 . 2  P S p i c e  C i r c u i t  S i m u l a t i o n  w i t h  I G B T  S w i t c h e s

A  c o m p u t e r  m o d e l  o f  a  h a l f  b r i d g e  c i r c u i t  u s i n g  t w o  I G B T  s w i t c h  

c e l l s  is d e v e l o p e d .  F i g u r e  4 - 2 6  is t h e  h a l f - b r i d g e  s c h e m a t i c  a s  m o d e l l e d  

a n d  F i g u r e  4 - 2 7  s h o w s  s o m e  o f  t h e  p e r t i n e n t  w a v e f o r m s  o f  t h e  c i r c u i t .  

T h e  d e v i c e s  D 3 ,  R 2 4 ,  C 3  a n d  R 2 5  c o m p r i s e  a  s n u b b e r  t o  p r o v i d e  s t a t i c  

a n d  d y n a m i c  v o l t a g e  e q u a l i z a t i o n  w h e n  t h e  I G B T s  a r e  s t a c k e d  in s e r i e s .  

T h e  v a l u e s  o f  R 2 4  a n d  C 3  w e r e  d e t e r m i n e d  b y  t h e  e x p e c t e d  v a r i a n c e  in 

t u r n - o f f  t i m e  b e t w e e n  I G B T s  t o  p r o v i d e  d y n a m i c  v o l t a g e  e q u a l i z a t i o n .  

T h e  v a l u e  o f  R 2 5  w a s  d e t e r m i n e d  b y  t h e  e x p e c t e d  v a r i a n c e  in I G B T  

l e a k a g e  c u r r e n t  t o  p r o v i d e  s t a t i c  v o l t a g e  e q u a l i z a t i o n .

4 - 2 3



600V r ...................... - ................................
D ate/T im e run  0 5 /0 5 /9 2  10 46 21

IGBT SU8CIRCU1T TEST
Temperature 27 0

200ft-!

(40 .2 9 0 u .1 9 8  634)
COLLECTOR CURRENT

f a l 1 time < 100 ns r i s e  time = 13 ns

t a i 1 tim e = 5 -7  us

Os 40us
■ KR1)

80 us 120us
Time

160us 200us 240us

F i g u r e  4 - 2 4 .  V CE a n d  lc  o f  t h e  I G B T  s u b c i r c u i t



IG8T SUBCIRCUIT TEST
Tem perature 27 0D ate/T im e run 0 5 /05 /92  10 22 05

V ( 7 )

F i g u r e  4 - 2 5 .  F o r w a r d  t r a n s c o n d u c t a n c e  o f  t h e  I G B T  s u b c i r c u i t .

4 - 2 5



N o t i c e  t h a t  i n d u c t o r s  h a v e  b e e n  a d d e d  t o  t h e  c o n n e c t i o n  b e t w e e n  

s w i t c h e s  t o  s i m u l a t e  t h e  a n t i c i p a t e d  i n t e r c o n n e c t  i n d u c t a n c e s  t h a t  will 

e x i s t  in a  t y p i c a l  a p p l i c a t i o n .  W i t h o u t  s o m e  s e r i e s  i n d u c t a n c e  t h e  m o d e l

F i g u r e  4 - 2 6 .  I 3 B T  h a l f - b r i d g e  m o d e l  s c h e m a t i c .

c o r r e c t l y  p r e d i c t s  a  l a r g e  c u r r e n t  s p i k e  ( -  2 0 0  A )  e a c h  t i m e  a  s w i t c h  

t u r n s  o n .  T h e  s o u r c e  o f  t h i s  s p i k e  is t h e  c h a r g i n g  c u r r e n t  o f  t h e  s n u b b e r  

c a p a c i t o r  in t h e  o p p o s i t e  s w i t c h  cell. T h i s  is b e c a u s e  t h a t  cell w a s  t h e  

f r e e w h e e l i n g  p a t h  f o r  t h e  c u r r e n t  b u t  w h e n  t h e  o t h e r  s w i t c h  t u r n s  o n ,  

v o l t a g e  b e g i n s  t o  r e v e r s e  a c r o s s  t h e  f r e e w h e e i i n g  d i o d e  a n d  t h e  s n u b b e r  

c a p a c i t o r  c h a r g e s .  W i t h o u t  t h e  i n d u c t o r ,  t h e  s n u b b e r  c a p a c i t o r  c u r r e n t  

is l i m i t e d  o n l y  b y  t h e  r a t e  o f  r i s e  o f  v o l t a g e .  O t h e r  s t r a y  a n d  i n t e r c o n n e c t  

i m p e d a n c e s  will b e  p r e s e n t  in a n  a c t u a l  c i r c u i t  b u t  t h e y  a r e  b e s t  

a d d r e s s e d  o n c e  a  l a y o u t  is d e t e r m i n e d .

4 - 2 6



O ate/T im e run 0 4 /28 /92  15.46 01
IGBT HALF BRIDGE CIRCUIT

Tem perature 27 0

20V
pwn UAVEFORn g e ne r atio n

-20 V*-
a

21V n
V(18) • V(23) » V(19)

-IV «
» VU3.12)

UPPER SWITCH GATE DRIVE

“ V(7,10)

Time

F i g u r e  4 - 2 7 .  I G B T  h a l f - b r i d g e  m o d e l  w a v e f o r m s

4 - 2 7



4 . 3 . 3 P S p i c e  I n v e r t e r  S i m u l a t i o n  w i t h  I G B T  S w i t c h e s

T h e  t h r e e  p h a s e  i n v e r t e r  s i m u l a t i o n  u s i n g  I G B T  s w i t c h e s  is p i c t u r e d  

in F i g u r e  4 - 2 8 .  T h e  d e r a t e d  i n p u t  v o l t a g e  f o r  t h i s  s i n g l e  d e v i c e  s i m u l a t i o n  

u s i n g  t h e  A P T  I G B T  is t h e  r a t e d  i n p u t  v o l t a g e  ( 1 0 0 0  V )  x  0 . 4  o r  4 0 0  V .  

T h e  p e a k  c u r r e n t  r a t i n g  o f  t h e  d e v i c e  is 4 0 0  A  a n d  t h e  a r b i t r a r y  l o a d  w a s  

a d j u s t e d  a c c o r d i n g l y .  T h e  p u l s e  w i d t h  m o d u l a t i o n  m e t h o d  f o r  t h i s  m o d e l  

is a g a i n  t h e  c l a s s i c  m e t h o d  a l t h o u g h  it is r e c o g n i z e d  t h a t  o t h e r  m e t h o d s  

m a y  h a v e  m o r e  o p t i m a l  r e s u l t s  in a  M a g l e v  s y s t e m .  T h e  P W M  d r i v e  

s i g n a l s  a r e  d e t e r m i n e d  b y  c o m p a r i s o n  o f  a  t r i a n g l e  w a v e  w i t h  a  6 0  H z  

s i n e  w a v e  a n d  t h e n  e a c h  p h a s e  w a s  s t a g g e r e d  b y  1 2 0 ° .  T h e  l i n e - t o - l i n e  

v o l t a g e  a n d  l o a d  c u r r e n t  w a v e f o r m s  a r e  s h o w n  in F i g u r e  4 - 2 9 ,  a n d  F i g u r e  

4 - 3 0  s h o w s  t h e  v o l t a g e  a n d  c u r r e n t  w a v e f o r m s  o f  a n  u p p e r  a n d  l o w e r  

I G B T  s w i t c h .  T h e  w a v e f o r m s  o f  F i g u r e  4 - 3 1  t a k e  a  c l o s e r  l o o k  w i t h i n  a  

s w i t c h  cell t o  d e t e r m i n e  t h e  p e a k  c o l l e c t o r - e m i t t e r  v o l t a g e  a n d  p e a k  

s n u b b e r  c a p a c i t o r  v o l t a g e  a s  w e l l  a s  t h e  p e a k  c u r r e n t s .

F i g u r e  4 - 2 8 .  I G B T  3 - p h a s e  i n v e r t e r  m o d e l  s c h e m a t i c .
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IG8T 3-PHASE INVERTER. LINE-LINE VOLTAGES QNO CURRENTS 
OaU/Ti*» run: 05/05/92 16:49:0? Teaperature 27 0

500V—-

p i l l mu i p i i ililLIMF m u m I f 1 11
-soov*

• V(S1,33) 
500V----- —

-500V*«

500V 7-

-500V*-

• V(77,33)

• V(77,S1)

F i g u r e  4 - 2 9 .  I G B T  i n v e r t e r  l i n e - l i n e  v o l t a g e  a n d  l o a d  c u r r e n t

w a v e f o r m s .

IGOT 3-PHASE INVERTER SWITCH VOLTAGES ANQ CURRENTS 
Oate/Tia* run 05/05/92 16 49 07
500V -•

-10V 
360A .

• V(103)

-40A *■...
• UV29) 

500V-......

-10V 

380A *
• V(82,85)

i-20A ---ilajm u
• I(V22)

4800 ................

-3600
IOaa 15*9

• H U )

LOWER SWITCH Vca

LOWER SWITCH U

UPPER SW TCH Vc»

UPPER SWITCH le

LORO CURRENT

T«ffparatur<» 27 0

20*9 25*9  30*9  35*9  40*9  43*9

F i g u r e  4 - 3 0 .  S w i t c h  v o l t a g e s  a n d  c u r r e n t s  in 3 - p h a s e  I G B T  i n v e r t e r .

4 - 2 9



IG8T 3-PHASE INVERTER 
Oate/Time run: 05/05/92 16:10:40 T e m p e ra tu re - 27 0

650V-

-25V- 

650V -

-lOV-i"

500A+-
» V(109)

-25A + -

Ic

I(V29)

-25V-

650V +

-10V4-

a V(103)

500ft+-
a V(109)

U

-25ft-

i

L
100ft +

a I(V29)

-10ft +
16 15ms 

a ICC11)
16 20ms 16 25ms

Time

Vce

a V (103)

k  CAPACITOR VOLTAGE k ' k

......... '-4---- ................... t v _______;

+ ------- -
ii
iii
i

CAPACITOR CURRENT 11llll

Oms
a I ceil)

16 2ms 16.4ms

Time

16.6ms 16.8ms 17 Oms

: l___________ :________ _________ _

16 30ms

F i g u r e  4 - 3 1 .  D e t a i l e d  s w i t c h  cell w a v e f o r m s  in a n  I G B T  i n v e r t e r  a t  t w o  

d i f f e r e n t  t i m e  s c a l e s .

4 - 3 0



4 . 4  S I L I C O N - C O N T R O L L E D  R E C T I F I E R  ( S C R )  C O M P U T E R  M O D E L

T h e  c o m p u t e r  m o d e l  o f  t h e  A s e a  B r o w n  B o v e r i  C S 2 1 0 4  S C R  t h y r i s t o r  is 

s h o w n  in F i g u r e  4 - 3 2 .

J 3  sa t n o o a .
*80 csatao <»——T>l «
arai/a ^  *1

SATE

. SUBCXT SCR 1 9 7
*THIS IS  THE J3  SCR MODEL FOR THE ABB CS2104 THYRISTOR 
*
.MODEL DA D (IS -7 4 E -1 S ,C JO -3 .4 E -8 ,T T -1 0 .4 E -8 ,B V » 5 0 0 0 )  
.MODEL DC D (IS -6 6 7 E -1 2 ,G Jd -3 4 .0 E -9 ,T T = » 8 0 E -6 ,B V -5 3 0 0 ) 
.MODEL DK D(IS»30E-15,BV=»15)
.MODEL DAI D (IS» 74E -15 )
.MODEL DEI D (IS=*30E-15)
D4 9 7 DK
F2 S 9 PO LY(2) V3 V2 0. .93  1 .0
D3 9 5 DC
02 4 5 DA
R3 4 5 1ES
R4 5 9 1EX0
R5 9 7 2 .1
D5 4 6 DAI
R2 1 4 . 25E -3
E3 4 7 4 5 1 .0
E2 2 7 9 7 1 .0
V3 6 7 0
V2 8 7 0
D6 2 8 DKI
• ENDS

F i g u r e  4 - 3 2 .  M o d e l  a n d  s c h e m a t i c  o f  t h e  C S 2 1 0 4  S C R  t h y r i s t o r .

4 - 3 1



5 .  S U P P O R T I N G  M A T E R I A L

5 . 1  T Y P I C A L  T R A N S I T  V E H I C L E  P A R A M E T E R S

D r a f t  m a g l e v  s y s t e m  p a r a m e t e r s  h a v e  b e e n  p r e p a r e d  b y  a  F e d e r a l  

► i n t e r a g e n c y  w o r k i n g  g r o u p .  T h e s e  p a r a m e t e r s  p r o v i d e  t h e  f r a m e w o r k  f o r  

t h e  c o n c e p t u a l  s y s t e m  d e s i g n .  A  list o f  k n o w n  t r a n s i t  s y s t e m  v e h i c l e s  

w i t h  e l e c t r i c  p r o p u l s i o n  w a s  p r e p a r e d  f r o m  t h e  d a t a  o b t a i n e d  f r o m  t h e  

r e f e r e n c e s  in A p p e n d i x  B .  T h i s  w a s  d o n e  in o r d e r  t o  u n d e r s t a n d  t h e  

e x i s t i n g  p a r a m e t e r  s p a c e  r e l a t i n g  t o  t h e  p o w e r  c o n v e r t e r s .  T h e  list o f  

t y p i c a l  t r a n s i t  v e h i c l e  p a r a m e t e r s  is i n c l u d e d  in T a b l e  5 - 1 .  T h i s  list a l s o  

i n c l u d e s  v e h i c l e  p o w e r  f e e d  v o l t a g e s  a n d  m o t o r  v o l t a g e s  u s e d  in s e v e r a l  

d i f f e r e n t  t r a n s i t  a p p l i c a t i o n s .
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T a b l e  5 - 1 .  T y p i c a l  v e h i c l e  p a r a m e t e r s .

Vehlcle/System Year Vehicle Payload Max. Motor Max. Pwr. Hotel Motor Motor Freq. Ref.
Mass tons Spd. Thrust Pwr. Feed Power Voltage Type Hz #
tons km/h kN MW kW

Intercity 1991 454 225 9.4 S.Wheel 25
X-2000 1990 343 225 3.3 15kV.16.7Hz S.Wheel 25
Pendolino 1990 483 250 7 3kVdc S. Wheel 25
CE 1990 980 280 9.6 15kV.16.7Hz S.Wheel 25
Locomotive 1989 138 100 355 4.8 25kV,50Hz 0.9kV S.Wheel 6
TGV (Paris-Le Mans-Tours) 1989 489 300 8.8 2x25kV.50Hz S.Wheel 25
TGV (Paris-Lyon) 1981 443 270 6.5 2x25kV,50Hz S. Wheel 25
Japanese Development METRO 1987 16 5 70 10.9 0.12 1.5kVdc l.lk V S. Wheel 0-50 3
Transrapid 05 1983 36 5 75 EMS/LSM 4.5
Transrapid 06 1983 102 20 400 85 11.5 480 4,2kV EMS/LSM 0-215 4.5
Transrapid 06 II 1988 97 20 450 85 11.5 4.2kV EMS/LSM 4,5
Transrapid 07 90 16 500 100 35 110kV3p60H 7.8kV EMS/LSM 0-215 TSC
Shinkansen 1982 733 240 11 25kV,60Hz S. Wheel 25
MLU 001 1979 17 3 400 79 5.2 66kV,60Hz 5.8kV EDS/LSM 8
ML500 1979 517 43 12 11kV.120Hz 3kV EDS/LSM 0-34 20
EET02 1977 14 3 230 R. Wheel 4
EET01 1974 17 5 140 EDS 4
Prinzipfahrzeug 130 20 90 7.7 EMS/LIM 17
MLU 002 10 10 420 79.4 5.2 0-28 2
Erlangen 18 200 22 0-105 19

U)
i

to



5.2 PARAMETER SPACE FOR MAGLEV POWER CONDITIONING

The requirements list presented in Section 2 was prepared based on 
the available data from similar mass vehicle systems and calculated power 
requirements. The design parameter space for primary feed voltages and 
motor voltages was tentatively determined to range from 12 kVac to 
50 kVac (most likely three phase) for the power pickup, and 7 kVac as an 
upper bound on motor voltages in transit environments.

The calculation of power requirements was made for two different 
mass vehicle systems, 40 metric ton and 100 metric ton, operating at top 
speeds of 83 m/s and 135 m/s on level tracks. The effort was aimed at 
determining the boundaries on parameter space associated with power 
converters useful in Maglev systems. Vehicle masses of 40 metric ton 
and 100 metric ton were selected for this purpose with the rationale that 
these two numbers represent aggressive and pessimistic design goals 
respectively for the Maglev system designer. The basis for selecting 
these masses was derived from the table of typical transit vehicle 
parameters (Table 5-1). It should be noted that the selected vehicle mass 
systems were not intended to project the design value for mass of any of 
the vehicle subsystems at this point, but were instead arbitrarily assigned 
values intended to cover a broad range of vehicle topologies and 
passenger capacities.

In the analysis done using these vehicle parameters, and EDS 
maglev system was assumed because this type of system is somewhat 
less efficient with respect to power consumption than the EMS type 
system, and thus provides a more conservative upper bound on power 
rating for the maglev power conditioning hardware. Also, the focus was 
not on an active or a passive vehicle with respect to power conditioning 
but rather the determination of a probable range of power system 
requirements. In all calculations, 100 passengers per vehicle with baggage 
were assumes. The calculations were made using simple codes which 
are included in Appendix E. In calculating the magnetic drag, an 
approximation to the method described in Reference 19 was used. The 
actual magnetic drag is very dependent upon the specific vehicle and 
guideway design, and may differ from the result shown in this report. 
Nevertheless, these calculations are useful in determining rough estimates
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of power requirements. The results of the calculated power requirements 
are included in Appendices F and G.

Referring to Appendix F, Figure F-1 shows vehicle speed versus time 
for a model trip consisting of 0.1 g acceleration to 83 m/s (300 kph), 
cruising at 83 m/s, and deceleration at 0 .2  g to stop. This graph defines 
the simulated mission performance requirements, and all parameters are 
calculated from this performance criteria. Figure F-2 shows the 
normalized magnetic lift and drag forces. Figure F-3 shows the air drag 
for the vehicle based on the assumption that the frontal area is 9 m2. 
These first three figures are applicable to both the 40 metric ton and the 
100 metric ton vehicle data that follows. Figure F-4 shows the total drag 
force for a 40 metric ton vehicle. Note that the total drag (sum of 
magnetic drag and air resistance) decreases until cruising speed is 
reached. This is because the magnetic drag of an EDS maglev system is 
quite high at low speeds. Figure F-5 shows the total thrust force required 
for a 40 metric ton vehicle. The remaining figures in this appendix show 
the resulting forces and power requirements for a 100 metric ton vehicle. 
Appendix G shows similar data for a simulated trip with top speed of 
135 m/s (485 kph).
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6 .  C O N C L U S IO N S  A N D  R E C O M M E N D A T IO N S

6.1 TRACTION DRIVES AND INPUT POWER CONDITIONING

The results of our analysis of selected components and topologies show the GTO to 
be the favored device for the traction power inverters and input power conditioners operating 
at low unipolar PWM carrier frequencies in the tens of MVAs. The converters based on GTOs 

are the least costly per MVA and are lighter, smaller and more efficient than the BJT or IGBT 
converters. Furthermore, the high voltage rating of the GTOs affords a minimum component 
count which improves reliability.

The IGBT-based inverter begins to look attractive at carrier frequencies above about 
700 Hz, as the GTO loses its performance advantage due to increased switching and dv/d$ 
snubber loss. However, the IGBT approach requires a large number of hybrid modules^ 
containing several IGBT chips with many bond wires. The reliability of this system would 
have to be carefully assessed.

The BJT-based traction drive and input converter is clearly inferior to the IGBT 
approach with respect to cost, mass and volume. Our conclusion is that the BJT is not a 
good candidate for the traction drive or the input power converter in the tens of MVAs.

The recommended device for the traction drive and input power conditioner is the GTO, 
provided that the PWM carrier frequency can be kept relatively low. In addition, the lowest 
cost, mass and volume and the best efficiency are achieved at the lowest carrier frequency 
that is acceptable in terms of performance of the drive motor. IGBTs can be used if higher 
carrier frequencies are required.

6.2 AUXILIARY POWER

At the low hundreds of kVA required for auxiliary power, the analysis results indicate 
that the IGBT is the favored device to use in inverters using unipolar PWM. At this low 
power level, the BJT-based inverters are a close second. The BJT has poorer efficiency at 
higher carrier frequencies and costs slightly more. In our view, the BJT will eventually be
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replaced by the IGBT at this power level due to the IGBT's higher device current density, 
higher operating frequency, easier circuit paralleling, and simpler drive.

In this power range, the GTO-based auxiliary power inverter was clearly inferior to the 
IGBT and BJT approaches with respect to cost, mass and volume. The power level and 
operating voltages are below the optimum operating range of the GTO. Therefore, our 
conclusion is that the GTO is not a good candidate for the auxiliary power inverter operating 
in the low hundreds of KVA. The recommended device for the auxiliary power inverter 
operating in the low hundreds of kVA is the IGBT because of its cost and efficiency 

advantages.

6.3 BRAKING CHOPPER

The GTO is the recommended device for use with the braking chopper at power levels 
in the megawatt range. The unique operating parameters of the braking chopper, such as the 
low operating frequency and high volt-ampere requirement, make the GTO the clear choice 
for this application.

6.4 SUPERCONDUCTING COIL POWER CONDITIONER

The IGBT is the recommended device for this application based on the results of 
auxiliary power inverter evaluations. The power level is in the same low range as that of the 
auxiliary power applications.
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STATEMENT OF WORK
Advanced Power Conditioning for Maglev Systems

May 28, 1991

1.0 INTRODUCTION AND BACKGROUND
Recent advances in power and semiconductor technology promise 
substantial improvements in mass, volume, cost and efficiency of 
power systems suitable for MAGLEV use. The type of system chosen 
impacts the design of the other MAGLEV system elements, and even 
the total system architecture. One of the major needs of MAGLEV 
development is technology with a favorable economic impact. This 
impact is not limited to the power system alone but impacts the 
design and cost of other system elements as well. Thorough 
evaluation of the impact of advances in power technology/systems 
is important to the MAGLEV program.
2.0 OBJECTIVE
The objective is to quantify the performance and economic 
advantages of power systems and power system technology currently 
available for use in a MAGLEV system. This•contract shall result 
in a determination of relative costs of at least three types of 
power system configurations, when operating in a system consistent 
with full scale MAGLEV system requirements. An assessment of each 
power system configuration on the overall system design and cost 
shall be made.
3.0 SCOPE 07 WORE
The wort to be performed shall analyze all of the requirements and 
establish the performance criteria for power systems suitable for 
Maglev use. This shall be done by developing several computer 
models to represent various circuits (traction, levitation, and 
auxiliary) based on various semiconductor technologies. 
Preliminary and final analyses shall be performed on several 
circuit configurations resulting in design parameters being 
developed for each configuration. Final recommendations shall 
include a comparison of the economics for each configuration.
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4.0 TABES TO BZ PERFORMED
4.1 Requirements Definition
The contractor shall conduct a thorough search of all 
available MAGLEV literature to establish critical requirements 
for MAGLEV power systems. This will result in a determination 
of the allowable ranges of performance parameters such as 
wayside power, voltage, frequency and harmonic content. Other 
limitations such as power system- volumes and masses for on 
board power systems shall also be determined. This section 
shall determine the power system space and parameter 
requirements. It is anticipated that the MAGLEV vehicle will 
require between 40 and 50 MVA of power.
4.2 Analysis Model
The contractor shall produce traction, levitation, and 
auxiliary power circuit analysis software models of at least 
three candidate power system configurations which shall be 
based on bipolar transistor (BJT), insulated gate bipolar 
transistor (IGBT), and gate turn-off (GTO) semiconductor 
technologies. The models shall simulate the electric circuit 
performance with the use of computer codes. The performance 
shall be characterized by predicting output performance 
(traction, levitation, and auxiliary power) parameters, given 
a set of electrical parameters to the MAGLEV system, or"vise- 
versa.

/ DTFR53-91-C-00081
Attachment 1
Page 2 of 4

4.3 Preliminary Analysis
The contractor shall perform preliminary analysis of the 
candidate power systems' configurations using a computer 
analysis model(s). This will determine the values of the 
circuit elements, in each configuration, that perform within 
the parameters identified in Section 4.i. The results of this 
effort shall be conceptual designs of candidate power system 
configurations, which shall be described as circuit models 
containing the major circuit elements and their values, or 
ranges of values.
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4.4 Final Analysis
The contractor shall determine an estimate of the masses, 
volumes, efficiencies, and costs of the candidate power system 
configurations. For each of the configurations the estimates 
shall account for traction, levitation, and auxiliary (hotel) 
pover requirements of a full scale MAGLEV system. For each 
of the candidate configurations, scaling data shall he 
prepared in the form of graphs describing mass, volume, and 
cost versus the required power rating consistent with that of 
a full scale MAGLEV system. The analysis shall conclude with 
design parameters for each of the candidate configurations. 
Final recommendations shall be based primarily on economic 
impact consistent with acceptable operational restrictions.
4.5 Final Recommendations
The contractor shall present final recommendations based 
primarily on economic impacts. An assessment of the relative 
costs of the various approaches which take into account their 
impact of the vehicle and guideway designs shall be included.

5.0 Reports, Documentation and Other Deliverable End Items
5.1 • Interim Report
The contractor shall prepare and submit a draft Interim 
Report, including but not limited to, a synopsis of the power 
system(s) design, and conceptual sketches of the interim 
system configuration(s). This shall be followed by a 
description of all efforts conducted during the first half of 
the contract, especially all efforts performed under Section
4.0. The contractor shall submit said draft Interim Report 
not later than one-hundred and seventy (170) days after 
contract award.
5.2 Interim Program Review
The contractor shall conduct an Interim Program Review at the 
contractor's facilities, during which, the Government shall 
present it's comments relative to the draft Interim Report, 
referenced in 5.1 above. Said Interim Program Review shall 
be held not later than two-hundred (2 0 0 ) days after contract 
award. The contractor shall provide hard copies of all 
viewgraphs and other graphic/visual aid materials used during 
the meeting, to those in attendance. The COTR shall inform 
the contractor of the date and those Government personnel to 
be in attendance.
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5.3 Final Interim Report
The contractor shall prepare and submit a Final Interim 
Report, inclusive o£ all Government review comments resulting 
from 5.2 above. Said Final Interim Report shall be submitted 
not later than thirty (30) days after the date of the Interim 
Program Review in 5.2 above.
5.4 Draft Final Report
The contractor shall prepare and submit a draft final report 
describing all results and findings, inclusive of the actual 
computer models of the various circuit configurations, as 
appendixes. The final technical report shall also include a 
performance and cost report describing the project cost as 
compared to the amounts budgeted. Said draft Final Report 
shall be submitted not later than three-hundred (300) days 
after eontraet award.
5.5 Final Program Review
The contractor shall deliver a final program review to discuss 
the project, during which, the Government shall present it's 
comments relative to the draft Final Report, referenced in 5.4 
above. This Final Program Review shall be held at VNTSC. The 
contractor shall provide hard copies of all viewgraphs and 
other graphic/visual aid materials used during the meeting, 
to those in attendance. The COTR shall inform the contractor 
of the date and those Government personnel to be in 
attendance. Said Final Program Review shall take place not 
later than three-hundred and thirty (330) days after contract 
award.
5.6 Final' Report
The contractor shall prepare and submit a Final Report, 
inclusive of all Government review comments in 5.5 above. 
Said Final Report shall be submitted not later than thirty 
(30) days after the date of the Final Program Review.
5.7 Post Award Meeting
In addition to the interim and final program reviews, there 
will be a Post Award meeting, to be held at VNTSC, to discuss 
the work to be performed. Said Post Award meeting shall take 
place not later than ten (10) days after contract award.s the 
scope of the project.
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Marconi
Electronic Devices

TOWERLINE'
NPN TRANSISTOR 
RANGE

DT600 SERIES
VCER(SUS)
V CEX
tjC O N T )
tfP K )
t, ( 1 2 5 * 0

=  5 0 0 /4 5 0 /4 0 0 V  
=  5 5 0 /5 0 0 /4 5 0 V  
=  7 5 0 A  
=  10 00 A  

<  1.5 jts

APPLICATIONS
• Choppers
• Inverters
• Speed Regulation of AC Machines
• Aircraft Electrical Drives
FEATURES
• Triple Diffused
• Pressure Contact Construction
• Wide FBSOA and RBSOA
• Very High Power Capability
• Low Saturation Voltages
•  High Sustaining Voltages

S CAPSULE OUTLINE

T—
a17.02 max. 

1

a56 max.

Dimensions in mm.
Finish: Nickel Plate
Recommended Clamping Force: 10kN±10%
Transistor must only be tested when damped to correct 
pressure.
Base Wire: Uninsulated multi strand flexible cable. 
1Q0mm long.

TEST DT800 PT600 OTBOO Units
CONOITIONS -550 -500 -450

RATINGS

vcsx Collector-emitter voltage VM  -  -1.5V 550 500 450 V

vseo Emitter-base voltage 3 3 a V

W ont) Continuous collector current 750 750 750 A

W ont) Continuous base current 150 150 150 A
t(PK) Peak collector current 1000 1000 1000 A
PTOT Power dissipation 3000 3000 3000 W

Thermal resistance junction to case
(double side cooled) 0.05 0.05 0.05 ’C;w

Tn Virtual junction temperature 175 175 175 •c
Operating and storage temperature range -5 5  to 175 -5 5  to 175 -55  to 175 •c

OFP-STATE CHARACTERISTICS Tc = 125*C unless otherwise stated

VcEWSUSXmmt Collector-emitter sustaining voltage <e -  0-SA 500 150 400 V
Emitter-base voltage Rae =• ion V

ĈEXOnaM Collector cut-off current At rated V-_, 
Vbso = -1-5V 20 20 20 mA

'saotman Emitter cut-off current Vr a = 8 V 100 100 100 mA

ON-STATE CHARACTERISTICS Measured under pulse conditions Tc = 125 *C
max typ max typ max typ

^CE(sai) Collector-emitter saturation voltage lc = 400A
la = 60A 1.5 0.6 1.5 0.6 1.5 0.6 V

vasf«u Emitter-base saturation voltage Iq = 400A 
Ig = 6 0 A 1.75 1.3 1.75 1.3 1.75 1.3 V

DC current gain l_ = 400A
Vcs = 2 V 7 9 11

NOTE: VCEmj<Jtl must not be measured on a curve tracer.
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DT500 SERIES
V CER)SUSI =  5 0 0 /4 5 0 /4 0 0 V

V CEX =  5 S 0 /5 0 0 /4 5 0 V

 ̂CI CONTI =  75 0 A

*aPKi =  1000A
x, n 2 5 ° C )

(0ainV

Marconi
Electronic Devices

COLLECTOR CURRENT. Ic -  A  

TYPICAL OC FORW ARD CURRENT TRANSFER RATIO

COLLECTOR CURRENT. Ic -  A 

TYPICAL VCHMT, versus COLLECTOR CURRENT

C-4
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Marconi
Electronic Devices

'POWERLINE'
NPN TRANSISTOR 
RANGE

VCEH<SUSI =  5 0 0 / 4 5 0 / 400V  
V CEX =  5 5 0 / 5 0 0 / 4 5 0 V  

^ci conti =  750A  
1 c ipk i =  1000A  
tt (125°C) <  1.5m s

DT600 SERIES

VARIATIO N  OF VBHSATJ WITH lQ FOR VARIO U S I,  VALUES FOR DT800-460

COLLECTOR CURRENT, lc -  A 

TYPICAL VBHMTJ va ran  COLLECTOR CURRENT

COLLECTOR CURRENT. Ic -  A 

TYPICAL VBHaAT, varan  COLLECTOR CURRENT .
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GATE TURN-OFF THYRISTORS (GTOs)



S G 3 0 0 0 J X 2 4
TOSHIBA GATE TURN-OFF THYRISTOR
SG3000JX24

INVERTER APPLICATION

. Repetitive  Peak O ff-S ta te  Voltage : Vopjt»6000V 

. R.M.S On-Stace Current : I t (RMS)“1200A

. Peak Turn-Off Current : lTGOtt” 3000A

. C r i t ic a l  Rate o f R ise  of On-State Current

: d i/dt-400A/us

. C r i t ic a l  Race o f R ise  of O ff-S ta te  Voltage

: dv/dt»1350V/us

MAX I f ’l l !  RATINGS

U n it in  aa

2 - 0 3 . 5 - 0 . 2

07S±O.S
- (I)

COAXIAL CABLE

CHARACTERISTIC SYMBOL RATING UNIT
Repetitive  Peak O ff-S tace  
Voltage (Note 1) VDRH 6000 V

Repetitive  Peak Reverse Voltage vrrm 16 V

Peak Turn-Off Current (Note 2) ITCQM 3000 A

R.M.S On-State Current (Note 3) i t (r m s : 1200 A
.Peak One Cycle Surge On-Stace 
Current (Non-Repe c i  C ive , 10ns

Width H a lf  S in e  Waveform)
ITSM 16000 A

C r i t ic a l  Race o f R ise  of 
On-Stace Current (Note 4) d i/dt 400 A/US
Peak Forward Gaea Current XFCM 100 A
Average Forward Cate Power 
D is s ip a t io n PFC(AV) SO W

Average Reverse Gace Power 
D is s ip a t io n PRG(AV) 150 W

R.II.S Gace Current (Noce 5) IG (R IS ) 50 A
Peak Reversa Gace Voltage 
(at S ta t ic ) VRQt 16 , V

Operating Junction  
Temperature Range ' TJ -40-125 •c

Storage Teaperacure Range Tstg -40-150 •c

Mounting Force - 34002500 k *

<D-<i ) c a t h o d e
CD-{2) CATHODE (BLACK)
©  a n o d e

©  GATE (WHITE)

JED EC
EIAJ
TOSHIBA

Weight : 1700g

Mote 1. Vgx— 2V

Hoce 2. VDir«000V, Cs-«tlF, Rs-SO, diRG/dt-SOA/us, VdapS850V, L S S 0 .3 u H  

Note 3. 5GKz H a lf S ine  Wavefota at T f-76*C  

Noce 4. Vd- 1/2Vdw1, I q {-25A

Note 5. Ambient Teaperacure of coax ia l gate—cachade Lead-90*C
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TOSHIBA GATE TURN-OFF THYRISTOR
SG3000JX24

ELECTRICAL CHARACTERISTICS

CHARACTERISTIC SYMBOL TEST CONDITION M IN. TYP. MAX. UNIT

R e p e c ic iv e  Peak O ff-S c a c e  
C u rre n c IDRM

VoRM-Raead, Vg k— 2V. 
T j-L 2 5 * C

- - 150 nA

R e p e c ic iv e  Peak Reverse 
C u rre n c IRRM VRRH-fUead, T j-1 2 5 * C - - 10 mA

R e p e c ic iv e  Peak R everse 
Cace C u rre n c IRCM V R G irl& V . T j- 1 2 5 * c - - 10 ctA

Peak O n-Scace V o i cage v-m IT M -3 0 00 A , T j - 1 2 5 #C - - 4 .3 V

Cace T r ig g e r  V o lca g e VGT VQ-24V
rx - o . i q

T j — 4 0 #C - - 1 .7 V
T j» 2 5 *C - - 1 .5

Cace T r ig g e r  C u rre n c tCT T j — 4 0 #C - - 10 A
T j- 2 5 " C - - 3 .5

T u rn -o n  D e la y  Tim e Cd V o -1 /2  Vorm ,  lTM "300Q A 
d i/d e -A O O A /u s  
IG M -25A . T j-2 5 * C

- - 3 US

T u rn -o n  Time Cgc - - 10 US

C r i t i c a l  Raca o f  R isa  o f  
O ff-S e a c a  V o lc a g a d v / d t

V O -2 /3  Vorm 
T j- 1 2 5 * C ,  Vg x— 2V

1350 - - V /u s

S co ra g e  T ia e Cs ITCQ—3000A, VQM-6000V
v o - i / 2  vorm

d iR G /d c -S O A /u s  
C «*6 uF , R s -5 n  
T j- 1 2 5 * C ,  L s ^ 0 .3 u H

- - 28 usec

Cace T u r n - o f f  T ia e tgq - - 30 use  c

T a i l  T ia e c c a i l - - 115 usee

T u r n - o f f  Cace C u rre n c IRC - - 800 A

T h e rm a l R e s is ta n c e R t h ( j - f ) J u n c t io n  co F in - - 0 .0 1 7 * c /v

C -8
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INSULATED GATE BIPOLAR TRANSISTORS (IGBTs)

C -1 0



Q c

. © A P T 2 0 0 G 1 0 0 B F N  1 0 0 0 V  2 0 0 A
O  E

POWER MOS 1V™IGBT
N  - C H A N N E L  E N H A N C E M E N T  M O D E  H I G H  V O L T A G E  

P O W E R  I N S U L A T E D  G A T E  B I P O L A R  T R A N S I S T O R

M A X IM U M  R A T IN G S  All Ratings: T c  -  2 S *C  urtlasa ctrtarwisa scecd ied.

Sym bol Paramatar APTSOOaiOOSPN j UNIT

VCS3 Coiiactcr-Smittar Voltage < \  1000
Vorts

Qat*iEmitt«r Vaitaga Z 3 ^ X = 2 0

!C? Continuous Colloeor Currant V < y ^ N  '2 0 0

Ampsl « Continuous Coliacor Currant Tc <• 90’ C ( ’ * »

!CM Puisad Coilaetor Currant O  s ^ \ s* > ~ '  400

Clamoea Inductive Load Currant @ Tj •  - 1*5 aC >v  200

Reverse Voitaga Aval arena Energy ^ v 's 200 rrJ

Po Total Psw#r Dissipation 830 wans

T jT sts Ooarating ana Storage Junction T•n^aratura^Ranga •35 to ISO
»c

T Max. Lead Tamp, lor Scldanng:/a^6b’v^ag»']5asa for :<i Sac. 260

S T A T IC  S L S C T R IC A L  C H A f l A C ^ J S

Symbol C H 9ra«orlo tlc /Ta«jepndttt6na/PartN um dar MIN j TYP MAX UNIT

s v CS3
Coilaaer-Emrttar Sraaxdown Vcitage 
(Vss -  av. Ic -  10.2.mA1

APT2CGG10C8FN I COO

VciraRBV/^gg Collactor*€mctar Roversa 3reahde*n Vaifaga ;'.'3S -  0V. 1- ■ .1 .CAt •15 •25

v ge.;t h ) Gate Threanold Voitaga iV^E -  VS5- (C -  1 afnA> 2.5 5

V-rfON1 Co:iaetor-Snittar On Vanaga (V3g -  13V, 1,; - 1- : ) 3.2 •VO

'CES
Coilaetor Cut-off C-rrant ;VC-  -  C.3 V3»s. V,«s •  0V) 2 n.4

Collector Cutoff C'Jfrsnt t V*g « 0.3 V.-cj, V-g ■ 0V. » 12 5 *0 i mA

^ES Gata-Smrrtar Leakage Currant ;VGa -  s23V. VC2 -  0V) | =100 nA

v dS -'a Tj •jata-ecrrrar Thrasneld Vo.tage Tarcaratvra Cuartteant •7.2 mvz-c 1

<3-9 Transcerat.c:anca. 'V - -  « iov. In -  23A> 25 ! 45 3 !

405 S.W. COLUMBIA STREET "HONE . . .  (503) 332-3023
BEND. OREGON 97702-1035
U.S.A. F A X (503) 333-0354
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DYNAMIC CHARACTERISTICS APT200Q1Q08PN

Symbol ChsractsrlstJe | Taet Conditions M W j TYP M A X UNIT

C.M inout Caoacrtanea ! Capeeitanee ) 18.000 20.000

Outout Capacitance
V c s - 0 V

1.400 3.000 Pf

Revere# Transfer Capacitance
'CS »•» 
' - 1 M H z 300 600

0? Total Sate Charge® Cate Charge 800 1.200

Sete-ariaer Charge
V. ê » 15V

120 nC

<3* Qata-Collactbr (“MIHer") Charge 'C "!C1 680

t,(an) Turn-on Delay Time Raalatlva Switching (2S*C) SO 300

V Rise Time VG e - 1 5 V
100 300

(-(off) Tum-cif Delay Time
voa * °-3 vcsa

lg « Igi 450 1,000
as

a•1 Pad Time R g - S Q 500 300

:,<an> Turn-or. Oelay Time < T B O

t Rise Time Inductive Switching T E D

Tum-ctf Delay Time VCUMPV? m K > -£-3\^£s / ' sy>
600 1.000

AS

Fall Time SCO 800

S m Turn-on Switching Energy T B O

2 * Tum<oh Switching Energy T B O mj

Total Switching Losses T B O

T H E R M A L  C H A R A C T E R I S T I C S  ^
v \ N > v >

Symbol Characteristic / P U N TY P M A X UNIT

R «UC Junction to Case * 0.1S

^AIA Junction to Ambient 20
W tt

Torque Mounting Torque tctirfg)ff)L52jfer 3 m m  8lnding Head Meehine Screw. 10 - in-Lbs.

0  V  *•
Reeeftlve Fating; ?ul*a w M  QmnMt^y minimum juneson taimoraouv.

®  V***.0.8V,„ Volts. fla » 60.
®  s m  m u -s t d -tso Mamed 3471 P-Pack P a ck ag s Outline (Type QF)

C - 1 2



SILICON CONTROLLED RECTIFIER (SCR)



B B C  -Wr
BROWN BOVERI

Druckschrift/Publication 
No. CH-EC 148B 87 D /E /F

Ausgabe/Edition 
Septem ber/Septem bre 1987

T h y r i s t o r

C S  2 1 0 4
Im m  -  5 0 0 0  A
fro m  -  2 0 2 0  A
V M m lfo m  - 4 8 0 0 . . . 5 0 0 0  V

M erfcm a le

Hochstleistungsthyristor im M etall- 
Keramik-Gehause.
Volldiffundierte Tablette.
Direkter Oruckkontakt.
Integrierte Zundverstarkung mit 
verteiltem Gate.

A n w e n d u n g e n

Leistungssteuerung fur hohe 
Spannungen.
Blindstromkompensatoren.
Gleich- und W echselrichter. 
Kurzschluss- und Oberspannungs- 
schutz.

T e c h n is c h e  O a ta n

Die Begriffe. Symbols, Daten und 
Messbedingungen entsprechen den 
intemationalen Normen IEC 147/148  
und DIN 41785,41788,41787.

©  kennzeichnet Grenzwerte 
(Lw ie Limit)

F e a tu re s

High power thyristor in metal ceramic 
housing.
Fully diffused silicon wafer.
Direct pressure contact.
Interdigitated amplifying gate.

A p p lic a tio n s

High voltage power control. 
Reactive power compensators. 
DC and AC converters.
Short circuit and overvoltage 
protection.

T e c h n ic a l s p e c ific a tio n s

Term s, symbols and measuring 
conditions are according to the 
international standards IEC 147/148 
and DIN 41785,41786,41787.

(P marks limiting ratings 
(L like limit)

P a r t ic u la r it y

Thyristor de trds grande puissance en 
boitier m etal-ceram ique.
Pastille entierem ent diffuses.
Contact par pression directs. 
Gachette amplificatrice interdigitee.

A p p lic a tio n s

Regulation de puissance pour hautes 
tensions.
Compensateurs de puissance reactive. 
Redresseurs et onduleurs.
Protection contre les courts-circuits et 
les surtensions.

S p e c ific a tio n s  te c h n iq u e s

Les definitions et les symboles, 
les specifications et les conditions 
de mesure sortt conform es aux 
normes intemationales C E 1147/148 
et DIN 41785,41786, 41787.

( p  marque les valeurs limites 
(L comma limite)

T yp en T y p e s T y p e s

VqRU, Vqrm 4800 V 5000 V

CS 2104-4810 1
CS 2104-50 la 1

S p e rre ig e n s c h a fte n B la c k in g  c h a r a c te r is tic s C a ra c te r is tiq u e s  d e  b io c a g e

(P VrBM, tyjflM 4800 V 5000 V rB =  10 ms

©  VflSM. I/osm 5100 V 5300 V f„ =  1 ms

Ibbm «  300 mA
T . —

Iqbm 5  300 mA VoBkli

C -1 4



Durchlasseigenschaften On-state characteristics Caracteristiques t I’etat passant

Vj «  2.25 V It = 4 0 0 0  A' 
TVj  =  120°C

Vro
r-r

1.25 V 
0.25 mQ 7VJ =  120°C

©  Itrms 5000 A 7C =  50 °C
50 Hz

©  /tavu 2020 A 7c =  85 °C

©  Itsu

45 .0  kA
49 .0  kA
70.0 kA

10 ms 
8.3 ms 
1 ms 7C =  85 °C 

7Vj =  120 °C 
Vq «  0 V

©  J»= Ctt
10.1 x
10.0 x 10® A2s 
2.45 x

10 ms 
8.3 ms 
1 ms

Dauergrenzstrom  Mean fo rw ard  current . Courant d irec t moyen
Typische Betriebsfalle: Typical operating conditions: Cas typiques de fonctionnement:

Ta 35 45 °C

fllhKA 0.01 0.08 K /W

/tav. 5 =  18(Fel 1905 535
f

/tav. <5 =  12(Tei 1770 510

/tav. <5= 6CPel 1400 440

«• w I » • . 5

Rg. 1 Ourchlasskennlinien
On-state characteristics w  =  f(/T): TVJ =  25 °C 
Caracteristiques directes

Rg. 2 Durchlasskennlinien
On-state characteristics vT =  f(/T); 7VJ =  120 °C  
Caracteristiques directes

2 C-1 5



Thsrmisch# Vi art 9 Thermal values Vaisurs themtiques

©  T/jm 120 °C

<D Tv, —4 0 ...+  120 °C

(£> rA —40... +  120°C

*trviC 0.013 K/W  
0.015 K/W  
0.007 K/W

Anode
Cathode
Anode +  Cathode

flmCK 0.0030 K/W  
0.0015 K/W

Anode (Cathode) 
Anode +  Cathode

Ftg.3 Z m jK -fW

Transienter W arm ewiderstand 
Sperrschicht -  Kiihlkorper

Transient thermal impedance 
junction -  heatsink

Resistance thermique 
transitoire jonction -  radiateur

M a c h a n is c h a  W a rt a M a c h a n lc a l v a lu e s V a la u rs  m a c a n lq u a s

0150

//H
(

\  max.6

1 1 ,

J y /
b------ HI

Rat pin
OIN 46244 
A 4,8 X 0.8

Rat pin 
Coma plata 
OIN 46244
A 6,3 X 0.8

Fig. 4 Masse in:
Dimensions in: mm
Dimensions en:

F* 7 2 -8 8  kN Anpresskraft 
Mounting force 
Force de serrage

a 50 m /s2 
1 200 m /s2

50-Hz-Ruttelfestigkeit 
Max. acceleration at 50 Hz 
Resistance aux vibrations 
de 50 Hz

m 2.700 kg Masse
Mass
Masse

D, 33 mm Kriechstrecke
Surface creepage distance
Distance de fuite en surface

0 , 20 mm Luftstrecke
Air creepage distance
Distance de fuite dans I’air

' Element etngespannt 
Component mounted 
Com posant monte

A = Anode/anode/anode 
K = Kathode/cathode/cathode 
G  = Ziindelektrode/gate/gachette 
HK =  Hiifskathode/auxiliary cathode/ 

cathode auxiliaire

C - 1 6



Steuereigenschaften Gate trigger characteristics Caracteristiques de command®

V'gt S  3.0 V
V0 =  6.0 V rVJ= 25 °C

ĜT «  350 mA

VGd 3  0.5 V
V0 =  0.67 x  V0RM ; 7VJ = 120°C

/go 3  10 mA

©  vmu 15V
-

©  Pgav 15 W

®  Pgm 120 W «g = 30 ns ; 7VJ = 25 °C

O y n a m is c h e  E ig e n s c h a fte n  D y n a m ic  c h a ra c te r is tic s  C a ra c te r is tiq u e s  d y n a m iq u e s
u nd  S c h a ltz e ite n  a n d  s w itc h in g  tim e s  e t  te m p s  d e  c o m m u ta tio n

1 f<qtyp o : 350 |is TVJ =  120°C  VB =  100 V 

Vo =  0.67 x  Vqrm ; h  -  1000 A 

d v /d V , =  100V/nS d//df =  - 4  A/US«  700 ns

©  (dv/df)c..^ / :  3  2000 V/us
rVJ =  120 °C ; f  =  50 Hz 

Vo — 0.67 x  Vorm P gk =

fgd s  1.6 ns
7yj =  . 2 5 °C ; /a =  1.5A  

VD =  0.67 x  Vorm dfe/df *  1.5A/(is

o „ S  9.0 mC
7VJ =  120°C  ; h  =  1000 A 

VR =5 0.67 x  Vrr„  ; d i/d t =  -5 A /n s

k =S 2.0 A
7vj =  25 °C f<3 =  50 \is  

iQ =  1.5 A ; d/o/df =  1.5A /|is

/h «  250 mA 7VJ =  25 °C flQK =  x

/ter 5  200 A

7vj =  120 °C ; Vo =  0.8 x Vorm 

k  =  1-5 A

dia/dt =  'l.5 A /n s  d V d f =  100A/ns

©  (d/7df)e
(tum -on)

100 a/ ns /  =  50 Hz r Vj  =  i 2o °c

Vo — 0.67 x  1/ qrmI /"g — 1-5 A 

h  =  3 x /tavm; d/G/df =  1.5 A /jas500 A/ns

Einzelimpuls 
Non-repetitive pulse 
Impulsion isolee

1 Set atiwechenden Bedtngungen: siefte Seite 6. Ftg. 13.14.15 
For other conditions: see page 6. Ftg. 13.14.15 
Pour d’autres conditions: voir page 6. Fig. 13.14.15

C - 1 7



B e la s tb a rk e its d ia g ra m m e  
C u rra n t lo a d  c a p a c ity  
D ia g ra m m e s  d a  c a p a c ite  d a  c h a r g a
(Fig. 5)

D a u a rg ra n z s tro m  
M a a n  fo rw a rd  c u rr a n t  
C o u ra n t d ir e c t  m o y a n
(Fig. 6)

Rg. 5a Pj *  Wtav) Ohne Bnschaltverluste Rg. 5b Fr-f(T A) Rg. 6 /rav-fOc)
Without turn-on losses 
Sans les pertes a I'aiiumage

G ra n z s tro m k a n n lin ia n  
u nd  G ra n z J a s tin ta g ra i

D ia g ra m s  o# lim it in g  
c u r r a n t  a n d  Pt fo r  fu s in g

D ia g ra m m e s  du  c o u ra n t  l im its  
a t  d a  I’ in te g r a le  l im its  d a  fu s io n

14di

? 10 20304060 100 2p0
1 2 3 4 6ms10
im o u5555 " ^
Width of surge pulse " Helbwellen be* 50 Hz
Largeur dMmoulsion Number n of cycles ati50 Hz A A A

Nombre n d’impuisions a 50 Hz H

Rg. 7 fc = 85 °C
TVJ = 120 °C

) : VR =* 0 V
2): \/r - 0.8xVqRM

E in s c h a ltv a r iu s ta T u rn -o n  lo s s e s P a r ta s  a  I ’ a i iu m a g e

■ *TM

Rg. 8 A£p -  f(/iM. W Rg. 9 = f(/xM. d//df)

C - 1 8



Steuarkenniinien Caracteristiques de gachettaGate characteristics

Fig. 10 fga =  f(/e) 

tgd
Zundverzugszeit
Turin-on delay time
Retard a  la commande d'amorgage

Rg. 11 v0 =  f(/Q), PG*v

/g* fa
Steuerspannung und Steuerstrom  
Gate voltage and gate current 
Tension et courant de gdchette

Rg. 12 Vqt =  f(/aT), Tvj 

VqT. lot
Zundspannung und Zundstrom  
Tum-on voltage and current 
Tension et courant d'amorgage

A n d a n in g  d a r P re iw a rd e z a it

• Typische Anderung der Freiwerdezeit 
bei Abweichung von den auf Seite 4 
angegebenen Bedingungen.

V a r ia tio n  o f tu n v o ff  t im e

Typical variation of turn-off time at 
conditions differing from values on 
page 4.

V a r ia tio n  d u  ta m p s  do  
d a s a m o rg a g e

Variation typique du temps de desa- 
morgage sous dels conditions different 
de celles de la page 4.

Rg. 13 V U  =  W Rg. 14 V W  -  f(-d r/d f)

i i
d W d r > 2 0 0 V/|13

r

100 v / p s

3 0  v / p s

—  2 0

—
I—a.

>

0 0 .2  | 0 .4  0 .8  0 .8  1.0

— —  Vo/VOBM

Rg. 15 fq/fayo =  f(V0/V DBM> dv/dt)

B e ra c h n u n g  v o n  tqi

ta — fat
C a lc u la tio n  o f t ^ i  C a le u l d a  t , :

V W ( T vj) • f,/fq*p (-d r/d f) ■ fq /tw , (Vo/V orm. dv/df)

wobei:
tq,,,: auf Seite 4  ausgewiesene Werte 
fq : W ert bei abweichenden 

Bedingungen

wherein:
tqw'- at conditions stated on page 4  
fq : at varying conditions

ou:
fqtyp: selon conditions de la page 4  
fq : selon conditions variables

6
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Dynamische Werte Dynamic valuas Valeurs dynamiques

Irr
Ruckstromspitze
Peak reverse recovery current
Pointe de courant de recouvrement

tn
Sperrverzogerungszeit 
Recovery time 
Temps de recouvrement

U
Faiizeitkonstante 
Fail time constant
Constante de temps de decroissance

On
Sperrverzogerungsiadung 
Recovery charge 
Charge de recouvrement

Q*yn
Dynamische Sperrschichtkapazitat 
Dynamic junction capacitance 
Capacite dynamique de jonction

A u s s c h a ltv e r iu s te

Die Ausschaltverluste PflQ werden 
anhand der dynamischen Werte aus 
den Fig. 16, 17, 18 und 19 bestimmt.

T u rn -o ff  lo s s e s

The turn-off losses PRQ can be cal­
culated using the dynamic values 
from Fig. 16, 17, 18 and 19.

P e r te s  a  I’ e x t in c t io n

On caicuie ies pertes a I'extinction 
Pro en utilisant Ies diagrammes des 
vaieurs dynamiques seion Ies 
Fig. 16, 17, 18 et 19.

£rQ= dv/dt i n -
i — - —  \

I 1 -e  ,e dWdr j vi
Pna — f ' so

A u s s c h a itv o rg a n g T u rn -o ff  p ro c e s s P ro c e s s u s  d f e x t in c t io n

Rg. 19a Stromverlauf 
Current curve 
Allure du courant

Rg. 19b Spannungsverlauf 
Voltage curve 
Allure de la tension

Rg. 19c Schaltung
Circuit diagram 
Circuit

Rg. 19d Ersatzschaltbild 
Equivalent circuit 
Schema equivalent

C - 2 0



T h y r i s t o r

C S  2 1 0 4

(to m s  =  S 0 0 0  A

(ta v m  =  2 0 2 0  A

Vr r m i Vd r m  =  4 8 0 0 ...S 0 0 0  V

T y p e n e rk la ru n g  d e r T h y ris to re n

8eispiel: CS 2104*50 lo 1

C =  Thyristor
S -  Silizium
2104 =  Stromkennwert

in Ampere
50 =  Spannungsklasse

^  10-J x V0HM
I =  Kritische Spannungssteiiheit 

(dv/df)c
0  =  Freiwerdezeit f0yp
1 =  Ausfiihrung

T y p e  c o d e  o f th y ris to rs

Example: CS 2104*50 lo 1

C =  Thyristor
S =  Silicon
2104 =  Approximate current rating 

in am peres 
50 =  Voltage class

A 10-2 X Vobm
I =  Critical voltage rise 

(dv/dr)e
0  =  Turn-off time
1 =  Version

D e s ig n a tio n  d e s  th y r is to rs

Exemple: CS 2104-50 lo 1

C =  Thyristor
S =  Silicium
2104 =  Courant approximatif

en amperes
50 =  Classe de tension

=  10~z x  Vorm
I =  Vitesse critique de croissance 

de la tension (dv/dt)c
0  =  Temps de desamorgage fw
1 =  Execution

Id e n tif ik a tio n  id e n tif ic a tio n  Id e n tif ic a tio n

4800 V 5000 V Ident.-No.

CS 2104-4810 1
CS 2104-50 lo 1

HEKS 352916 R 1048 
HEKS 352916 R 1050

Lieferbare Leistungsnetzthyristoren Available line frequency power Gamm e des thyristors de puissance
im 6-Zall-Scheibengehause: thyristors in a 6-inch presspack a frequence de reseau disponibles

housing: en boitier-disque de 6 pouces:

Type Vrrm. Vorm (V)

CS 2102 3200 3800 4200 4400
CS 2402 3200 3800 4200 4400
CS 2104 4800 5000

Anoerungen vor&eftaiten 
Modifications reserved 
Modifications reservees

B B C
BROWN BOVERI

BBC Brown Boveri AG  
CH-5401 Baden/Schweiz

Hochleistungshalbieiter 
W erk Lenzburg 
Telefon 064/504111  
Telex 828291 62 bb ch 
Telefax 06 4 /50 42 14

BBC 8rown Boveri Qberreicht durch:
Aktiengesellschaft Presented by:
Elektronische Komponenten Remis p ar
0-6800  Mannheim 1 
Bundesrepublik Deutschland

Leistungshaibleiter 
D -6840 Lampertheim  
Postfach 1180 
Telefon (06206) 503-1 
Telex 462411602 bbd 
Telefax (06206) 503-561

Primaa in Switzerland (8709*2000*0) 
Classification No. 080101 C-21
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* * * *  C IR C U IT  D E S C R IP T IO N

** ** + * * * * * * * * * * * # # * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * - * * * * * * * * ' * * * * * * *

* S P IC E  N E T  
. IN C L U D E  D T 6 0 0 .M O D

* * * *  IN C L U D IN G  D T 6 0 0 .M O D  * * * *
*  D T 6 0 0  m o d e l  c r e a t e d  u s i n g  P a r t s  v e r s i o n  5 . 1  o n  0 3 / 1 2 / 9 2  a t  1 6 : 1 4
1k
* m o d e l D T 6 0 0  N P N ( Is = » 8 4 .5 9 p  X t i = 3  E g = l . l l  V a f » 1 0 0  B f= » 4 6 6 .9  I s e = 8 4 . 5 9 D
+ " N e « " l.  1 9 2  I J c f - 1 6 5 . 3  N k = * .6 4 5 4  X t b - 1 . 5  B r = * 1 .0 0 4 K  I s c » 4 . 0 4 9 n
*  N C - 1 . 6 2 6  I k r = * 6 0 .7 2 m  R c = 0  C jc ~ 2 p  M j c = .3 3 3 3  V j c = . 7 5  F c = .5  C je = 5 0
+  M j e - . 3 3 3 3  V j e » . 7 5  T r - l O n  T £ = * ln  I t f = l  X t £ = 0  V t f = 1 0 )

* * * *  R E S U M IN G  P S 3 4 0 4 .C IR  * * * *
. IN C L U D E  D IR E .M O D

* * * *  IN C L U D IN G  D IR K .M O D  * * * *
*  D IR K  m o d e l  c r e a t e d  u s i n g  P a r t s  v e r s i o n  5 . 1  o n  0 3 / 1 3 / 9 2  a t  1 1 : 2 0
*
• m o d e l D IR K  D ( I s * 6 3 . 1 7 u  N - 2 . 0 5  R s * 7 7 7 u  Ik f = * 5 4 .1 1 m  X ti= » 3  E g = l . l l  C j o = l p
+  M - . 3 3 3 3  V j - . 7 5  F c = * .5  I s r » 1 0 0 p  N r » 2  B v - 5 9 9 . 8  I b v - 4 3 . 1 1 u
+  T t - 5 9 9 . 1 n )

* * * *  R E S U M IN G  P S 3 4 0 4 .C IR  * * * *
. IN C L U D E  G A T E D R .S U B

* * * *  IN C L U D IN G  G A T E D R .S U B  * * * *
*G A T E D R .S U B  
*1 1 7  »  O UTPUT
*  1 0  1 3  -  IN P U T  S W ITC H  
•SUBC KT SW2 1 2 3 4 5 6  
SWON 1 2 5 6  ONSW 
SWOFF 3 4 5 6  OFFSW
.M O D EL ONSW V S W IT C H (R O F F = *1 0 0  R O N = lE -3  V O F F = *13 . 5  V O N = 1 4 )
•MODEL OFFSW V S W IT C H (R O F F = *1 0 0  R O N -1 E -3  V O F F -1 3  V O N = 1 2 .5 )
.ENDS
.S U B C K T GATEDR 1 1 7  1 0  13
*O U TP U T LOAD R 1  1  1 7  . 0 6 2 5
R2 6 2 0 . 1
R3 8 5 I E - 3
L2 5 2 4 5 0 N  I C — 2
L3 3 6 1 0 N  IC = 0
V I  7 1 7  5
V 2 17  4 1 5
* IN P U T  VO LTAG E V 3  1 0  13  P U LS E  - 1 5  1 5  0 6 0 E - 6  6 0 E - 6  2 E - 3  5 E -3
R4 1 0  0 I E 6
X I  7 3 4 8 1 0  13  SW2
31 2 1 7  I E —6R5 4 0 1E6

D-2



L I  2 1 5 ON I C = - 2  
.ENDS

R E S U M IN G  P S 3 4 0 4 . C IR  * * * *
.M ODEL 2 D 3 0  D (B V « 5 0  I B V - 1 E - 4 )
.O P T IO N S  I T L 5 - 4 0 0 0 0  IT L 4 = « 4 0 0  A B S T O L = .0 1  V N T O L = .0 1  R E L T O L = .0 0 1  
.TR A N  I E - 4  3 5 E - 3  1 0 E - 3  I E - 4  U IC
Q2 2 4 2  3 D T 6 0 0
Q3 4 5 1 2 6  D T 6 0 0
D2 6 8 D IR K
D3 3 5 D IR K
D4 5 6 D IR K
R1 7 9 1 0
D5 7 9 D IR K
C l 9 1 0  2 . 5 U  IC = 1 0 0
V I 3 10 0
V2 7 2 0
V3 7 4 0
V4 1 2 6  4 2  0
R2 11 7 . 0 0 1
V 5 11 0 2 0 0
Q4 12 13  1 4  D T 6 0 0
Q5 12 13  1 4  D T 6 0 0
Q6 16 1 7  1 5  D T 6 0 0
D7 13 2 0  D IR K
D8 20 1 7  D IR K
D9 17 1 3  D IR K
R3 1 9 21 1 0
D IO  19  2 1  D IR K
C2 21 0 2 .5 U .  IC =»100
V 6 14 0 0
V 7 1 9 12 0
V8 19 1 6  0
V 9 15 1 3  0
R4 2 3 2 3  . 1
R5 33 2 6  . 1
S2 2 7 0 2 6  0 1
R6 23 0 I E  6
R7 2 6 0 I E  6
R8 22 6 1
R9 2 7 1 8  1
R IO  2 9  3 0  1 0 0  
R U  3 0  3 1  1 
R 12 0 3 1  1 E 3  
C3 3 0  0 . I E - 6
V 1 0  3 2  0 P U LS E  0 1 2  0 2 0 0 E - 6  2 0 0 E - 6  2 0 . 0 E - 7  4 0 0 . 2 E - 6
V l l  0 33  S I N  0 1 0  6 0  0 0 0
R 13 33  0  1 E 6
E3 2 9  0 3 3  3 2  1 0 0 0
R 14 32  0 I E 6
D l l  0 3 1  Z D 3 0
R1S 33  2 9  1 E 5
R 16  3 4  3 5  1 0 0
R 17 3 5  3 6  1
R 13 0 3 6  1 E 3
C4 3 5  0 . I E - 6
V 12  3 7  0 S IN  0 1 0  6 0  0 0 0 
R19 3 7  0 I E 6 
E4 34  0 3 7  3 2  1 0 0 0  
D12 0 3 6  Z D 3 0
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R20 37 3 4 IE 5
713 36 38 15R21 38 0 IE 6714 31 28 15R22 23 0 IE 6R23 39 41 30E-5D13 10 7 DINK014 0 19 DIRKR24 126 10 1R25 15 0 1R26 22 10 1E5R27 27 0 1E5715 10 149 0716 149 19 0
Q7 43 124 44 DT600Q8 43 124 44 DT600Q9 46 47 45 DT600016 48 50 DIRKD17 50 47 DIRK018 47 48 DIRKR28 49 51 10
019 49 51 DIRKC5 :51 52 2.5U IC-100717 44 52 0718 49 43 0719 49 46 0720 45 124 0R29 53 49 ,001721 53 0 200Q10 54 55 56 DT600
Qll 54 55 56 DT600Q12 58 59 57 DT600021 60 62 DIRK022 62 59 DIRK023 59 60 DIRKR30 61 63 10024 61 63 DIRKC6 -S3 i0 2.5U IOIOO722 56 0 0723 61 54 0724 61 58 0725 57 55 0R31 70 65 .1R32 80 68 .1£6 <59 <0 68 0 1R33 65 0 IE 6R34 68 0 IE 6R35 64 48 1R36 69 60 1R37 71 72 100R38 72 73 1R39 0 73 1E3 

'  C l  1 2  Q .1E-6726 74 0 PULSE 0 12 0 200E-6 200E-6 20.0E-7 400.2E-6727 0 75 SIN 0 10 60 0 0 240 R40 75 0 IE617 71 0 75 74 1000 R41 74 0 IE6 025 0 73 2D30 R42 75 71 1E5
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R43 76 77 100R44 77 73 1R45 0 78 1E3CS 77 0 .IE-6V28 79 0 SIN 0 10 60R46 79 0 IS 6ES 76 0 79 74 1000D26 0 73 ZD30R47 79 76 1E5729 78 30 15R48 30 0 IE 6V3 0 73 70 15R49 70 0 IE 6R50 31 41 30E-5D27 52 49 DIRK□28 0 61 DIRKR51 45 52 1R52 57 0 1R53 64 52 1E5R54 69 0 1E5V31 52 151 0V32 151 61 0
Q13 83 84 85 DT600Q14 33 84 85 DT600
Q1S 87 38 127 DT600□30 89 91 DIRK□31 91 38 DIRKD32 88 39 DIRKR55 90 92 10□33 90 92 DIRKC9 92 93 2.5U IOIOOV33 35 93 0V34 90 83 0V35 90 87 0736 127 34 0R56 94 90 .001737 94 0 200Q16 95 96 97 DT600Q17 95 96 97 DT600Q13 99 100 98 DT600035 101 103 DISK□36 103 100 DISKD37 100 101 DIRKR57 102 104 10□38 102 104 DIRKCIO 104 0 2.5TJ IC-100V38 97 0 0V39 102 95 0V40 102 99 0V41 98 96 0R53 111 106 .1
R59 121 109 .1E10 110 0 109 0 1R60 106 0 IE6R61 109 0 IE6R62 105 89 1R63 110 101 1R64 112 113 100R65 113 114 1R66 0 114 1E3

0 240
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Cll 113 0 .IE-6742 115 0 PULSE 0 12 0 200E-6 200E-6 20.0E-7 400.2E-6743 0 116 SIN 0 10 60 0 0 120 R67 116 0 IE6Ell 112 0 116 115 1000 R63 115 0 IE 6039 0 114 ZD30 R69 116 112 1E5 R70 117 118 100 R71 118 119 1 R72 0 119 1E3 C12 118 0 . IE-6744 120 0 SIN 0 10 60 0 0 120 R73 120 0 1E6512 117 0 120 115 1000040 0 119 ZD30 R74 120 117 1E5745 119 121 15 R75 121 0 IE6746 114 111 15 R76 111 0 1E6 R77 122 41 30E-5041 93 90 DISK D42 0 102 DISK R78 127 93 1 R79 98 0 1R80 105 93 1E5 R81 110 0 1E5747 93 150 0 V48 150 102 0513 105 93 106 0 1 E14 22 10 23 0 1 E15 64 52 65 0 1 R82 10 0 IE 6R83 93 0 IE6R34 52 0 IE601 6 7 DISKD6 IS 19 DISK029 39 90 DISK034 101 102 DISK015 48 49 DISK020 60 61 DISKLI 149 39 250E-6 IC=0L2 150 122 250E-6 IC-0L3 151 81 250E-6 IC=031 2 42 i DT600.END



**** Diode MODEL PARAMETERS

* * * *  0 6 / 0 8 / 9 2  1 7 : 1 3 : 2 4  * * * * * * * * *  p s p i c e  5 . 1  ( J a n  1 9 9 2 )  * * * * * * * *  i d * 5 9 0 5 1  * * ’ *

b j t S 0 2

* * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *

DIRK ZD30IS 63.170000E-06 10.QOOOOOE-15N 2.05ISR 100.OOOOOOE-12IKE .05411BV 599.8 50IBV 43.110000E-06 100.000000E-06RS 777.OOOOOOE-06TT 599.100000E-09CJO 1.OOOOOOE-12VJ .75M .3333
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bjt602

BJT MODEL PARAMETERS

* * * *  0 6 / 0 3 / 9 2  1 7 : 1 3 : 2 4  * * * * * * * * *  P S p i c e  5 . 1  (J a n  1 9 9 2 )  * * * * * * * *  ID# 5 9 0 5 1  * * * *

* * * * * * * * * * * * * * * * * * * * * * * *  * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *

DT600NPNIS 34•590000E—12BF 466.9 NF 1VAF 100 IXF 165.3 ISE 34.590000E-12 NE 1.192BR 1.004000E+03NR 1IKR .06072ISC 4.049000E-09NC 1.626NK .6454
CJE 5.000000E-12MJE .3333CJC 2•OOOOOOE-12MJC .3323TF 1.000000E-09VTF 10 ITF 1TR 10•00000OE-Q9XTB 1.5

JOB CONCLUDED
TOTAL JOB TIME 7186.70
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* * *  0 6 / 0 3 / 9 2  1 7 : 5 3 : 1 4  * * * * * * * * *  P S p i c e  5 . 1  ( J a n  1 9 9 2 )  * * * * * * * *  i d ? 5 9 0 5 1 »  ■* *  »

G T 0 6 0 3

**** CIRCUIT DESCRIPTION

* * * * * * * *

*SPICE_NET.OPTIONS ITL4-500 RELTOL-.OOl VNTOL-.Ol ABSTOL=.01 ITL5=50000 •TRAN IE-4 35E-3 10E-3 IE-4 UIC .INC GATEDR.SUB
**** INCLUDING GATEDR.SUB *****GATEDR.SUB *1 17 = OUTPUT* 10 13 - INPUT SWITCH .SUBCXT SW2 1 2 3 4 5 6  SWON 1 2 5 6  ONSW SWOFF 3 4 5 6  OFFSW
.MODEL ONSW VSWITCH(ROFF-100 RON-1E-3 VOFF-13.5 VON=14).MODEL OFFSW VSWITCH(ROFF-lOO RON-IE-3 VOFF-13 VON-12.5).ENDS•SUBCXT GATEDR 1 17 10 13*OUTPUT LOAD R1 1 17 .0625
R2 6 2 0 . 1R3 3 5 IE-3L2 5 2 450N IC— 2L3 3 6 ION IC-0VI 7 17 5V2 17 4 15★INPUT VOLTAGE V3 10 13 PULSE -15 15 0 60E-6 60E-6 2E-3 5E-3R4 10 0 IE 6XI 7 3 4 8 10 13 SW2Cl 2 17 IE—6R5 4 0 IE 6LI 2 1 5 ON IC— 2.ENDS
**** RESUMING PS3404.CIR ****
* .INCLUDE DFW_GTO.MOD .INCLUDE GTOl.SUB
**** INCLUDING GTOl.SUB ****.SUBCKT GTOl A G C
* 2/21/92★REVISED J3 THYRISTOR MODEL OF THE★TOSHIBA SG3000JX24, ITGQ-3000A, ITSMS-1200A AND VDRM-6000V* MODEL DA D(IS—1.19E—11, CJO—IE-6,M—0.33,TT—8E-6,BV—16)* MODEL DC D(IS—IE—5,CJO—IE—6,M—0.33,TT—8E—6,BV—6000).MODEL DK D(IS—1.IE-4,CJO—0.5E—6,M—0.33,TT—0. IE-6,BV—18,IBV—IE—3) .MODEL DAI D(IS—1.19E-11).MODEL DKI D(IS—1.IE—4)R1 A 3 1.15E-3 RA 3 4 1600
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RC 4 G 25E3 RK G C 1600 DA 3 4 DA DC G 4 DC DK G C DK VK 13 C 0 EA 12 C 3 4 1.0FC 4 G POLY (2) VA VK 0. .1.0 1.0 DAI 12 6 DAI 0.2 VA 6 C 0DKJ 3 13 DKI 0.95 EK 3 C G C 1.0 .ENDS
* * * *  RESUMING PS3404.CIR * * * ** .INCLUDE SNUB GTO.MOD.MODEL DFW D(IS*1.23E-16 RS-.56E-3 VJ-1.15 CJO-1.28E-6 M=».25 TT=2.15E-6) .MODEL ZD30 D(BV-50 IBV-1E-3).MODEL DFW_GTO D(BV~6000 IBV-1E-4).MODEL SNUB_GTO D(BV~6000 IBV-1E-4)V5 36 0 2400X9 2 32 6 GTOlD8 79 2 DFWJ3TOD9 37 79 SNUB GTOCl 2 37 6E-6 IC-1200R7 79 37 5LI 38 2 12E-6R8 38 102 .25R15 43 52 100R16 52 44 1R13 0 44 1E3C2 52 0 IE—6V6 42 0 PULSE 0 12 0 400E-6 400E-6 20.0E-7 300.2E-6V7 0 46 SIN 0 10 60R19 46 0 IE6E4 43 0 46 42 1000R20 42 0 IE6Dll 0 44 ZD30R21 46 43 1E5R22 47 48 100R23 48 55 1R25 0 55 1E3C3 48 0 IE-6V9 51 0 SIN 0 10 60R26 51 0 IE6E5 47 0 51 42 1000D12 0 55 ZD30R28 51 47 IE5V12 55 39 15R29 89 0 IE6V13 44 65 15R30 65 0 IE6X10 50 70 39 0 GATEDR•'ll 79 50 70 GTOl313 33 79 DFWJ3TOD14 72 33 SNUB GTOC4 79 72 6E-6 IC»1200R32 33 72 5L9 33 0 12E-6R33 121 83 .25

D - 1 0



Li 7 36 38 100E-9 IC=0X12 64 45 66 0 GATEDR720 67 0 2400X13 85 64 45 GTOl□16 35 85 DFW GTOD17 31 35 SNUB GTOC5 135 31 6E-6 IC31200R42 35 81 5LI 8 69 35 12E-6R43 69 121 .25R46 88 90 100R47 90 91 1R48 0 91 1E3 CS 90 0 IE-6
V21 92 0 PULSE 0 12 0 400E-6 400E-6 20.0E-7 800.2E-6V22 0 58 SIN 0 10 60 0 0 120R49 58 0 IS6E6 88 0 58 92 1000R50 92 0 IE6019 0 91 ZO30 R51 58 88 1E5 R52 93 94 100 R53 94 95 1 R54 0 95 1S3 C7 94 0 IE—6V23 41 0 SIN 0 10 60 0 0 120 R55 41 0 IE6 E7 93 0 41 92 1000020 0 95 ZO30 R56 41 93 1E5 724 95 96 15 R57 96 0 IE6 V25 91 66 15 758 66 0 IE6,;i4 97 98 96 0 GATEDR 115 35 97 98 GTOl021 1 35 DEW GTO022 101 1 SNUB GTOCS 35 101 6E-6~I01200R59 1 101 5123 1 0 12E-6R60 124 1 .25L29 67 69 100E-9 IC=0R63 146 49 .003R64 176 49 .003L42 79 146 3E-3 IC=01*43 35 176 3E-3 IC=0732 98 1 0733 45 35 0734 70 83 0X20 109 103 110 0 GATEDR736 80 0 2400X17 119 109 103 GTOlD32 113 119 DFW GTO033 115 113 SNUB GTOC9 119 115 6E-6R87 113 115 5L45 34 119 12E-6738 34 124 .25791 111 112 100

D - 1 1



R92 112 74 1 R93 0 74 1E3 C14 112 0 IE-6V37 114 0 PULSE 0 12 0 400E-6 400E-6 20.0E-7 800.2E-6V38 0 104 SIN 0 10 60 0 0 240R94 104 0 IE6E10 111 0 104 114 1000R95 114 0 IE 6034 0 74 2D30 R96 104 111 1E5 R97 75 117 100 R98 117 118 1 R99 0 118 1E3 C15 117 0 IE-6V39 128 0 SIN 0 10 60 0 0 240R100 128- 0 IE6Ell 75 0 128 114 1000035 0 118 ZD30 R101 128 75 1E5 V40 118 131 15 R102 131 0 IE6 V41 74 110 15 R103 110 0 IE6X22 132 133 131 0 GATEDR X23 113 132 133 GT01036 123 113 DFW_GTO037 136 123 SNUBJ3T0 C12 113 136 6E-6 R104 123 136 5L46 123 0 12E-6 RIO5 125 123 .25 L47 80 84 100E-9 IOO R108 127 49 .003 L48 113 127 3E-3 IOO V42 133 123 0 V43 103 113 0 R109 79 146 100 R110 35 176 100 Rill 113 127 100 LGTO 6 79 25E-9 
3112 32 6 100038 2 102 SNUB GTO039 0 121 SNUBJSTO
040 85 121 SNUBJ3TO041 0 124 SNUB_GTO042 119 124 SNUB GTO043 0 125 SNUB GTO X3 32 6 65 0 GATEDR .END



'***  0 6 / 0 3 / 9 2  1 7 : 5 8 : 1 4  * * * * * * * * *  P S p i c e  5 . 1  ( J a n  1 9 9 2 )  * * * * * * * * ' i d ? 5 9 0 5 1

GT0603

**** Diode MODEL PARAMETERS

* * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *

DFW ZD30 DFW GTO SNUB GTOIS 123.OOOOOOE-18 10.000000E-15 10.000000E-15 10.000000E-15BV 50 6.000000E+03 6.000000E+03IBV 1.0OOOOOE-O3 100.OOOOOOE-06 100.000000E-06RS 560.OOOOOOE-06
TT 2.150000E-06CJO 1.280000E—06VJ 1.15M .25

X9.DA X9.DC X9.DK X9.DA1IS 11.900000E-12 10.OOOOOOE-06 110.000000E-06 11.900000E-12BV 16 6.OOOOOOE+03 18IBV 1.OOOOOOE-03TT 8.000Q00E-06 8.OOOOOOE-06 100.000000E-O9CJO 1.000000E-06 1.OOOOOOE-06 500.000000E-09M .33 .33 .33

X9.DKI Xll.DA Xll.DC Xll.DKIS 110.OOOOOOE-06 11.900000E-12 10.000000E-06 110.OOOOOOE-06BV 16 6.000000E+03 18IBV 1.OOOOOOE-03TT 8 . OOOOOOE-06 8.OOOOOOE-06 100.OOOOOOE-09CJO 1.OOOOOOE-06 1.OOOOOOE-06 500.000000E-09M .33 .33 .33

Xll.DAI Xll.DKI X13 . DA X13.DCIS 11.900000E-12 110.OOOOOOE-06 11.900000E-12 10. OOOOOOE-06BV 16 6.000000E+03TT 8.000000E-06 8.OOOOOOE-06CJO 1.000000E-06 1. OOOOOOE-06M .33 .33

X13.DK XI3.DAI XI3. DKI X15.DAIS 110.000000E-06 11.900000E-12 110.OOOOOOE-06 11.900000E—12BV 18 . 16IBV 1.OOOOOOE-03TT 100.000000E-09 3.000000E-06CJO 500.000000E-09 1.000000E-06M .33 .33
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X15.DC X15.DK X15.DAI XI5.DKIIS 10.000000E-06 110.000000E-06 11.900000E-12 110.000000E-063V 6.0OOOOOE+O3 13IBV 1.000000E-03TT 3.OOOOOOE-O6 100.000000E-09CIO 1•OOOOOOE—06 500.000000E-09M .33 .33 *

X17.DA X17.DC X17.DK X17.DA1IS 11.900000E-12 10.000000E-06 110.000000E-06 11.900000E-12BV 16 6•000000E+03 18IBV
TT 3 • OOOOOOE—06 8.000000E-06 1.000000E-03100.000000E-09CJO 1.000000E-06 1.000000E-06 500.000000E-09M .33 .33 .33

X17.DKI X23.DA X23.DC X23.DKIS 110.000000E-06 11.900000E-12 10•000000E-06 110.OOOOOOE—06BV 16 6•000000E+03 18IBV 1.000000E-03TT 8•OOOOOOE—06 8.000000E-06 100.OOOOOOE—09CJO 1.000000E-06 1.000000E-06 500.000000E-09M .33 .33 .33

X23. DAI X23.DKIIS 11.900000E-12 110.000000E-06

D - 1 4



* * * *  0 6 / 0 3 / 9 2  1 7 : 5 8 : 1 4  * * * * * * * * *  p s p i c e  5 . 1  ( J a n  1 9 9 2 )  * * * * * * * *  ID # 5 9 0 5 1  * * * *

GT0603

**** Voltage Controlled Switch MODEL PARAMETERS

* * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *

X10.X1.0NSW X10.X1.OFFSW X12.XI.ONSW X12.XI.OFFSWRON 1.OOOOOOE-03 1.000000E-03 1.OOOOOOE-03 1.000000E-03ROFF 100 100 100 100VON 14 12.5 14 12.5VOFF 13.5 13 13.5 13

X14.X1.0NSW X14.XI.OFFSW X20.X1.0NSW X20.XI.OFFSWRON 1.OOOOOOE-03 1.000000E-03 1.000000E-03 1. OOOOOOE-03ROFF 100 100 100 100VON 14 12.5 14 12.5VOFF 13.5 13 13.5 13

X22.X1.0NSW X22.XI.OFFSW xa .x i.onsw X8.XI.OFFSWRON 1.OOOOOOE-03 1. OOOOOOE-03 1.OOOOOOE-03 1.OOOOOOE-03ROFF 100 100 100 100VON 14 12.5 14 12.5VOFF 13.5 13 13.5 13

JOB CONCLUDED
TOTAL JOB TIME 1 4 1 5 6 . 1 3



**** 05/12/92 09:51218 ********* PSpice 5.1 (Jan 1992) ******** id* 59051 ****
IGBT512

**★* CIRCUIT DESCRIPTION

f r * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *  * * * • * < * * * * * * * • * • # * * * * • * * * * * * * * • * ' # * * * * * * * *  * * * * *

*SPICE_NET .INCLUDE IGBT1.SUB
**** INCLUDING IGBT1•SUB * * * *.SUBCKT IGBT1 C G E *
★
* THIS IS THE BIPOLAR TRANSISTOR OUTPUT SECTION* OF THE IGBT:
*
* IGBT_PNP model created using Parts version 5.1* on 04/23/92 at 13:11
*
.MODEL IGBT PNP PNP(Is-921.9n Xti-3 Eg-1.11 Vaf-100 + Bf-1.092 Ise-2.777m Ne-1.821 Ikf-.804+ NIC*. 5062 Xtb-1.5 Br»2 Isc*9.219u Nc»1.5+ IXr-1 Rc-lOm Cjc*3.208p Mjc*.3333 Vjc*.75+ Fc*.5 Cje«1.326p Mje-.3333 Vje-.75 Tr*10n+ Tf*8•Ollu Itf-4.134 Xtf-la Vtf»10)
*
*
* THIS IS THE MOSFET INPUT STRUCTURE OF THE IGBT:
*
* IGBT_APT model created using Parts version 5.1* on 04/23/92 at 15:16
*
.MODEL IGBT_APT NMOS(Level*3 Gamma-0 Delta-0 Eta-0 + Theta-0 Kappa-0 Vmax-0 Xj-0 Tox-lOOn Uo-600+ Phi-.6 Kp—20•76u W-1.4 L-2U RS-86.27U+ Vto-3.626 Rd—9m Rds-5K Chd-8.589n Pb-.8
+ Mj—.5 Fc—.5 Cgso»4n Cgdo-ln Rg-0 Is»10f+ N—1 Rb-lm)

Cl 1 E IE-12 R1 C 1 .1Ml 1 G E E IGBT APT Q 1 E 1 C  IGBT PNP .ENDS
**** RESUMING PS3186.CIR * * + +
.TRAN IE-4 100E-3 10E-3 IE-4 UIC .MODEL 2D20 D(BV-20 IS-1E-6).INCLUDE DSE1.MOD
**** INCLUDING DSE1.MOD ***** DSE1 model created using Parts version 5.1 on 04/24/92 at 15:37
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' .m o d e l D S E 1 D ( I s = 7 7 3 . 8 E - 2 4  N = 1 .2 2 6  R s = 4 .7 8 m  I k f = . 1 2 4 1  X t i = 3  E g = l . I l  C j o = l p
-  M”  .3 3 3 3  7 j = . 7 5  F c = .5  I s r = * 4 8 . 9 3 u  N r = 2  B v=*lK  Ib v = 1 .7 2 4 m  T t = 1 0 . 3 3 n

* * * *  R E S U M IN G  P S 3 1 S 6 .C IR  * * * *
. IN C L U D E  RUR.M OO

* * * *  IN C L U D IN G  R U R.M O D * * * *
.m o d e l  r u r  d ( b v » l 0 0 0  i s = » l e - 6 )

* * * *  R E S U M IN G  P S 3 1 S 6 . C IR  * * * *
.O P T IO N S  R E L T O L = lE -3  V N T O L = .Q l A B S T O L = .0 1  IT L 4 = 5 0 0  IT L 5 = * 4 0 0 0 0  
.PRO BE V ( 3 3 )  V ( 5 1 )  V ( 3 6 )  7 ( 8 4 )  7 ( 8 5 )  7 ( 9 9 )  V ( 3 2 )  V ( 1 0 3 )  V ( 7 )
+  V ( I O )  V ( 9 1 )  V ( 9 7 )  V ( 5 7 )  7 ( 6 3 ) ’ V ( 4 7 )  V ( S 5 )  V ( 6 9 )  V ( 4 9 )  V ( 5 0 )  7 ( 1 )
+  7 ( 1 3 )  V ( 3 ) 7 ( 1 2 )  I ( C 1 2 ) I ( C 1 1 )  I ( D 3 0 )  I ( D 2 8 )  I ( L 1 6 )  I ( L 2 1 )  I ( L I )
■f 1 ( 7 2 2 )  I  ( V 2 9 ) 1 ( 7 2 1 )  I ( V 4 )  1 ( 7 1 3 )  7 ( 9 2 )  7 ( 2 3 )  7 ( 1 8 >  7 ( 1 9 )
■s- 1 ( 7 3 2 )  1 ( 7 3 9 )  I ( R 7 3 )  I ( R 7 2 )  I ( D 2 7 )  7 ( 1 0 9 )  1 ( 7 2 7 )  I ( D 4 1 )  I ( D 4 2 )
+  I ( D 2 9 )  I ( R 7 4 )  I ( D 3 4 )  I ( D 3 5 )  I ( D 3 6 )  7 ( 7 7 )  I ( C 1 6 )  7 ( 8 1 )  I ( L 2 6 )
* . PROBE 7 ( 1 0 9 )  7 ( 1 0 3 )  1 ( 7 2 9 )  I ( C 1 1 )  1 ( 7 2 2 )  I ( D 2 7 )  7 ( 8 2 )  1 ( 7 3 2 )  7 ( 9 9 )
* + 7 ( 8 4 )  7 ( 8 5 ) 7 ( 4 9 ) 7 ( 5 0 ) 7 ( 6 9 ) 7 ( 6 5 )  1 ( 7 3 9 ) I  ( C 15
* + 7 ( 8 1 )  7 ( 1 1 0 )
7 1 2 0 4 0 0
7 3 5 1 3  0
7 4 8 2 3 0
R3 1 7 2 4  1 0 0
R4 2 4 5 1
R6 12 5  1 E 3
C l 2 4 1 2  . I E - 6
7 6 IS 0 P U L S E  0 1 2  0 2 0 0 E - 6 2 0 0 E - 6  2 0 . 0 E - 8  4 0 0 . 2 E - 6
7 7 0 1 9  S I N  0 1 0 6 0
R7 1 9 0 1 E 6
E l 1 7 1 2  1 9  1 3  1 0 0 0
R3 1 8 0 I E  6
□ 1 12 5 Z D 2 0
R9 19 1 7  1 E 5
R IO  2 0  2 1  1 0 0  
R l l  2 1  1 6  1 
R 13 0  1 6  1S 3  
0 2  2 1  0 . I E - 6  
7 9  2 3  0 S I N  0 1 0  60  
R 14 2 3  0 I E 6 
E 2 2 0  0 2 3  1 8  1 0 0 0
0 2  0 1 6  Z D 2 0  
R 16 2 3  2 0  1 E 5  
X2 1  7  1 0  IG B T 1
7 1 1  2 2  7  0
7 1 2  4 0  1  0
7 1 3  1 0  0 0 
R 18 1 6  2 2  1
L I  7 7  3 8  1 . 5 E - 3  IC = 0  
R 2 0  3 8  2 3  . 0 6 E -3  
L2 2 8  3 1  . 0 5 E - 6  
R 2 1  3 1  3 9  . 0 0 5 E - 3  
R 22 3 9  3 6  2 5 E - 3  
L3 2 8  3 6  5 0 0 N
03  1  1 1  RUR
0 3  1 1  0 . I E - 6  1 0 2 0 0  
7.24 1 1 1  1 0 0  
P.25 1  0 1 2  OK 
□ 4 0 1  D S E 1

D-1 7



0 5  8 2  3 4  RUR
C4 3 4  1 2  . I E —6 IC = 2 0 0
R 26 8 2  3 4  1 0 0
R 27  8 2  1 2  1 2 OK
D6 1 2  3 2  D S E 1
R 28  1 2  0 I E 6
□ 7  0 1 D S E 1
□ 8 0 1  D S E 1
D9 0 1 D S E 1
0 1 0  1 2  3 2  0 S E 1
□ 1 1  1 2  8 2  D S E 1
□ 1 2  1 2  8 2  0 S E 1
R 3 1  5 1 2  1 0 0
R 32 2 2  0 1 0 0
L4 3 3  4 0  . 0 5 E - 6  IC = 0
L 5  1 2  3 3  . 0 5 E - 6
X5 3 3  8 4  8 5  I 6 B T 1
V 2 1  8 7  8 4  0
7 2 2  8 2  8 3  0 
R 57 8 9  9 0  1 0 0  
R 58 9 0  8 7  1  
R 59 8 5  8 7  1E 3  
C9 9 0  8 5  . I E - 6
7 2 3  9 1  0 P U LSE 0 1 2  0 2 0 0 E - 6  2 0 0 E - 6  2 0 . 0 E - 8  4 0 0 . 2 E - 6
7 2 4  0  9 2  S IN  0 1 0  6 0  0  0 1 2 0  
R 60 9 2  0  1 E 6
E5 3 9  8 5  9 2  9 1  1 0 0 0  
R 6 1  9 1  0 I E 6 
0 2 5  8 5  8 7  Z D 2 0  
R 6 2  9 2  3 9  1 E 5  
R 63 9 3  9 4  1 0 0  
R 6 4  9 4  9 5  1  
R 6 5  0 9 5  1 E 3  
C IO  9 4  0 . I E - 6
7 2 5  9 7  0 S IN  0 1 0  6 0  0 0 1 2 0  
R 66 9 7  0 I E 6
E 6 9 3  0  9 7  9 1  1 0 0 0
□ 2 6  0 9 5  Z 0 2 0
R 67  9 7  9 3  1 E 5
X 6 1 0 3  9 9  1 0 0  IS B T 1
7 2 7  1 0 2  9 9  0
7 2 9  1 0 0  0  0
R 68  9 5  1 0 2  1
L I 6  3 3  1 0 5  1 . 5 E r 3  IC » 0
R 69  1 0 5  1 0 6  . 0 6 E - 3
L 1 7  1 0 6  1 0 7  . 0 5 E - 6
R 70  1 0 7  1 0 8  . 0 0 5 E - 3
R 7 1  1 0 8  3 6  2 5 E - 3
L I 3 1 0 6  3 6  5 0 0 N
□ 2 7  1 0 3  1 0 9  RUR
C l l  1 0 9  0 . I E - 6  IC = 2 0 0
R 72 1 0 3  1 0 9  1 0 0
R 73 1 0 3  0 1 2  OK
□ 2 8  0 1 0 3  D S E 1
D 29 3 2  1 1 0  RUR
C12 1 1 0  8 5  . I E - 6  IC = »20 0
R 74 8 2  1 1 0  1 0 0
R 75  8 2  8 5  1 2 0 K
□ 3 0  8 5  8 2  DSE1
R 76 8 5  0 I E 6

D -1 8



.

0 3 1 0 1 0 3 O S E l
D32 0 1 0 3 O S E l
0 3 3 0 1 0 3 O S E l
0 3 4 35 8 2 DSE1
0 3 5 8 5 3 2 O S E l
0 3 6 8 5 3 2 O S E l
R 79 3 7 8 5 1 0 0
R 80 1 0 2  0 1 0 0
1*19 7 7 1 0 3 ; . 0 5 E - 6
0 2  0 8 5 7 7 . 0 5 E - 6
X7 4 8 4 9  5 0  IG B T 1
V 3 1 5 2 4 9 0
V 32 3 2 4 8 0
R 8 1 5 5 5 6 1 0 0
R 82 5 6 5 2 1
R 83 5 0 5 2 1S 3
C13 5 6 5 0 . I E - 6
V 33  5 7  0  P U LS E  0  1 2  0 2 0 0 E - 6  2 0 0 E - 6  2 0 . 0 E - 8  4 0 0 . 2 E - 6
V 3 4  0 4 7  S IN  0 1 0  6 0  0 0 2 4 0
R 84 4 7  0 I E 6
E 7 5 5  5 0  4 7  5 7  1 0 0 0
R 8 5  5 7  0 I E 6
0 3 7  5 0  5 2  Z 0 2 0
R 3 6  4 7  5 5  1 E 5
R S7 5 9  6 0  1 0 0
R 88  6 0  6 1  1
R 89  0 6 1  1 E 3
C l 4 6 0  0  . I E - 6
V 3 5  6 3  0  S I N  0 1 0  6 0  0  0 2 4 0
R 9 0  6 3  0  1 E 6
E8 5 9  0 6 3  5 7  1 0 0 0
D 38 0 6 1  Z S 2 0
R 9 1  63  5 9  1 E 5
XS 6 9  6 5  6 6  IG B 7 1
V 3 7  6 8  6 5  0
V 3 9  6 6  0  0
R 92 6 1  6 8  1
L 2 1  5 1  7 1  1 . 5 E - 3  IC = 0
R 93  7 1  7 2  . 0 6 E - 3
L 2 2  7 2  7 3  .O S E -6
R 9 4  7 3  7 4  . 0 0 5 E - 3
R 95  7 4  3 6  2 5 E - 3
1*23 7 2  3 6  5 0 0 N
D39 6 9  3 0  RUR
C 15 8 0  0 .  I E - 6  I C - 2 0 0
R 96  6 9  8 0  1 0 0
R 97  6 9  0 1 2 OX
0 4 0  0 6 9  D S E 1
0 4 1  3 2  8 1  RUR
C 16 8 1  5 0  . I E - 6  IC = 2 0 0  
R 98 3 2  3 1  1 0 0  
R 99 3 2  5 0  1 2 0 K
0 4 2  5 0  8 2  D S E 1  
R 1 0 0  5 0  0 I E 6 
D43 0 6 9  0 S E 1  
D 44 0 6 9  O S E l
0 4 5  0 6 9  D S E 1
0 4 6  5 0  3 2  O S E l  
D 47 5 0  8 2  D S E 1  
D48 5 0  8 2  O S E l

D-1 9



R 103  5 2  5 0  1 0 0
R 1 04  6 8  0 1 0 0
L24  5 1  6 9  . 0 5 E - 6  IC = 0
L 25  5 0  5 1  . 0 5 E - 6
L 2 6  2 3 2  . I E - 6
X I  3 13  1 2  IG B T 1
.END



* * * *  0 5 /1 2 / 9 2  0 9 :5 1 :1 8  * * * * * * * * *  PSpice 5 .1  (Jan 1992) * * * * * * * *  ID# 59051 * * * *

IG-3T512

* * * *  D io d e  MODEL PARAMETERS

* * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *

O

I S
N

I S R
IK F

BV
IB V

RS
T T

CJO
V J

M

Z D 20
1 .0 0 0 0 0 0 E - 0 6

2 0

DSE1
7 7 3 . 3 0 0 0 0 0 E - 2 4  

1 . 2 2 6
4 8 . 9 3 0 0 0 0 E - 0 6

. 1 2 4 1
1 . OOOOOOE+03 
1 . 7 2 4 0 0 0 E - 0 3  
4 . 7 8 0 0 0 0 E - 0 3  

1 0 . 8 3 0 0 0 0 E - 0 9  
1 . 0 0 0 0 0 0 E - 1 2  

. 7 5  

. 3 3 3 3

r u r1.OOOOOOE-06

1 . 0 0 0 0 0 0 E + 0 3

D-21



* * * *  0 5 /1 2 /9 2  0 9 :5 1 :1 3  * * * * * * * * *  PSpice 5 .1  (Jan 1992) * * * * * * * *  ID# 59051 * * * *

IGBT512

* * * * BJT MODEL PARAMETERS

IS
X2.IGBT PNP PNP921.900000E-09

X5.IGBT PNP PNP921.900000E-09
X6.IGBT PNP PNP921.900000E-09

X7.IGBT PNP PNP921.900000E-09BF 1.092 1.092 1.092 1.092NF 1 1 1 1VAF 100 100 100 100IXF .304 .304 .804 .804ISE 2.777000E-03 2.777000E-03 2.777000E-03 2.777000E-03NE 1.321 1.321 1.321 1.821BR 2 2 2 2NR 1 1 1 1IXR 1 1 1 1ISC 9 • 219000E—06 9.219000E-06 9.219000E-06 9.219000E-06NC 1.5 1.5 1.5 1.5NX .5062 .5062 .5062 .5062RC .01 .01 .01 .01GTE 1.326000E-12 1.326000E-12 1.326000E-12 1.326000E-12MJE .3333 .3333 .3333 .3333CJC 3 • 208000E-12 3.208000E-12 3.208000E-12 3•208000E—12MJC .3333 .3333 .3333 .3333TF 3•011000E-06 3•011000E-06 3.011000E-06 3•011000E—06XTF 1.000000E-03 1.OOOOOOE-03 1.000000E-03 1. OOOOOOE-03VTF 10 10 10 10ITF 4.134 4.134 4.134 4.134TR 10•000000E—09 10•OOOOOOE-09 10.000000E-O9 10.000000E-09XTB 1.5 1.5 1.5 1.5

X8.IGBT PNP Xl.IGBT PNP
IS PNP921.900000E—09 PNP921.900000E-09BF 1.092 1.092NF 1 1VAF 100 100IXF .304 .304ISE 2.777000E-03 2.777000E-03NE 1.321 1.321BR 2 2NR 1 1IXR 1 1ISC 9.219000E-06 9.219000E-06NC 1.5 1.5NK .5062 .5062RC .01 .01CJE 1 • 326000E—12 1•326000E-12MJE .3333 .3333

D -2 2



CTC 3 . 2 0 8 0 0 0 E - 1 2
IC C  .3 3 3 3

T F  3 . 0 1 1 0 0 0 E - 0 6
X T F  X .O O O O O O E -03
V T F  1 0  
X T F  4 . 1 3 4

T R  1 0 . 0 0 0 0 0 0 E - 0 9
X TB  1 . 5

3 . 2 0 8 0 0 0 E - 1 2  
.3 3 3 3

3 . 0 1 1 0 0 0 E - 0 6  
1 . OOOOOOE-03 

10
4 . 1 3 4

1 0 . 0 0 0 0 0 0 E —0 9  
1 . 5



* * * *  0 5 /1 2 /9 2  0 9 :5 1 :1 8  * * * * * * * * *  PSpice 5 .1  (Jan 1992) * * * * * * * *  i d # 59051 * * * *

IG3T512

* * * * M O SFET MODEL PARAME TE R S

L E V E L
L
W

VTO
KP

GAMMA
P H I

RD
SS
RB

ROS
PBSW

CBO
CGSO
CGDO

TO X

X 2 . IG B T  A P T  
NMOS 

3
2 .  OOOOOOE—0 6
1 . 4
3 . 6 2 6

2 0 . 7 6 0 0 0 0 E - 0 6
0

. 6
9 . 0 0 0 0 0 0 E - 0 3  

8 6 . 2 7 0 0 0 0 E —0 6  
1 . OOOOOOE—0 3  
5 . OOOOOOE+03 

. 8
8 . 5 8 9 0 0 0 E —0 9  
4 . OOOOOOE—0 9  
1 . OOOOOOE—0 9  

1 0 0 . OOOOOOE—0 9

X 5 . IG B T  A P T
NMOS “

3
2 . OOOOOOE—0 6
1 . 4
3 . 6 2 6

2 0 . 7 6 0 0 0 0 E —0 6  
0

. 6
9 . OOOOOOE-03  

8 6 . 2 7 0 0 0 0 E —0 6  
1 . OOOOOOE-03  
5 . OOOOOOE+03 

. 3
8 . 5 8 9 0 0 0 E - 0 9  
4 . OOOOOOE—0 9  
1 . OOOOOOE—0 9  

1 0 0 . OOOOOOE—0 9

X 6 . IG B T  A P T  
NMOS ~

3
2 . OOOOOOE—0 6
1 . 4
3 . 6 2 6

2 0 . 7 6 0 0 0 0 E - 0 6  
0

. 6
9 . O OO O OO E-03  

8 6 . 2 7 0 0 0 0 E - 0 6  
1 . O OO O OO E-03  
5 . Q 0 0 0 0 0 E + 0 3  

. 8
8 . 5 8 9 0 0 0 E —0 9  
4 .  OOOOOOE—0 9
1 .  OOOOOOE—0 9  

1 0 0 . OOOOOOE—0 9

X 7 . IG B T  A P T  
NMOS 

3
2 . 0 0 0 0 0 0 E - 0 6
1 . 4
3 . 6 2 6

2 0 . 7  6 0 0 0 0 E - 0 6  
0

. 6
9 .  OOOOOOE-Q3 

8 6 . 2 7 0 0 0 0 E —0 6  
1 .  OOOOOOE-OS 
5 . 0 0 0 0 0 0 E + 0 3  

. 3
8 . 5 8 9 0 0 0 E - 0 9  
4 . OOOOOOE—0 9  
1 . OOOOOOE—0 9  

1 0 0 . OOOOOOE—0 9

X 8 . IG B T  A P T  
NMOS

L E V E L  3
L  2 . OOOOOOE—0 6
W 1 . 4

VTO  3 . 6 2 6
KP 2 0 . 7  6 0 0 0 0 E —0 6

GAMMA 0
P H I  . 6

RD 9 . OOOOOOE—0 3
RS 8 6 . 2 7 0 0 0 0 E —0 6
1 3  1 . O OOOOOE-03

RDJ 5 . OOOOOOE+03
PBSW . 8

CBD 3 .5 8 9 0 0 0 E —0 9
CGSO 4 . OOOOOOE—0 9
CGDO 1 . OOO O OO E-09

TO X 1 0 0 . O OO O OO E-09

X l . I G S T  A P T  
NMOS ~

3
2 . OOOOOOE—0 6
1 . 4
3 . 6 2 6

2 0 . 7 6 0 0 0 0 E - 0 6
0

. 6
9 . OOOOOOE—0 3  

8 6 . 2 7 0 0 0 0 E - 0 6  
1 . OOOOOOE—0 3  
5 . OOOOOOE+03 

. 8
8 . 5 8 9 0 0 0 E - 0 9  
4 . OOOOOOE—0 9  
1 . OOOOOOE—0 9  

1 0 0 . OOOOOOE-09

JO B  CONCLUDED

T O T A L  JO B  T IM E  2 4 9 0 .8 3
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APPENDIX E

SIMULATION CODES 
FOR

40 METRIC TON AND 100 METRIC 
TON VEHICLES



1 0  ' J ' & g p w r  . b a s  -  4 0  t o n s  +  1 0 0  p a s s e n g e r s  ( 8 3  m / s )
2 0  D I M  V ( 5 0 0 ) , F A D  ( 5 0 0 )  ,  E D  ( 5 0 0 )  , F D  ( 5 0 0 )  , E D R A G ( 5 0 0 )  , T C T F ( 5 0 0 )  , P W R ( 5 0 0 )  

3 0  D T = 1 : ' s e c o n d
4 0  P L = 1 0 0 * 2 5 0 / 2 . 2 : ' p a y l o a d  o f  1 0 0  p a s s e n g e r s  / b a g g a g e  

5 0  V M = 4 0 0 0 0  i :  ' v e h i c l e  m a s s  
6 0  M = V M f P L
7 0  C D = . 3 : ' A i r  d r a g  c o e f f  

8 0  A f=9 : ' F r o n t  a r e a  a P 2  

9 0  A 0 O l : ' i n / s * 2
1 0 0  P = 1 . 2 : ' d e n s i t y  o f  a i r  -  k g / n r 3  

1 1 0  V ( 0 ) = 0 : ' m / s
1 2 0  O P E N  " m a g p w r . d a t "  F O R  O U T P U T  A S  # 1

1 3 0  F O R  1 = 0  T O  5 0 0
1 4 0  F A D  ( I )  = . 5 * C D * A * P * V ( I )  * 2

1 5 0  E A C = M * A O C

1 6 0  I F  V ( I ) < = 0  T H E N  V ( I ) = 0 : F L ( I ) = 0 : F A C = 0 : F A D  ( I ) * 0 : G D T D  1 8 0  

1 7 0  F L  ( I )  = 1 - 2 . 7 1 8 2 8 1 8 # * - ( V ( I ) / 1 5 ) : ' n o r m a l i z e d  l i f t  f o r c e  

1 8 0  I F  V ( I ) = 0  T H E N  F D ( I ) = 0 : G C T O  2 0 0  

1 9 0  E D  ( I )  = 2 . 7 5 * F L  ( I )  / V  ( I )

2 0 0  E D F A G  ( I )  = F D  ( I )  * M * 9 . 8 1 0 0 0 1 + F A D  ( I )
2 1 0  T O I F  ( I )  = £ D R A G  ( I )  + F A C  

2 2 0  P W R ( I ) = T D T F ( I )  * V ( I )
2 3 0  V ( I + 1 ) = * / ( I ) + A C C * D T  

2 4 0  I F  V ( I ) > 8 3  T H E N  A C C = 0  '

2 5 0  I F  D > 3 0 0  T H E N  A C C = - 2 : ' d e c e l e r a t e  a t  . 2 g  

2 6 0  I F  I > 3 0 0  A N D  V ( I ) < = 0  T H E N  A C C = 0
2 7 0  W R I T E  # l , I / 7 ( I ) , E A D ( I ) , E D ( I ) , E D ( I ) , E D R A G ( I ) , T O I F ( I ) , P W R ( I )
2 8 0  N E X T  I  

2 9 0  C L O S E  # 1  

3 0 0  E N D

E - 2
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1 0  ' t f e g p w r . b a s  -  1 0 0  t o n s  +  1 0 0  p a s s e n g e r s
2 0  D I M  V ( 5 0 0 )  , F A D  ( 5 0 0 )  , F L ( 5 0 0 )  , F D  ( 5 0 0 )  , E D R A G ( 5 0 0 )  , I O I F  ( 5 0 0 )  , P W R ( 5 0 0 )  
3 0  d t ~ 1 1  * s e c o n d

4 0  P L = 1 0 0 * 2 5 0 / 2 . 2 : ' p a y l o a d  o f  1 0 0  p a s s e n g e r s / b a g g a g e  

5 0  W H L Q 0 0 0 0 ! :  ' v e h i c l e  m a s s  

6 0  M = V M f P L

7 0  C D = . 3 : ' A i r  d r a g  c c e f f  

8 0  $ s = 9 :  ' F r o n t  a r e a  n r ^ 2  

9 0  A O > l : ' m / s A 2

1 0 0  P = 1 . 2 : ' d e n s i t y  o f  a i r  -  k g / m A 3  

1 1 0  V ( 0 ) = 0 :  ' m / s
1 2 0  O P E N  " m a g p w r . d a t "  F O R  O U T P U T  A S  # 1
1 3 0  F O R  1 = 0  T O  5 0 0
1 4 0  E A D  ( I )  = . 5 * C D * A * P * V ( I )  A 2

1 5 0  F A C = M * A O O
1 6 0  I F  V ( I ) < = 0  T H E N  V ( I )  = 0 : F L ( I )  = 0 : F A C = 0 : F A D ( I )  = 0 : G C T O  180 
1 7 0  F L ( I ) = 1 - 2 . 7 1 8 2 8 1 8 # A - ( V ( I ) / 1 5 ) : ' n o r m a l i z e d  l i f t  f o r c e  

1 8 0  I F  V ( I ) = 0  T H E N  E D ( I ) = 0 : G C T O  2 0 0  

1 9 0  E D  ( I )  = 2 . 7 5 * F L  ( I )  / V  ( I )
2 0 0  F D P A G ( I ) = F D  ( I )  * M * 9 . 8 1 0 0 0 1 + F A D  ( I )
2 1 0  T C T F ( I ) = F D P A G ( I ) + F A C  

2 2 0  P W R ( I )  ^ O E F  ( I )  * V ( I )
2 3 0  V  ( 1 + 1 )  = * /  ( I )  + A C C * D T
2 4 0  I F  V  ( I )  > 1 3 9  T H E N  A C C = 0
2 5 0  I F  I > 3 0 0  T H E N  A C C = - 2 : '  d e c e l e r a t e  a t  . 2 g
2 6 0  I F  B > 3 0 0  A N D - V ( I )  < = 0  T H E N  A C C = 0
2 7 0  W R I T E  # 1 , 1 , V ( I )  , F A D  ( I )  , F L  ( I )  , E D  ( I )  , F D R A G ( I )  , T O T F  ( I )  , P W R ( I )
2 8 0  N E X T  I  

2 9 0  C L O S E  # 1  

3 0 0  E N D
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APPENDIX F

CALCULATED POWER REQUIREMENTS
FOR

40 METRIC TON AND 100 METRIC TON 
VEHICLES @ 83 m/s
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Figure F-l. Simulated trip with S3 m/s top speed
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Figure F-2. Normalized magnetic lift and drag forces
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Figure F-3. Air drag force
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Figure F-5. Total thrust force for 40 ton vehicle
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Figure F-6. Power demand for 40 ton vehicle
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APPENDIX G

CALCULATED POWER REQUIREMENTS
FOR

40 METRIC TON AND 100 METRIC TON 
VEHICLES @ 135 m/s

G-1
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Figure G-l. Simulated trip with m/s top speed
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INVERTER PARAMETERS . HEAT EXCHANGER ESTIMATES
NUMBER OF NUMBER OF FIXED COST PER PRIME POWER FIXED MASS MASS PER kW FIXED VOLUME/kW

PHASES SWITCHES COST kW LOSS ($/kW) IkVA/kW LOSSI (kg) LOSS Ika/kWI VOLUME (m‘ 3l LOSS (m*3/kWI
3 6 $39,440,00 164,5 0.7967 400 1 9.77 0.0131

CONTROLLER BUS WORK & FRAME ESTIMATES
MASS VOLUME . % INCREASE IN % INCREASE IN
(kal (m‘31 TOTAL MASS TOTAL VOLUME

__________ 0.01 41.46% 71.43%

COST ESTIMATES
CONTROLLER CONTROLLER BUS & FRAME LABOR AND SERVICES FSTIMATES 1% OF TOTAI COSTI
FIXED COST COST/SWITCH % INC IN COST MATERIAL FAB LABOR FAB SERVICES TEST LABOR

$3,500.00 $35.00 ______UL222L 41.82% ______30-66% ______12.3278 ______U,23°i

INPUT PARAMETERS CACULATED RESULTS
INPUT VOLTAGE 

IkVDCI
OUTPUT MVA

IMVAI •
SWITCH FREQ 

IHtI
MASS

. (kal
VOLUME COST

($1
INVERTER
LOSS (kW)

HEAT EX
POWER (kVAl

INVERTER
EFFICENCY

TOTAL
EFFICENCY

MAXIMUM 
DUTY CYCLE

MAXIMUM
MVA

7 10 100 6520.69 22.74 $869,385.37 137.16 109.28 98.65% 97.59% 0.98 15.40
7 10 150 6783.99 23.31 $888,948.50 166.63 132.76 98.36% 97.09% 0.97 14.91
7 10 200 7048.18 23.88 $908,577.01 196.20 156.31 98.08% 96.59% 0.96 14.44
7 10 250 7313.28 24.45 $928,273.38 225.87 179.95 97.79% 96.10% 0.96 '13.99
7 10 300 7579.35 25.03 $948,040.25 255.64 203.67 97.51% 95.61% 0.95 13.55
7 10 350 8062.88 26.07 $978,557.64 285.59 227.53 97.22% 95.12% 0.94 13.13
7 10 400 8330.96 26.65 $998,473.29 315.59 251.43 96.94% 94.63% 0.93 12.72
7 10 450 8600.13 27.23 $1,018,468.11 345.70 275.42 96.66% 94.15% 0.92 12.32
7 10 500 8070.40 27.81 $1,038,545.26 375.94 299.51 96.38% 93.67% 0.91 11.94
7 10 550 9141.85 28.39 $1,058,708.08 406.31 323.71 96.10% 93.20% 0.90 11.57
7 10 600 9414.50 28.98 $1,078,960.08 436.81 348.01 95.81% 92.72% 0.89 11.22
7 10 650 9688.41 29.57 $1,099,304.95 467.45 372.42 95.53% 92.25% 0.88 10.87
7 10 700 10180.12 30.63 $1,130,423.67 498.29 396.99 95.25% 91.78% 0.88 10.54
7 10 750 10456.72 31.23 $1,150,965.46 529.23 421.64 94.97% 91.32% 0.87 10.22
7 10 600 16084.78 41.91 $1,919,324.50 924.21 736.32 91.54% 85.76% 0.86 19.82
7 10 850 16580.82 42.97 $1,955,763.94 978.57 779.63 91.09% 85.05% 0.85 19.22
7 10 900 17077.78 44.02 $1,992,271.29 1033.04 823.02 90.64% 84.35% 0.84 18.64
7 10 950 17575.71 45.08 $2,028,849.41 1087.60 866.49 90.19% 83.65% 0.83 18.08
7 10 1000 10074.64 46.15 $2,065,501.31 1142.28 910.06 89.75% 82.97% 0.82 17.54
7 10 1050 18791.09 47.68 $2,112,906.99 1197.14 953.76 89.31% 82.30% o.ai 17.02
7 10 1100 19292.16 48.74 $2,149,715.29 1 252.05 997.51 88.87% 81.64% 0.81 16.51
7 10 1150 19794.38 49.81 $2,186,607.37 1307.08 1041.35 88.44% 80.98% 0.80 ' 16.02
7 10 1200 20297.78 50.88 $2,223,586.97 1362.25 1085.30 86.01% 80.34% 0.79 15.55
7 10 1250 21018.91 52.42 $2,271,335.16 1417.61 1129.41 87.58% 79.70% 0.78 15.09
7 10 1300 21524.86 53.50 $2,308,500.99 1473.06 1173.58 87.16% 79.07% 0.77 14.65
7 10 _______ 1252. _____22032.18 _______ £££8 $2.345.766.78 _____ 1§2§.S§ _____ 1217.2? ______86.74% 78.45% ________ 2J2. _______ L U i

Figure H-1.1 CjTO inverter summary - Sheet 1 tor 10 MVA, variable frequency



GTO PARAMETERS
VOLTAGE POWER DISS V THRESHOLD DYNAMIC > INC. SW LOSS FIXED SW MINIMUM MAXIMUMRATING (kV) PER GTO IWI IVOLTSI (OHMS) PER AMP IJ/AI LOSS IJI OFF TIME 1st

_________ j. 2900 1.77 _____ 000118 _____&2221SZ 1.05 _____1.77EP4 3000

SWITCH MODULE PARAMETERS
FIXED MASS 

Ikal
MASS PER SNUB 

LOSS Ika/kWI
FIXED VOL 

(m-3)
VOL PER SNUB 
LOSS lm*3/kWI

_______ 2LIS. __________ L 0.04535 _____2 M 2 M 1

BUS WORK & FRAME ESTIMATFS
% INCREASE IN 
TOTAL MASS

% INCREASE IN 
TOTAL VOLUME

_____200.00% ______

COST ESTIMATES
FIXED COST 
PER MODULE

COST PER SNUB 
LOSS ($/kWI

DRIVER FIXED 
COST

DRIVER COST 
PER MODULE

BUS & FRAME 
% INC IN COST

____S8.2g3.3g _____ *100-00 ____tl.gflB.gg ______ *35.00 ______ 1000%

INPUT PARAMETERS CACULATED RESULTS
INPUT VOLTAGE 

___ liirn___
OUTPUT MVA 

IMVAI
SWITCH FREQ

____ l&l__ _
TOTAL EST 
MASS (ka)

TOTAL EST
VOLUME (m*3l

TOTAL EST 
MAT'L COST

TOTAL EST
SW LOSS (kW)

MAXIMUM 
PEAK CURRENT

MAX PHASE CUR 
PARALLELIArmsI

PARALLEL 
MODULES REQ

SERIES
MODULES REO

TOTAL
MODULES REO7 10 100 245.18 0.27 $32,925.32 22.08 2031.19 1606.25 1 3 37 10 150 272.73 0.29 $33,430.40 26.98 1984.87 1562.53 1 3 37 10 200 300.3B 0.30 $33,937.18 31.91 1939.91 1520.18 1 3 37 10 250 328.12 0.32 $34,445.72 36.85 1896.29 1479.17 1 3 37 10 300 355.95 0.34 $34,956.11 41.81 1853.98 1439.45 1 3 37 10 350 383.90 0.36 $35,468.40 46.78 1812.95 1401.00 1 3 37 10 400 411.95 0.38 $35,982.68 51.78 1773.16 1363.78 1 3 37 10 450 440.11 0.39 $36,499.02 56.79 1734.59 1327.74 1 3 37 10 500 468.39 0.41 $37,017.51 61.83 1697.19 1292.85 1 3 37 10 550 496.80 0.43 $37,538.24 66.88 1660.93 1259.08 1 3 37 10 600 525.33 0.45 $38,061.29 71.96 1625.79 1226.38 1 3 37 10 650 553.99 0.47 $38,586.77 77.06 1591.72 1194.72 1 3 37 10 700 582.79 0.48 $39,114.78 82.19 1558.70 1164.07 1 3 37 10 750 611.74 0.50 $39,645.42 87.34 1526.69 1134.39 1 3 37 10 800 1202.79 0.99 $77,811.75 153.13 1495.66 1105.65 2 3 67 10 850 1254.83 1.03 $78,765.78 162.18 1465.57 1077.81 2 3 67 10 900 1306.97 1.06 $79,721.59 171.25 1436.41 1050.84 2 3 67 10 950 1359.20 1.09 $80,679.25 180.34 1408.12 1024.72 2 3 67 10 1000 1411.54 1.13 $81,638.85 189.45 1380.70 999.40 2 3 67 10 1050 1464.00 1.16 $82,600.46 198.57 1354.10 974.86 2 3 67 10 1100 1516.56 1.19 $83,564.17 207.72 1328.29 951.07 2 3 67 10 1150 1569.25 1.23 $84,530.08 216.88 1303.26 928.01 2 3 67 10 1200 1622.06 1.26 $85,498.28 226.07 1278.97 905.64 2 3 67 10 1250 1675.00 1.30 $86,468.88 235.28 1255.40 883.94 2 3 67 10 1300 1728.08 1.33 $87,441.99 244.51 1232.52 862.88 2 3 6

__________ L________ ISL_______12££ _____ 1781.30 ________ L22. $88,417.72 ______ 253.77 _____ 1210.31 842.45 _________ 2. 3 _________ g

Figure H-1.2 GTO switch quantity characterization - Sheet 2 for 10 MVA, variable frequency.
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SNUBBER PARAMETERS
dv/dt SNUBBER 
CAPACITOR (uFI

dl/dt SNUBBER 
INDUCTOR luHl

__________2. _________24

ANTI-PARALLEL DIODE PARAMETERS
DIODE 
VT IVI

DIODE 
r IOHMSI

DIODE 
Irr (AMPS)______ LI 0.001583 ______m .

INPUT PAR AM ElrERS CACULATED SWITCH MODULE CURRENTS AND LOSSES BASED ON DESIRED OUTPUT MVA
INPUT VOLTAGE 

IkVDCI
OUTPUT MVA 

(MVA)
SWITCH FREQ 

<H*I
TOTAL EST

MOD LOSS fkWI
MODULE PEAK 
CURRENT IAI

MODULE COND 
I OSS IkW)

MODULE SWITCH 
LOSS IkWI

TOTAL MODULE 
1 OSS IkWI

ANTI-PARALLEL 
LOSS IkWI

dv/dt SNUBBER 
LOSS IkWI

di/dt SNUBBER 
LOSS (kW)

CONDUCTOR 
LOSS IkWI

7 10 100 7.36 1318.92 1.37 0.18 1.55 1.31 2.70 0.35 1.44
7 10 150 8.99 1330.91 1.38 0.27 1.65 1.32 4.05 0.53 1.44
7 10 200 10.64 1343.12 1.38 0.37 1.75 1.33 5.40 0.71 1.44
7 10 250 12.28 1355.55 1.39 0.46 1.85 1.34 6.75 0.90 1.44
7 10 300 13.94 1368.22 1.40 0.55 1.95 1.35 8.10 1.10 1.44
7 10 350 15.59 1381.13 1.40 0.64 2.04 1.36 9.45 1.30 1.44
7 10 400 17.26 1394.29 1.41 0.73 2.14 1.36 10.80 1.51 1.44
7 10 450 18.93 1407.69 1.41 0.82 2.24 1.37 12.15 1.73 1.44
7 10 500 20.61 1421.36 1.42 0.92 2.34 1.38 13.50 1.95 1.44
7 10 550 22.29 1435.30 1.43 1.01 2.44 1.39 14.85 2.17 1.44
7 10 600 23.99 1449.51 1.44 1.10 2.53 1.40 16.20 2.41 1.44
7 10 650 25.69 1464.00 1.44 1.19 2.63 1.41 17.55 2.65 1.44
7 10 700 27.40 1478.79 1.45 1.28 2.73 1.42 18.90 2.90 1.44
7 10 750 29.11 1493.88 1.46 1.37 2.83 1.43 20.25 3.16 1.44
7 10 800 25.52 754.64 0.55 0.94 1.49 0.47 21.60 1.24 0.72
7 10 850 27.03 762.50 0.55 1.00 1.55 0.48 22.95 1.33 0.72
7 10 900 28.54 770.53 0.55 1.06 1.61 0.48 24.30 1.43 0.72
7 10 950 30.06 778.73 0.55 1.12 1.67 0.48 25.65 1.53 0.72
7 10 1000 31.57 787.10 0.56 1.18 1.73 0.48 27.00 1.63 0.72
7 10 1050 33.10 795.66 0.56 1.24 1.80 0.49 28.35 1.74 0.72
7 10 1100 34.62 804.40 0.56 1.30 1.86 0.49 29.70 1.85 0.72
7 10 1150 36.15 813.34 0.56 1.35 1.92 0.49 31.05 1.97 0.72
7 10 1200 37.68 822.48 0.57 1.41 1.98 0.50 32.40 2.08 0.72
7 10 1250 39.21 831.83 0.57 1.47 2.04 0.50 33.75 2.20 0.72
7 10 1300 40.75 841.39 0.57 1.53 2.10 0.50 35.10 2.33 0.72

__________L _________ 1& ■___ 12§£ _______ 1242. ______ 651.17 0.57 1.59 2.16 ________&SSL_______ 2&1L________ 2AS. ________2JZ

Figure H-1.3 GTO switch loss estimation - Sheet 3 for 10 MVA, variable frequency.



. CAPACITOR PARAMETERS_____________________________________
CAPACITANCE

luf)
VOLTAGE

tkV)
RMS RIPPLE 
CURRENT IA)

VOLTAGE
DE-RATING

CURRENT
DE-RATING

MAX ESft 
(OHMS)

BLEEDER 
RES (OHMS)

E06 ____________i __________ M . 0.076 __________ ______ 1Z2L22. 150000

____ CAPACITOR PARAMETERS___
MASS
(ko)

VOLUME
(m~3)

47 ______ s m

BUS WORK & FRAME ESTIMATES
% INCREASE IN 
TOTAL MASS

% INCREASE IN 
TOTAL VOLUME

_______5LZ&2L 117.00%

_______________ COST ESTIMATE
CAP & BLEEDER 
COST PER CAP

DUMP COST 
PER kJ

BUS & FRAME 
% INC IN COST

$1,780.40 *1091 10.00%

INPUT PARAMETERS CACULATED RESULTS
INPUT VOLTAGE 

IkVDC)
OUTPUT MVA

(MVA)
SWITCH FREQ 

(Hz)
TOTAL EST 
MASS Iko)

TOTAL EST
VOLUME InrTS)

TOTAL EST 
COST

TOTAL EST 
LOSS IkW)

RMS FILTER 
CURRENT (A)

LOSS PER 
CAPACITOR fW)

TOTAL STORED 
ENERGY (kJ)

PARALLEL 
CAPS REQ

SERIES 
CAPS REQ

TOTAL 
CAPS REO

7 10 100 2763.73 4.90 $72,896.01 4.70 1830.44 130.46 111.67 18 2 36
7 10 160 2763.73 4.90 $72,696.01 4.72 1844.08 131.19 111.67 18 2 36
7 10 200 2763.73 4.90 $72,896.01 4.76 1867.91 131.93 r) 11.67 18 2 36
7 10 260 2763.73 4.90 $72,866.01 4.78 1871.92 132.69 r n T T 18 2 36
7 10 300 2763.73 4.80 $72,866.01 4.80 1886.12 133.47 111.67 18 2 36
7 10 360 2606.72 6.17 $76,946.79 4.90 1900.62 128.87 117.77 19 2 38
7 10 400 2606.72 6.17 $76,946.79 4.92 1916.11 129.60 117.77 19 2 38
7 10 460 2806.72 6.17 $76,946.79 4.96 1929.91 130.34 117.77 19 2 38
7 10 600 2906.72 6.17 $76,946.79 4.96 1944.92 131.10 117.77 19 2 38
7 10 660 2806.72 6.17 $76,946.79 6.01 1960.16 131.88 117.77 19 2 38
7 10 600 2906.72 6.17 $76,946.79 6.04 1976.60 132.68 117.77 19 2 30
7 10 660 2906.72 6.17 $76,846.79 6.07 1991.28 133.49 117.77 18 2 38
7 10 700 3066.70 6.44 $80,996.67 6.17 2007.20 129.19 123.87 20 2 40
7 10 760 3069.70 6.44 $80,996.67 6.20 2023.36 129.96 123.97 20 2 40
7 10 BOO 3212.68 6.72 $86,046.34 6.43 2110.04 129.30 130.17 21 2 42
7 10 660 3212.69 6.72 $86,046.34 6.47 2131.66 130.28 130.17 21 2 42
7 10 600 3212.69 6.72 $86,046.34 6.61 2163.37 131.28 130.17 21 2 42
7 10 660 3212.69 6.72 $86,046.34 6.66 2176.60 132.30 130.17 21 2 42
7 10 1000 3212.69 6.72 $86,046.34 6.60 2197.96 133.36 130.17 21 2 42
7 10 1060 3366.67 6.88 $89,096.12 6.71 2220.73 129.74 136.37 22 2 44
7 10 1100 3366.67 6.98 $89,096.12 6.76 2243.84 130.76 136.37 22 2 44
7 • 10 1160 3366.67 6.69 $89,096.12 6.80 2267.31 131.78 136.37 22 2 44
7 10 1200 3366.67 6.88 $89,096.12 6.84 2291.13 132.84 136.37 22 2 44
7 10 1260 3618.66 6.26 $93,144.80 6.96 2316.32 129.48 142.67 23 2 46
7 10 1300 3618.66 6.26 $93,144.90 6.00 2339.90 130.60 142.67 23 2 46

____________ t ___________ la. _________ L M . ______ a51S.Bg 6.26 ____ $93-144.80 _________ S4L _____ 2384.86 ________131.56 ________142.57 23 ____________2. 46

Figure H-1.4 GTO input filter sizing - Sheet 4 for 10 MVA, variable frequency.
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INVERTER PARAMETERS
NUMBER OF 

PHASES
NUMBER OF 
SWITCHES

3 6

HEAT EXCHANGER ESITIMATES
FIXED
COST

COST PER 
kW LOSS ($/kW)

PRIME POWER 
<kVA/kW LOSS)

FIXED MASS 
(kq)

MASS PER kW 
LOSS (ka/kW)

FIXED
VOLUME (m»3)

VOLUME/kW 
LOSS (m*3/kW)

$39 440.00 164 5 0.7967 400 1 977 00131

CONTROLLER
MASS
(kq)

. VOLUME 
(mA3)

5 001

BUS WORK 4 FTAME ESTIMATES
% INCREASE IN 
TOTAL MASS

% INCREASE IN 
TOTAL VOLUME

41.46% 71.43%

COST ESTIMATES
CONTROLLER 
FIXED COST

CONTROLLER
COST/SWITCH

BUS & FRAME 
% INC IN COST

$3 500 00 $35 00 10 00%

LABOR AND SERVICES ESTIMATES (% OF TOTAL COST)
MATERIAL FAB LABOR FAB SERVICES TEST LABOR

______ a m . 30 66% 13.49% ______ UQ33L

INPUT PARAMETERS CACULATED RESULTS
INPUT VOLTAGE 

(kVDC)
OUTPUT MVA 

(MVA)
SWITCH FREQ 

(Hz)
MASS
(kq)

VOLUME
(m*3)

COST
($)

INVERTER 
LOSS (kW)

HEAT EX 
POWER (kVA)

INVERTER
EFFICENCY

TOTAL
EFFICENCY

MAXIMUM 
DUTY CYCLE

MAXIMUM
MVA

7 25 eo6 25116.70 61.75 $2,852,486.71 1217.94 970.33 95.35% 91.95% 0.89 33.65
7 26 600 25618.69 62.96 $2,882,525.66 1235.69 984.47 95.46% 92.13% 0.89 33.65
7 27 600 25906.12 63.70 $2,902,090.56 1253.76 998.87 95.56% 92.30% 0.89 33.65
7 28 600 26411.94 64.92 $2,932,533.44 1272.27 1013.62 95.65% 92.45% 0.89 33.65
7 29 600 26919.69 66.14 $2,963,178.30 1291.16 1028.67 95.74% 92.59% 0.89 33.65
7 30 600 27429.35 67.37 $2,994,025.14 1310.43 1044.02 95.81% 92.72% 0.89 33.65
7 31 600 27940.94 68.61 $3,025,073.96 1330.08 1059.67 95.89% 92.84% 0.89 33.65
7 32 600 28454.45 69.65 $3,056,324.75 1350.11 1075.63 95.95% 92.95% 0.89 33.65
7 33 600 28753.40 70.63 $3,077,101.28 1370.46 1091.84 96.01% 93.06% 0.89 33.65
7 34 600 33615.42 79.72 $3,779,273.31 1635.67 1303.14 95.41% 92.04% 0.89 44.86
7 35 600 34118.13 80.93 $3,809,388.14 1653.56 1317.39 95.49% 92.18% 0.89 44.86
7 36 600 34405.80 81.67 $3,828,978.23 1671.68 1331.83 95.56% 92.30% 0.69 44.86
7 37 600 34911.38 82.89 $3,859,395.86 1690.14 1346.54 95.63% 92.42% 0.89 44.86
7 38 600 35418.41 84.11 $3,869,964.98 1708.89 1361.47 95.70% 92.52% 0.89 44.86
7 39 600 35926.87 85.34 $3,920,685.59 1727.92 1376.64 95.76% 92.63% 0.89 44.86
7 40 600 36436.78 86.57 $3,951,557.68 1747.24 1392.03 95.81% 92.72% 0.89 44.86
7 41 600 36948.13 87.80 $3,982,581.25 1766.84 1407.64 95.87% 92.81% 0.89 44.86
7 42 600 37244.44 88.58 $4,003,080.18 1786.67 1423.44 95.92% 92.90% 0.89 44.86
7 43 600 37758.67 89.82 $4,034,406.57 1806.84 1439.51 95.97% 92.98% 0.89 44.86
7 44 600 38274.33 91.07 $4,065,684.44 1827.30 1455.81 96.01% 93.06% 0.89 44.86
7 45 600 42905.48 99.64 $4,755,865.90 2089.60 1664.78 95.56% 92.30% 0.89 56.00
7 46 600 43410.92 100.86 $4,766,268.38 2108.03 1679.47 95.62% 92.39% 0.B9 56.08
7 47 600 43917.51 102.08 $4,816,792.05 2126.70 1694.34 95.67% 92.48% 0.89 56.08
7 46 600 44425.26 103.30 $4,847,436.92 2145.59 1709.39 95.72% 92.57% 0.09 56.08
7 49 600 44934.16 104.53 $4,878,202.97 2164.70 1724.62 95.77% 92.65% 0.89 56.08
7 50 600 45444 21 105 76 $4 909 090.21 2184 05 1740.03 95.81% 92.72% 0.09 5608

Figure H-1.5 GTO inverter summary 1 Sheet 1 for 600 Hz, variable MVA.
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G TO  PARAMETERS
VOLTAGE  

RATING (kV>
PO W ER DISS  
PER GTO <W)

V  THRESHOLD  
(VOLTS)

DYNAM IC r 
(OHMS)

INC. SW  LOSS  
PE R  AMP (J/A)

FIXED SW  
LOSS (J)

MINIMUM  
OFF TIME (s)

MAXIMUM  
Itflq (A)

6 2900 1 77 0.00118 0 0 0 3 1 6 7 1.05 1.77E-04 3000

SW ITCH MODULE PARAMETERS BUS W ORK & F TAME ESTIMATES
FIXED MASS 

(kfl)
MASS PER SNUB 

LOSS (ka/kW)
FIXED VOL 

(m*3)
VO L PER SNUB  
LOSS (mA3/kW)

% INCREASE IN 
TOTAL MASS

% INCREASE IN 
TOTAL VOLUME

21.15 2 0 0 4 5 3 5 0,002244 200.00% 71.43%

COST ESTIMATI ES
FIXED COST  

PER MODULE
COST PER SNUB 

LOSS ($/kW)
DRIVER FIXED  

COST
D R IVER CO ST  
PER MODULE

BUS & FRAME  
% INC IN COST

$9 304 40 $100 00 $1 000 00 $35 00 100 0%

I N P U T  P A R A M E 1 'E R S C A C U L A T E D  R E S U L T S
INPUT VOLTAGE  

(kVDC)
OUTPUT MVA  

(MVA)
SWITCH FREQ  

(HZ)
TOTAL EST  
MASS (ka)

TOTAL EST  
VOLUME (m*3)

TOTAL EST 
M A T ! COST

TOTAL EST  
SW  LOSS (kW)

MAXIMUM  
PEAK CURRENT

MAX PHASE CUR  
PARALLEL(Arms)

PARALLEL 
M ODULES REQ

SERIES 
MODULES REQ

TOTAL
MODULES REQ

7 25 600 1543.89 1.32 ' i l l  1.395.39 200.88 1625.79 1226.38 3 3 9
7 26 600 1549.94 1.33 $111,506.43 203.75 1625.79 1226.38 3 3 9
7 27 600 1556.18 1.33 $111,620.80 206.69 1625.79 1226.38 3 3 9
7 26 600 1562.60 1.34 $111,738.50 209.69 1625.79 1226.38 3 3 9
7 29 600 1589.20 1.34 $111,669.62 212.T6 1625.79 1226.38 3 3 9
7 30 600 1575.99 1.34 $111,983.87 215.88 1625.79 1226.38 3 3 9
7 31 600 1582.95 1.35 $112,111.56 219.08 1625.79 1226.38 3 3 9
7 32 600 1590.10 1.35 $112,242.57 222.33 1625.79 1226.38 3 3 9
7 33 600 1597.42 1.36 $112,376.90 225.65 1625.79 1226.38 3 3 9
7 34 600 2062.52 1.77 $148,233.99 269.74 1625.79 1226.38 4 3 12
7 35 600 2068.65 1.77 $148,346.28 272.64 1625.79 1226.38 4 3 12
7 36 600 2074.91 1.78 $148,461.06 275.59 1625.79 1226.38 4 3 12
7 37 600 2081.31 1.78 $148,578.35 278.58 1625.79 1226.38 4 3 12
7 38 600 2087.84 1.78 $148,698.12 281.62 1625.79 1226.38 4 3 12
7 39 600 2094.51 1.79 $148,820.40 284.71 1625.79 1226.38 4 3 12
7 40 600 2101.31 1.79 $148,945.17 287.85 1625.79 1226.38 4 3 12
7 41 600 2108.26 1.80 $149,072.43 291.03 1625.79 1226.38 4 3 12
7 42 600 2115.33 1.80 $149,202.19 294.26 1625.79 1226.38 4 3 12
7 43 600 2122.55 1.81 $149,334.45 297.54 1625.79 1226.38 4 3 12
7 44 600 2129.90 1.81 $149,469.21 300.86 1625.79 1226.38 4 3 12
7 45 600 2593.64 2.22 $185,301.33 344.48 1625.79 1226.38 5 3 15
7 46 600 2600.02 2.22 $185,418.36 347.47 1625.79 1226.38 5 3 15
7 47 600 2606.51 2.23 $185,537.39 350.50 1625.79 1226.38 5 3 15
7 48 600 2613.11 2.23 $185,658.42 353.56 1625.79 1226.38 5 3 15
7 49 600 2619.82 2.24 $185,781.44 356.67 1625.79 1226.38 5 3 15
7 50 600 2626 64 2.24 $1B5.906.46 35981 1625.79 1226.38 5 3 15

Figure H-1.6 GTO inverter summary - Sheet for 600 Hz, variable MVA.
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H-8

SNUBBER PARAMETERS
dv/dt SNUBBER  
CAPACITOR (uF)

dl/dt SNUBBER 
INDUCTOR (uH)

6 2.4

ANTI-PARALLEL DIODE PARAMETERS
DIODE  
V T  (V)

DIODE  
r (OHMS)

DIODE  
Irr (AMPS)

1.1 0.001583 380

I N P U T  P A R A M E 1 r E R S C A C U L A T E D  S W I T C H  M O D U L E  C U R R E N T S  A N D  L O S S E S  B A S E D  O N  D E S I R E D  O U T P U T  M V A
INPUT VOLTAGE 

IkVDC)
OUTPUT MVA 

(MVA)
SW ITCH FREQ  

(Hz)
TOTAL EST  

M O D LOSS (kW)
MODULE PEAK 
CURRENT (A)

MODULE COND  
LOSS (kW)

MODULE SWITCH 
LOSS (kW)

TOTAL MODULE  
LOSS (kW)

ANTI-PARALLEL 
LOSS (kW)

dv/dt SNUBBER  
LOSS IkW)

di/dt SNUBBER 
LOSS (kW)

CONDUCTOR  
LOSS (kW)

7 25 600 22.32 1207.92 1.10 0.97 2.07 1.04 16.20 1.82 1.20
7 26 600 22.64 1256.24 1.16 0.99 2.16 1.10 16.20 1.93 1.25
7 27 600 22.97 1304.56 1.23 1.02 2.25 1.17 16.20 2.04 1.30
7 28 600 23.30 1352.87 1.30 1.05 2.34 1.25 16.20 2.16 1.35
7 29 600 23.64 1401.19 1.36 1.07 2.44 1.32 16.20 2.28 1.40
7 30 600 23.99 1449.51 1.44 1.10 2.53 1.40 16.20 2.41 1.44
7 31 600 24.34 1497.83 1.51 1.12 2.63 1.48 16.20 2.54 1.49
7 32 600 24.70 1546.14 1.58 1.15 2.73 1.56 16.20 2.67 1.54
7 33 600 25.07 1594.46 1.66 1.18 2.83 1.64 16.20 2.81 1.59
7 34 600 22.48 1232.08 1.13 0.98 2.11 1.07 16.20 1.87 1.23
7 35 600 22.72 1268.32 1.18 1.00 2.18 1.12 . 16.20 1.96 1.26
7 36 600 22.97 1304.56 1.23 1.02 2.25 1.17 16.20 2.04 1.30
7 37 600 23.21 1340.80 1.28 1.04 2.32 1.23 16.20 2.13 1.34
7 38 600 23.47 1377.03 1.33 1.06 2.39 1.28 16.20 2.22 1.37
7 39 600 23.73 1413.27 1.38 1.08 2.46 1.34 16.20 2.32 1.41
7 40 600 23.99 1449.51 1.44 1.10 2.53 1.40 16.20 2.41 1.44
7 41 600 24.25 1485.75 1.49 1.12 2.61 1.46 16.20 2.51 1.48
7 42 600 24.52 1521.98 1.64 1.14 2.68 1.52 16.20 2.60 1.52
7 43 600 24.79 1558.22 1.60 1.16 2.76 1.58 16.20 2.70 1.55
7 44 600 25.07 1594.46 1.66 1.18 2.83 1.64 16.20 2.81 1.59
7 45 600 22.97 1304.56 1.23 1.02 2.25 1.17 16.20 2.04 1.30
7 46 600 23.16 1333.55 1.27 1.04 2.30 1.22 16.20 2.11 1.33
7 47 600 23.37 1362.54 1.31 1.05 2.36 1.26 16.20 2.19 1.36
7 48 600 23.57 1391.53 1.35 1.07 2.42 1.31 16.20 2.26 1.39
7 49 600 23.78 1420.52 1.39 1.08 2.48 1.35 16.20 2.33 1.41
7 50 600 2 3 9 9 144961 1.44 1.10 2 53 1.40 16.20 2.41 1.44

Figure H-1.7 GTO switch loss estimation - Sheet 3 for 600 Hz, variable MVA.



(CAPACITOR PARAMETERS
CAPACITANCE

(UF)
VOLTAGE

m ______
RMS RIPPLE 
CURRENT IA)

VOLTAGE
DE-RATING

CURRENT
DE-RATING

MAX ESR 
(OHMS)

BLEEDER 
RES (OHMS)

506 4 150 0.875 0.7 4.72E-03 150000

CAPACITOR PARAMETERS BUS WORK & FRAME FSTIMATFS
MASS VOLUME % INCREASE IN % INCREASE IN

m (m*3) TOTAL MASS TOTAL VOLUME
47 6.27E-02 62.75% 117.00%

COST ESTIMATES
CAP & BLEEDER 
COST PER CAP

DUMP COST 
PER kJ

BUS & FRAME 
% INC IN COST

$1.78840 $1691 10.00%

IN=>UT PARAME1rERS CACULATED RESULTS
INPUT VOLTAGE 

ftVDCI
OUTPUT MVA 

fMVA)
SWITCH FREQ 

(Hz)
TOTAL EST  
MASS fkal

TOTAL EST 
VOLUME fm*31

TOTAL EST 
COST

TOTAL EST 
LOSSfkW I

RMS FILTER 
CURRENT fAI

LOSS PER 
CAPACITOR <W1

TOTAL STORED 
ENERGY (kJ)

PARALLEL 
CAPS REQ

SERIES TOTAL 
CAPS REO

7 25 600 7343.26 13.06 $194,389.36 12.66 4962.84 132.10 297.53 48 2 96
7 26 600 7649.25 13.61 $202,488.91 13.16 5155.49 131.63 309.93 50 2 100
7 27 600 7802.24 13.68 $206,538.69 13.62 5346.21 133.55 316.12 51 2 102
7 26 600 8108.21 14.43 $214,638.25 14.12 5541.00 133.24 328.52 53 2 106
7 29 600 8414.18 14.97 $222,737.81 14.62 5733.87 132.94 340.92 ss 2 110
7 30 600 8720.15 15.51 $230,837.36 15.13 5926.81 132.68 353.31 57 2 114
7 31 600 9026.12 16.06 $238,936.92 15.63 6119.82 132.43 365.71 59 2 118
7 32 600 9332.09 16.60 $247,036.48 16.13 6312.90 132.20 376.11 61 2 122
7 33 600 9485.07 16.67 $251,086.25 16.57 6506.05 133.62 384.31 62 2 124
7 34 600 9944.03 17.69 $263,235.59 17.22 6745.54 132.46 402.90 65 2 130
7 35 600 10250.00 18.24 $271,335.15 17.72 6938.22 132.26 415.30 67 2 134
7 36 600 10402.98 18.51 $275,384.92 16.16 7130.95 133.55 421.50 68 2 136
7 37 > 600 10708.95 19.05 $283,484.48 16.66 7323.73 133.31 433.90 70 2 140
7 38 600 11014.92 19.60 $291,584.04 19.16 7516.57 133.09 446.29 72 2 144
7 39 600 11320.69 20.14 $299,683.59 19.67 7709.46 132.86 458.69 74 2 148
7 40 600 11626.86 20.69 $307,783.15 20.17 7902.41 132.66 471.09 76 2 152
7 41 600 11932.83 21.23 $315,882.71 20.67 6095.41 132.49 483.48 78 2 156
7 42 600 12085.62 21.50 $319,932.49 21.11 8288.47 133.60 489.66 79 2 158
7 43 600 12391.79 22.05 $328,032.04 21.61 8481.58 133.40 502.08 81 2 162
7 44 600 12697.76 22.59 $336,131.60 22.11 8674.74 133.20 514.48 63 2 166
7 45 600 13003.73 23.13 $344,231.16 22.70 6913.68 133.55 526.87 65 2 170
7 46 600 13309.70 23.68 $352,330.71 23.20 9106.46 133.36 539.27 87 2 174
7 47 600 13615.67 24.22 $360,430.27 23.71 9299.29 133.17 551.67 89 2 178
7 48 600 13921.64 24.77 $368,529.83 24.21 9492.15 133.00 564.06 91 2 182
7 49 600 14227.61 25.31 $376,629.38 24.71 9665.06 132.83 576.46 93 2 186

_______________ i 50 600 14533 58 ___________ 21& $384 728 94 :___________2521 _________ 9878.01 ___________m & . ________5SM2. __________ 25.___________ 2.__________122

Figure H-1.8 GTO input filter sizing - Sheet 4 for 600 Hz, variable MVA.
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INVERTER PARAMETERS
NUMBER OF 

PHASES
NUMBER OF 
SWITCHES

________________ 1 ________________ S.

HEAT EXCHANGER ESTIMATES
FIXED COST PER PRIME POWER FIXED MASS M ASS PER kW FIXED VOLUME/kW
COST kW  LOSS ($/kW I IkVA /kW  LOSS) Ikdl LOSS Ika/kW I VOLUME (rrT3) LOSS lm -3 /k W I

______$ 3 9 .4 4 0 .0 0 ____________M i __________ 0 1 9 5 7 4 0 0 _________________L_____ 2*21____ 2,9121.
CONTROLLER

M ASS
(ka)

VOLUME
lm *3 l

________________ L _____________ 2 i l

BUS WORK & FRAME ESTIMATES
% INCREASE IN 
TOTAL M ASS

% INCREASE IN 
TO TAL VOLUME

4 1 .4 6 % 7 1 .4 3 %

COST ESTIMATES
CONTROLLER CONTROLLER BUS & FRAME LABOR AND SERVICES ESTIMATES 1% OF TOTAI COSTI
FIXED COST COST/SWITCH % INC IN COST MATERIAL FAB LABOR FAB SERVICES TEST LABOR

$3 5 0 0 .0 0 $ 3 5 .0 0 __________1 0 .0 0 % _________ 4 1 .8 2 % __________3 0 .6 6 % __________ u m . __________ 14-03%

INPUT PARAME1rERS CACULATED RESULTS
INPUT VOLTAGE frVPCI_____

OUTPUT M VA  
(MVAI

SW ITCH FREQ 
IHH

M ASS
(ka)

VOLUME

<">*31

COST($1 INVERTER 
LOSS IkW I

HEAT EX 
POWER IkVAl

INVERTER
EFFICENCY

TOTAL
EFFICENCY

M AXIM UM  
DUTY CYCLE

M AXIM UM
M VA

7 10 1 0 0 8 0 6 8 .8 2 2 3 .4 7 $ 1 ,6 8 3 ,0 7 2 .9 2 2 0 3 .8 6 1 6 2 .4 2 9 9 .0 0 % 9 6 .4 7 % 0 .9 9 9 7 15.11
7 10 150 8 0 8 0 .5 4 2 3 .5 0 $ 1 ,6 8 4 ,1 6 7 .6 7 2 0 5 .8 0 1 6 3 .9 6 9 7 .9 8 % 9 6 .4 3 % 0.9 9 9 6 15 .05
7 10 20 0 8 0 9 2 .2 7 2 3 .5 4 $ 1 ,6 8 5 ,2 6 2 .6 2 2 0 7 .7 3 1 6 5 .5 0 9 7 .9 6 % 9 6 .4 0 % 0 .9 9 9 4 15 .0 0
7 10 2 5 0 6 1 0 3 .9 9 2 3 .5 7 $ 1 ,6 8 6 ,3 5 7 .7 5 2 0 9 .6 7 1 6 7 .0 4 9 7 .9 5 % 9 6 .3 7 % 0 .9 9 9 3 14.95
7 10 3 0 0 8 1 1 5 .7 2 2 3 .6 0 $ 1 ,6 8 7 ,4 5 3 .0 8 211 .61 1 6 8 .5 9 9 7 .9 3 % 9 6 .3 4 % 0.9991 14 .90
7 10 3 5 0 8 1 2 7 .4 6 2 3 .6 4 $ 1 ,6 8 8 ,5 4 8 .6 0 2 1 3 .5 4 1 7 0 .1 3 9 7 .9 1 % 9 6 .3 1 % 0 .9 9 9 0 14.85
7 10 4 0 0 8 1 3 9 .1 9 2 3 .6 7 $ 1 ,6 8 9 ,6 4 4 .3 2 2 1 5 .4 8 1 7 1 .6 7 9 7 .8 9 % 9 6 .2 7 % 0 .9 9 8 8 14 .80
7 10 4 5 0 8 1 5 0 .9 3 2 3 .7 0 $ 1 ,6 9 0 ,7 4 0 .2 2 2 1 7 .4 2 1 7 3 .2 2 9 7 .8 7 % 9 6 .2 4 % 0 .9 9 8 7 14 .75
7 10 5 0 0 8 1 6 2 .6 7 2 3 .7 3 $ 1 ,6 9 1 ,8 3 6 .3 2 2 1 9 .3 5 1 7 4 .7 6 9 7 .8 5 % 9 6 .2 1 % 0 .9 9 8 5 14 .69
7 10 5 5 0 817 4 .4 1 2 3 .7 7 $ 1 ,6 9 2 ,9 3 2 .6 2 2 2 1 .2 9 1 7 6 .3 0 9 7 .8 4 % 9 6 .1 8 % 0 .9 9 8 4 14.64
7 10 6 0 0 8 1 8 6 .1 5 2 3 .8 0 $ 1 ,6 9 4 ,0 2 9 .1 0 2 2 3 .2 3 1 7 7 .8 5 9 7 .8 2 % 9 6 .1 4 % 0 .9 9 8 2 14 .5 9
7 10 6 5 0 8 1 9 7 .9 0 2 3 .6 3 $ 1 ,6 9 5 ,1 2 5 .7 8 2 2 5 .1 7 1 7 9 .3 9 9 7 .8 0 % 9 6 .1 1 % 0.9981 14 .54
7 10 7 0 0 8 2 0 9 .6 5 2 3 .8 7 $ 1 ,6 9 6 ,2 2 2 .6 6 2 2 7 .1 0 1 8 0 .9 3 9 7 .7 8 % 9 6 .0 8 % 0 .9 9 7 9 14 .49
7 10 7 5 0 82 2 1 .4 1 2 3 .9 0 $ 1 ,6 9 7 ,3 1 9 .7 3 2 2 9 .0 4 1 8 2 .4 8 9 7 .7 6 % 9 6 .0 5 % 0 .9 9 7 8 14.44
7 10 8 0 0 8 2 3 3 .1 6 2 3 .9 3 $ 1 ,6 9 8 ,4 1 6 .9 9 2 3 0 .9 8 1 8 4 .0 2 9 7 .7 4 % 9 6 .0 2 % 0 .9 9 7 6 14 .40
7 10 8 5 0 8 2 4 4 .9 2 2 3 .9 7 $ 1 ,6 9 9 ,5 1 4 .4 4 2 3 2 .9 2 1 8 5 .5 7 9 7 .7 2 % 9 5 .9 8 % 0 .9 9 7 5 14 .35
7 10 9 0 0 8 2 5 6 .6 8 2 4 .0 0 $ 1 ,7 0 0 ,6 1 2 .0 9 2 3 4 .8 6 187 .11 9 7 .7 1 % 9 5 .9 5 % 0.9 9 7 3 14 .3 0
7 10 9 5 0 8 2 6 8 .4 5 2 4 .0 3 $ 1 ,7 0 1 ,7 0 9 .9 4 2 3 6 .8 0 1 8 8 .6 6 9 7 .6 9 % 9 5 .9 2 % 0 .9 9 7 2 14.25
7 10 1 0 0 0 82 8 0 .2 1 2 4 .0 7 $ 1 ,7 0 2 ,8 0 7 .9 8 2 3 8 .7 4 1 9 0 .2 0 9 7 .6 7 % 9 5 .8 9 % 0 .9 9 7 0 14 .2 0
7 10 1 05 0 8 2 9 1 .9 8 2 4 .1 0 $ 1 ,7 0 3 ,9 0 6 .2 1 2 4 0 .6 8 1 9 1 .7 5 9 7 .6 5 % 9 5 .8 5 % 0.9 9 6 9 14 .15
7 10 1 10 0 8 3 0 3 .7 5 2 4 .1 3 $ 1 ,7 0 5 ,0 0 4 .6 4 2 4 2 .6 2 193 .2 9 9 7 .6 3 % 9 5 .8 2 % 0 .9 9 6 7 14 .1 0
7 10 1 15 0 8 3 1 5 .5 3 2 4 .1 6 $ 1 ,7 0 6 ,1 0 3 .2 6 2 4 4 .5 6 1 9 4 .8 4 9 7 .6 1 % 9 5 .7 9 % 0.9 9 6 6 14.06
7 10 1 2 0 0 8 3 2 7 .3 1 2 4 .2 0 $ 1 ,7 0 7 ,2 0 2 .0 8 2 4 6 .5 0 1 9 6 .3 9 9 7 .5 9 % 9 5 .7 6 % 0 .9 9 6 4 14.01
7 10 1 25 0 8 3 3 9 .0 9 2 4 .2 3 $ 1 ,7 0 8 ,3 0 1 .0 9 2 4 8 .4 4 1 9 7 .9 3 9 7 .5 8 % 9 5 .7 3 % 0 .9 9 6 3 13.96
7 10 1 30 0 8 3 5 0 .8 7 2 4 .2 6 $ 1 ,7 0 9 ,4 0 0 .3 0 2 5 0 .3 8 1 9 9 .4 8 9 7 .5 6 % 9 5 .7 0 % 0.9961 13.91_______L _______________ 1 2 . _____________M2 8 3 6 2 .6 5 ____________ 2 1 3 2 . $ 1 .7 1 0 .4 9 9 .7 0 ________252.31___________ 2 0 1 .0 3 __________9 7 .5 4 % __________9 5 .6 6 % 0 .9 9 6 0 ____________IMI

Figure H-2.1 IGBT inverter summary - Sheet 1 for 10 MVA, variable frequency.

I

o



IGBT PARAMF1 ERS
VOLTAGE 

RATING IkVI
POWER DISS 
PER IGBT (W)

V  THRESHOLD 
IVOLTSI

DYN A M IC  r 
(OHMS)

INC. S W  LOSS 
LOSS PER A M P

FIXED SW  
LOSS

IGBTs PER 
MODULE

M IN IM U M  
OFF TIME

M A X IM U M
Itaa

1 ____________I f i L L ______________ 2*2. ___________2 *2 1 2 2 . 0 .0 0 0 3 4 6 0 10 _________3 .00E -06 3 0 0

SWITCH MODULE PARAMETERS BUS WORK & FRAME ESTIMATES
FIXED MASS MASS PER SNUB FIXED VOL VOL PER SNUB % INCREASE IN % INCREASE IN

deal LOSS Ika/kW) lm -31 LOSS (m -3 /k W I TOTAL MASS TOTAL VOLUME

_____________ U 1 ________________ 1 _________ 2 *2 2 2 1 2 . ________0 0 0 2 2 4 4 ________ 2 0 0 .0 0 % __________7 1 ,4 3 %

COST ESTIMATES
FIXED COST 
PER MODULE

COST PER SNUB 
LOSS l$/kW )

DRIVER FIXED 
COST

DRIVER COST 
PER MODULE

BUS & FRAME 
%  INC IN COST

$ 4 .0 9 0 .1 9 _________ *1 0 0 -0 0 _______ *1 o o o o o ___________ *3 5 .0 0 __________ 1 0 0 0 %

IN PUT PARAME1rERS GACULATED RESULTS
INPUT VOLTAGE 

IkVDCI
OUTPUT M VA  

(MVA)
SW ITCH FREQ 

IH *I
TO TAL EST 
M ASS Ikal

TO TAL EST
VOLUME lm -31

TOTAL EST 
M A T'L  COST

TOTAL EST
SW  LOSS IkW I

M A X IM U M
PEAK CURRENT

M A X  PHASE CUR 
PARALLEL (Arms!

PARALLEL 
MODULES REQ

SERIES
MODULES REQ

TOTAL
MODULES REQ

7- 10 1 0 0 4 1 9 .7 3 0 .2 5 $ 8 2 ,8 2 1 .0 2 3 3 .2 0 1 9 5 .7 7 1 5 6 1 .7 9 1 18 18
7 10 1 5 0 4 2 0 .8 8 0 .2 5 $ 8 2 ,8 4 2 .1 6 3 3 .5 2 1 9 5 .1 2 155 6 .51 18 18
7 10 20 0 4 2 2 .0 3 0 .2 6 $ 8 2 ,8 6 3 .3 0 3 3 .8 4 1 9 4 .4 8 1 5 5 1 .2 5 1 18 18
7 10 25 0 4 2 3 .1 8 0 .2 6 $ 8 2 ,8 8 4 .4 5 3 4 .1 6 1 9 3 .6 4 154 6 .01 1 18 18
7 10 3 0 0 4 2 4 .3 4 0 .2 6 $ 8 2 ,9 0 5 .6 1 3 4 .4 9 1 9 3 .2 0 1 5 4 0 .8 0 1 18 18
7 10 3 5 0 4 2 5 .4 9 0 .2 6 $ 8 2 ,9 2 6 .7 7 34.81 1 9 2 .5 6 153 5 .61 1 18 18
7 10 4 0 0 4 2 6 .6 5 0 .2 6 $ 8 2 ,9 4 7 .9 3 3 5 .1 3 1 9 1 .9 3 1 5 3 0 .4 3 1 18 18
7 10 4 5 0 4 2 7 .8 0 0 .2 6 $ 8 2 ,9 6 9 .1 0 3 5 .4 5 1 9 1 .3 0 1 5 2 5 .2 8 1 18 18
7 10 5 0 0 4 2 6 .9 6 0 .2 6 $ 8 2 ,9 9 0 .2 7 3 5 .7 8 1 9 0 .6 7 1 5 2 0 .1 6 1 18 18
7 10 5 5 0 4 3 0 .1 1 0 .2 6 $ 8 3 ,0 1 1 .4 5 3 6 .1 0 1 9 0 .0 4 1 5 1 5 .0 5 1 18 18
7 10 6 0 0 4 3 1 .2 7 0 .2 6 $ 8 3 ,0 3 2 .6 4 3 6 .4 2 1 8 9 .4 2 1 5 0 9 .9 6 1 18 18
7 10 6 5 0 4 3 2 .4 2 0 .2 6 $ 8 3 ,0 5 3 .8 3 3 6 .7 4 1 8 8 .8 0 1 5 0 4 .9 0 1 18 18
7 10 7 0 0 4 3 3 .5 8 0 .2 6 $ 8 3 ,0 7 5 .0 2 3 7 .0 7 1 8 8 .1 8 1 4 9 9 .8 6 1 18 18
7 10 7 5 0 4 3 4 .7 4 0 .2 6 $ 8 3 ,0 9 6 .2 2 3 7 .3 9 1 8 7 .5 6 1 4 9 4 .8 4 1 18 18
7 10 8 0 0 4 3 5 .8 9 0 .2 6 $ 8 3 ,1 1 7 .4 3 37.71 1 8 6 .9 5 1 4 8 9 .8 4 18 18
7 10 8 5 0 4 3 7 .0 5 0 .2 7 $ 8 3 ,1 3 8 .6 4 3 8 .0 4 1 8 6 .3 4 1 4 8 4 .8 6 1 18 18
7 10 9 0 0 4 3 8 .2 1 0 .2 7 $ 8 3 ,1 5 9 .8 5 3 8 .3 6 1 8 5 .7 3 1 4 7 9 .9 0 1 18 18
7 10 9 5 0 4 3 9 .3 6 0 .2 7 $ 8 3 ,1 8 1 .0 7 3 8 .6 8 1 8 5 .1 2 1 4 7 4 .9 7 1 18 18
7 10 1 0 0 0 4 4 0 .5 2 0 .2 7 $ 8 3 ,2 0 2 .3 0 39.01 1 8 4 .5 2 1 4 7 0 .0 5 1 18 18
7 10 1 05 0 4 4 1 .6 8 0 .2 7 $ 8 3 ,2 2 3 .5 3 3 9 .3 3 1 8 3 .9 2 1 4 6 5 .1 6 1 18 18
7 10 1 1 0 0 4 4 2 .8 4 0 .2 7 $ 8 3 ,2 4 4 .7 7 3 9 .6 5 1 8 3 .3 2 1 4 6 0 .2 9 1 18 18
7 10 1 15 0 4 4 4 .0 0 0 .2 7 $ 8 3 ,2 6 6 .0 1 3 9 .9 8 1 8 2 .7 3 1 4 5 5 .4 4 1 18 18
7 10 1 20 0 4 4 5 .1 6 0 .2 7 $ 8 3 ,2 8 7 .2 5 4 0 .3 0 1 8 2 .1 3 1 4 5 0 .6 0 1 18 18
7 10 1 25 0 4 4 6 .3 2 0 .2 7 $ 8 3 ,3 0 8 .5 0 4 0 .6 2 1 8 1 .5 4 1 4 4 5 .8 0 1 18 18
7 10 1 30 0 4 4 7 .4 7 0 .2 7 $ 8 3 ,3 2 9 .7 6 4 0 .9 5 1 8 0 .9 6 144 1 .0 1 1 18 18

_________________L 10 _____________122a 4 4 8 .6 3 _________ 2*21 __?22.251.92________ 11*21 ____ 189.27_________ 1 4 3 8 .2 4 _______L_______________ lf l . _______________ 12.

Figure H-2.2 IGBT switch quantity characterization - Sheet 2 for 10 MVA, variable frequency.
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SNURBFR PARAMETERS
dv/dt SNUBBER 
CAPACITOR (uFI

dl/dt SNUBBER 
INDUCTOR luHl

1 ______________ IL L

_____________________ a n t i -p a r a l l e l 3I0DE PARAMETERS
DIODE 
V T  (V)

DIODE 
r IOHMS)

DIODE 
Irr (AMPSI

DIODES 
PER MODULE

__________ L 2 . ______ 2*22552. _ _ _ _ _ _ _ _ _ _ _ 2 1 _ _ _ _ _ _ _ _ _ _ _ 2 1

I N P U T  P A R A M E 1 r E R S C A C U L A T E D  S W IT C H M O D U L E  C U R R E N T S  A N D  L O S S E S  B A S E D  O N  D E S IR E D  O U T P U T  M V A
INPUT VOLTAGE

i w p c i
OUTPUT M VA

IM VAI
SWITCH FREQ 

_______ IHtl
. TOTAL EST

M OD LOSS IkW I
MODULE PEAK 
CURRENT fAI

MODULE COND 
LOSS IkWI

MODULE SW ITCH  
LOSS IkWI

TO TAL MODULE 
LOSS IkWI

ANTI-PARALLEL 
LOSS IkW I

dv/dt SNUBBER 
LOSS IkW I

di/dt SNUBBER 
LOSS IkWI

CONDUCTOR 
LOSS IkWI

7 10 1 0 0 1 .8 4 1 2 9 5 .9 6 0 .9 4 0.01 0 .9 5 0 .7 5 0.01 0.01 0 .1 2
7 10 150 1 .8 6 1 2 9 6 .1 5 0 .9 4 0 .0 2 0 .9 6 0 .7 5 0 .0 2 0.01 0 .1 2
7 10 2 0 0 1 .8 8 1 2 9 6 .3 5 0 .9 4 0 .0 3 0 .9 7 0 .7 5 0 .0 3 0 .0 2 0 .1 2
7 10 2 5 0 1 .9 0 1 2 9 6 .5 4 0 .9 4 0 .0 4 0 .9 7 0 .7 5 0 .0 3 0 .0 2 0 .12
7 10 3 0 0 1 .9 2 1 2 9 6 .7 4 0 .9 4 0 .0 4 0 .9 8 0 .7 5 0 .0 4 0 .0 3 0 .12
7 10 3 5 0 1 .9 3 1 2 9 6 .9 3 0 .9 4 0 .0 5 0 .9 9 0 .7 5 0 .0 4 0 .0 3 0 .1 2
7 10 4 0 0 1 .95 1 2 9 7 .1 3 0 .9 4 0 .0 6 1 .0 0 0 .7 5 0 .0 5 0 .0 4 0 .1 2
7 10 4 5 0 1 .9 7 1 2 9 7 .3 2 0 .9 4 0 .0 6 1 .0 0 0 .7 5 0 .0 6 0 .0 4 0 .1 2
7 10 5 0 0 1 .99 1 2 9 7 .5 2 0 .9 4 0 .0 7 1.01 0 .7 5 0 .0 6 0 .0 4 0 .1 2
7 10 5 5 0 2.01 1297 .71 0 .9 4 0 .0 8 1 .02 0 .7 5 0 .0 7 0 .0 5 0 .1 2
7 10 6 0 0 2 .0 2 1297.91 0 .9 4 0 .0 9 1 .02 0 .7 5 0 .0 8 0 .05 0 .1 2
7 10 6 5 0 2 .0 4 1 2 9 8 .1 0 0 .9 4 0 .0 9 1 .03 0 .7 5 0 .0 8 0 .06 0 .1 2
7 10 7 0 0 2 .0 6 1 2 9 8 .3 0 0 .9 4 0 .1 0 1 .04 0 .7 5 0 .0 9 0 .0 6 0 .1 2
7 10 7 5 0 2 .0 8 1 2 9 8 .4 9 0 .9 4 0.11 1 .05 0 .7 5 0 .0 9 0 .07 0 .1 2
7 10 8 0 0 2 .1 0 1 2 9 8 .6 9 0 .9 4 0.11 1 .05 0 .7 5 0 .1 0 0 .07 0 .1 2
7 10 8 5 0 2.11 1 2 9 8 .8 8 0 .9 4 0 .1 2 1 .06 0 .7 5 0.11 0 .00 0 .1 2
7 10 9 0 0 2 .1 3 1 2 9 9 .0 8 0 .9 4 0 .1 3 1 .0 7 0 .7 5 0.11 0 .08 0 .1 2
7 10 9 5 0 2 .15 1 2 9 9 .2 7 0 .9 4 0 .1 4 1 .0 7 0 .7 5 0 .1 2 0 .08 0 .1 2
7 10 1 00 0 2 .17 1 2 9 9 .4 7 0 .9 4 0 .1 4 1 .0 8 0 .7 5 0 .13 0 .09 0 .1 2
7 10 1 05 0 2 .18 1 2 9 9 .6 6 0 .9 4 0 .1 5 1 .0 9 0 .7 5 0 .1 3 0 .0 9 0 .1 2
7 10 1 10 0 2 .2 0 1 2 9 9 .8 6 0 .9 4 0 .1 6 1 .10 0 .7 5 0 .1 4 0 .1 0 0 .1 2
7 10 1 15 0 2 .2 2 1 3 0 0 .0 6 0 .9 4 0 .1 6 1 .10 0 .7 5 0 .1 4 0 .10 0 .1 2
7 10 1 20 0 2 .2 4 1 3 0 0 .2 5 0 .9 4 0 .1 7 1.11 0 .7 5 0 .15 0.11 0 .1 2
7 10 1 25 0 2 .2 6 1 3 0 0 .4 5 0 .9 4 0 .1 8 1 .1 2 0 .7 5 0 .1 6 0.11 0 .1 2
7 10 1 30 0 2 .2 7 1 3 0 0 .6 4 0 .9 4 0 .1 9 1 .13 0 .7 5 0 .1 6 0 .1 2 0 .1 2
7 _ _ _ _ _ _ _ _ _ _ _ 12. _ _ _ _ _ _ _ _ _ 1 2 5 2 _________ US.__________1 3 0 0 .8 4 _________ 2*21 _________ 2*12. _ _ _ _ _ _ _ _ _ _ L ± 1 _________ 2*25. _________ 2 J 1 _________ 2*11 _________ 2*11

Figure H - 2 . 3  I G B T  s w i t c h  loss estimation - S h e e t  3  for 1 0  M V A ,  variable frequency.
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CAPACITOR PARAMETERS
CAPACITANCE

(uFI
VOLTAGE

IkVI
RMS RIPPLE 

CURRENT IAI
VOLTAGE

DE-RATING
CURRENT

DE-RATING
MAX ESR 
(OHMSI

BLEEDER 
RES (OHMS)

606 _______________ i _____________M . ___________S L S IL _______________2 1 _________ 1 Z 2 & 2 2 . _________ 160000

CAPACITOR PARAMETERS ... BUS WORK & FRAME ESTIMATES
MASS VOLUME % INCREASE IN % INCREASE IN

Ikfl) lm~3) TOTAL MASS TOTAL VOLUME
______________ i l ________6-27E-02 _________ 117 .00%

_________ ,_________ COST ESTIMATE,5
CAP & BLEEDER 
COST PER CAP

DUMP COST 
PER kJ

BUS & FRAME 
% INC IN COST

$1.788 .40 __________U 1 2 1 10.00%

I N P U T  P A R A M E " rE R S C A C U L A T E D  R E S U L T S
INPUT VOLTAGE 

tkVDC)
OUTPUT MVA  

IMVAI
SWITCH FREQ

-  A M --
TOTAL EST

___ MASSikg)
TOTAL EST 

VOLUME lm -3 )
TOTAL EST 

—  COST
TOTAL EST 
LOSS (kW)

RMS CURRENT 
IA)

LOSS PER 
CAPACITOR (W)

TOTAL STORED 
ENERGY (kJ)

PARALLEL 
CAPS REQ

SERIES 
CAPS REO

TOTAL 
CARS RFO

7 10 100 2753 .73 4.90 $72,896.01 4.69 1826.38 130.24 111.67 18 2
7 10 160 2763 .73 4 .90 $72,896.01 4.69 1826.87 130.27 111.67 18 2
7 10 200 2763 .73 4 .90 $72,896 .01 4 .69 1827.36 130.29 111.67 18 2
7 10 260 2763 .73 4.90 $72,896.01 4.69 1827.83 130.32 111.67 18 2
7 10 300 2763 .73 4 .90 $72,896.01 4.69 1828.32 130.34 111.67 18 2 36
7 10 360 2763 .73 4 .90 $72,896.01 4.69 1828.80 130.37 111.67 18 2 36
7 10 400 2763.73 4 .90 $72,896.01 4.69 1829.29 t3 0 .3 9 111.67 16 2
7 10 460 2763 .73 4 .9 0 $72,896.01 4.70 1829.77 130.42 111.67 18 2 36
7 10 600 2763 .73 4 .90 $72,896.01 4.70 1830.26 130.46 111.67 18 2
7 10 660 2763 .73 4 .90 $72.B96.01 4.70 1830.74 130.47 111.67 18 2
7 10 600 2763.73 4 .90 $72,896.01 4.70 1831.22 130.60 111.67 18 2 36
7 10 660 2763 .73 4 .90 $72,896.01 4.70 1831.71 130.62 111.67 18 2 36
7 10 700 2763 .73 4 .90 $72,896.01 4.70 1832.19 130.66 111.67 18 2 36
7 10 760 2763 .73 4 .90 $72,896.01 4.70 1832.68 130.68 111.67 18 2
7 10 800 2763 .73 4 .90 $72,896.01 4.70 1833.16 130.60 111.67 18 2 36
7 10 860 2763 .73 4 .90 $72,886.01 4.70 1833.66 130.63 111.67 18 2 36
7 10 900 2763 .73 4 .90 $72,896.01 4.70 1834.13 130.66 111.67 18 2
7 10 960 2763.73 4 .90 $72,896.01 4.70 1834.62 130.68 111.67 18 2 36
7 10 1000 2763 .73 4 .9 0 $72,896.01 4.71 1836.11 130.70 111.67 18 2 36
7 10 1060 2763 .73 4 .90 $72,896.01 4.71 1836.69 130.73 111.67 18 2 36
7 10 1100 2763 .73 4 .90 $72,896.01 4.71 1836.08 130.76 111.67 18 2 36
7 10 1160 2763.73 4.90 $72,896.01 4.71 1836.66 130.78 111.67 18 2 36
7 10 1200 2763 .73 4 .90 $72,896.01 4.71 1837.06 130.81 111.67 18 2 36
7 10 1260 2763 .73 4 .90 $72,886.01 4.71 1837.64 130.83 111.67 18 2 36
7 10 1300 2763 .73 4 .90 $72,896.01 4.71 1838.02 130.86 111.67 18 2 36
7 ______________ 12. ___________ 125 2 2753.73 ____________ 1 2 2 . _____ 272.8812,1 . ____________1 7 1 ________ 1232,51. 130 89 __________1 1 1 2 1 ______________ 12. 2 ______________as.

Figure H-2.4 IGBT input filter sizing - Sheet 4 for 10 MVA, variable frequency.
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4

INVERTER PARAMETERS
NUMBER OF 

PHASES
NUMBER OF 
SWITCHES

3 6

HEAT EXCHANGER E£ITIMATES
FIXED
COST

COST PER 
kW LOSS ($/kW)

PRIME POWER 
(kVA/kW LOSS)

FIXED MASS 
(ka)

MASS PER kW 
LOSS (ka/kW)

FIXED
VOLUME (mA3)

VOLUME/kW 
LOSS (m*3/kW)

$39,440.00 164.5 0 7967 400 1 9 7 7 00131

CONTROLLER
MASS I VOLUME
(ka) (mA3)

5 1 0.01

BUS WORK A FRAME ESTIMATES
% INCREASE IN 

TOTAL MASS
% INCREASE IN 
TOTAL VOLUME

41.46% 71.43%

COST ESTIMATES
CONTROLLER 
FIXED COST

CONTROLLER
COST/SWITCH

BUS & FRAME 
% INC IN COST

$3 500 00 $35 00 io o o %

LABOR AND SERVICES ESTIMATES (% OF TOTAL COST) 0
MATERIAL FAB LABOR I FAB SERVICES TEST LABOR

_______ am , 3 066% l 13 49% _ _ _ _ _ _ _ _ l i S t t

INPUT PARAMETERS CACULATED RESULTS
INPUT VOLTAGE 

(kVDCI
OUTPUT MVA 

(MVA)
SWITCH FREQ 

(Hz)
MASS

(ka)
VOLUME

(mA3)
COST

($)
INVERTER 
LOSS IkW)

HEAT EX 
POWER (kVA)

INVERTER
EFFICENCY

t o t AL
EFFICENCY

MAXIMUM 
DUTY CYCLE

MAXIMUM
MVA

7 25 600 17905.00 43.62 $3,414,687.22 601.59 479.28 97.65% 95.86% 0.9982 29.19
7 26 600 18383.22 45.00 $3,449,515.93 634.92 505.84 97.62% 95.80% 0.9982 29.19
7 27 600 18662.66 46.39 $3,484,660.30 669.02 533.01 97.58% 95.74% 0.9982 29.19
7 28 600 19126.85 47.32 $3,509,443.91 703.82 560.74 97.55% 95.68% 0.9982 29.19
7 29 600 19608.75 48.73 $3,545,219.23 739.45 589.12 97.51% 95.62% 0.9982 29.19
7 30 600 23527.84 51.36 $4,628,554.90 669.62 533.49 97.82% 96.14% 0.9982 43.78
7 31 600 23999.73 52.69 $4,861,753.21 699.02 556.91 97.79% 96.11% 0.9982 43.7B
7 32 600 24255.96 53.55 $4,884,485.48 728.87 580.69 97.77% 96.07% 0.9982 43.78
7 33 600 24729.48 54.89 $4,918,104.39 759.28 604.92 97.75% 96.03% 0.9982 43.78
7 34 600 25203.62 56.24 $4,951,933.76 790.21 629.56 97.73% 95.99% 0.9982 43.78
7 35 600 25678.97 57.59 $4,985,973.58 821.64 654.60 97.71% 95.95% 0.9982 43.78
7 36 600 25938.47 58.48 $5,009,547.49 853.52 680.00 97.68% 95.91% 0.9982 43.78
7 37 600 26415.26 59.85 $5,044,007.92 885.96 705.85 97.66% 95.88% 0.9982 43.78
7 38 600 26892.86 61.23 $5,078,678.80 918.92 732.10 97.64% 95.84% 0.9982 43.78
7 39 600 27371.29 62.61 $5,113,560.12 952.38 758.76 97.62% 95.80% 0.9982 43.78
7 40 600 27634.05 63.53 $5,137,975.68 986.30 785.78 97.59% 95.76% 0.9982 43.78
7 41 600 2B114.11 64.92 $5,173,277.63 1020.78 813.25 97.57% 95.72% 0.9982 43.78
7 42 600 28594.98 66.32 $5,208,790.02 1055.76 841.13 97.55% 95.68% 0.9982 43.78
7 43 600 29076.67 67.73 $5,244,512.86 1091.26 869.41 97.52% 95.64% 0.9982 43.78
7 44 600 32764.79 69.77 $6,513,438.03 1012.35 806.54 97.75% 96.03% 0.9982 58.38
7 45 600 33239.03 71.12 $6,547,241.01 1043.21 831.13 97.73% 96.00% 0.9982 58.38
7 46 600 33713.87 72.47 $6,581,201.83 1074.46 856.02 97.72% 95.97% 0.9982 58.38
7 47 600 34189.34 73.82 $6,615,320.50 1106.08 881.21 97.70% 95.94% 0.9982 58.38
7 48 600 34446.94 74.72 $6,638,920.81 1138.02 906.66 97.68% 95.91% 0.9982 58.38
7 49 600 34925.62 76.08 $6,673,354.93 1170.41 932.46 97.67% 95.89% 0.9982 58.38
7 50 600 35402.92 77.45 $6,707,946.89 1203.17 958.57 97.65% 9586% 09982 58.38

Figure H-2.5 IGBT inverter summary - Sheet 1 for 600 Hz, variable MVA.



IGBT PARAMETERS
VOLTAGE 

RATING (kV)
POWER DISS 
PER IGBT (W)

V THRESHOLD 
(VOLTS)

DYNAMIC r 
(OHMS)

INC. SW LOSS 
LOSS PER AMP

FIXED SW 
LOSS

IGBTs PER 
MODULE

MINIMUM 
OFF TIME

MAXIMUM
Itaa

1 187.5 0 9 00108 0.000346 0 10 3.00E-06 300

SWITCH MODULE PARAMETERS.
FIXED MASS MASS PER SNUB I FIXED VOL VOL PER SNUB

(kg) LOSS (kg/kW) (01*3) LOSS (oi*3/kW)
7.73 2 I 000819 0002244

BUS WORK & FRAME ESTIMATES
% INCREASE IN 

TOTAL MASS
% INCREASE IN 
TOTAL VOLUME

200.00% 71.43%

COST ESTIMATES
FIXED COST 

PER MODULE
COST PER SNUB 

LOSS ($/kW)
DRIVER FIXED 

COST
DRIVER COST 
PER MODULE

BUS & FRAME 
% INC IN COST

$4 090 19 $100 00 $1 000 00 $35 00 _ _ _ _ _ _ _ _ 1000%

INPUT PARAMETERS CACULATED RESULTS
INPUT VOLTAGE 

(kVDC)
OUTPUT MVA 

(MVA)
SWITCH FREQ 

(Hz)
TOTAL EST 
MASS (ka)

TOTAL EST 
VOLUME (m*3)

TOTAL EST 
MAT! COST

TOTAL EST 
SW LOSS (kW)

MAXIMUM 
PEAK CURRENT

MAX PHASE CUR 
PARALLEL (Arms)

PARALLEL 
MODULES REQ

SERIES 
MODULES REQ

TOTAL
MODULES REQ

7 25 600 868.82 0.53 ^165.080.46 98.31 169.42 1509.96 2 18 36
7 26 600 870.24 0.53 $165,106.50 103.79 189.42 1509.96 2 18 36
7 27 600 871.71 0.53 $165,133.55 109.39 189.42 1509.96 2 18 36
7 28 600 873.24 0.53 $165,161.59 115.12 189.42 1509.96 2 18 36
7 29 600 874.83 0.53 $165,190.63 120.98 189.42 1509.96 2 18 36
7 30 600 1293.80 0.78 $246,897.91 109.26 189.42 1509.96 3 18 54
7 31 600 1294.94 0.79 $246,918.78 114.08 189.42 1509.96 3 18 54
7 32 600 1296.12 0.79 $246,940.32 118.99 189.42 1509.96 3 18 54
7 33 600 1297.33 0.79 $246,962.52 123.98 189.42 1509.96 3 18 54
7 34 600 1298.57 0.79 $246,985.39 129.05 189.42 1509.96 3 18 54
7 35 600 1299.86 0.79 $247,008.93 134.21 189.42 1509.96 3 18 54
7 36 600 1301.18 0.79 $247,033.14 139.45 189.42 1509.96 3 18 54
7 37 600 1302.54 0.79 $247,058.01 144.78 189.42 1509.96 3 18 54
7 38 600 1303.93 0.79 $247,083.55 150.19 189.42 1509.96 3 18 54
7 39 6 00 1305.36 0.79 $247,109.76 155.69 189.42 1509.96 3 18 54
7 40 600 1306.82 0.79 $247,136.63 161.27 189.42 1509.96 3 18 54
7 41 600 1308.33 0.79 $247,164.17 166.93 189.42 1509.96 3 18 54
7 42 600 1309.87 0.80 $247,192.38 172.68 189.42 1509.96 3 18 54
7 43 600 1311.44 0.80 $247,221.26 178.52 189.42 1509.96 3 18 54
7 44 600 1729.77 1.05 $328,916.69 165.30 189.42 1509.96 4 18 72
7 45 600 1731.01 1.05 $326,939.48 170.36 189.42 1509.96 4 18 72
7 46 600 1732.28 1.05 $328,962.77 175.49 189.42 1509.96 4 18 72
7 47 600 1733.58 1.05 $326,986.56 180.68 189.42 1509.96 4 18 72
7 48 600 1734.91 1.05 $329,010.85 185.93 189.42 1509.96 4 18 72
7 49 600 1736.26 1.05 $329,035.64 191.25 189.42 1509.96 4 18 72
7 - 50 600 1737.64 1.05 $329,060.93 196.63 189.42 1509.96 4 18 72

Figure H-2.6 IGBT switch quantity characterization - Sheet 2 for 600 Hz, variable MVA.
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H-1 6

SNUBBER PARAMETERS
dv/dt SNUBBER 
CAPACITOR (uF)

dl/dt SNUBBER 
INDUCTOR (uH)

1 0.1

ANTI-PARALLEL DIODE PARAMETERS
DIODE
VT(V)

DIODE 
r (OHMS)

DIODE 
Irr (AMPS)

DIODES 
PER MODULE

1.6 0.00556 34 34

I N P U T  P A R A M E 1 r E R S C A C U L A T E D  S W I T C H  M O D U L E  C U R R E N T S  A N D  L O S S E S  B A S E D  O N  D E S I R E D  O U T P U T  M V A
INPUT VOLTAGE 

(kVDC)
OUTPUT MVA 

(MVA)
SWITCH FREQ 

(Hz)
TOTAL EST 

MOD LOSS (kW)
MODULE PEAK 
CURRENT (A)

MODULE COND 
LOSS (kW)

MODULE SWITCH 
LOSS (kW)

TOTAL MODULE 
LOSS (kW)

ANTI-PARALLEL 
LOSS (kW)

dv/dt SNUBBER 
LOSS (kW)

dl/dt SNUBBER 
LOSS (kW)

CONDUCTOR 
LOSS (kW)

7 25 600 2.73 1622.38 1.35 0.11 1.46 0.96 0.08 0.08 0.15
7 26 600 2.88 1687.28 1.44 0.11 1.55 1.01 0.08 0.09 0.16
7 27 600 3.04 1752.17 1.64 0.12 1.65 1.05 0.08 0.10 0.17
7 28 600 3.20 1817.07 1.63 0.12 1.75 1.10 0.08 0.10 0.17
7 29 600 3.36 1881.97 1.73 0.12 1.B6 1.14 0.08 0.11 0.18
7 30 600 2.02 1297.91 0.94 0.09 1.02 0.75 0.08 0.05 0.12
7 31 600 2.11 1341.17 0.99 0.09 1.08 0.78 0.08 0.06 0.13
7 32 600 2.20 1384.43 1.04 0.09 1.13 0.80 0.08 0.06 0.13
7 33 600 2.30 1427.70 1.09 0.09 1.19 0.83 0.08 0.06 0.14
7 34 600 2.39 1470.96 1.15 0.10 1.25 0.86 0.08 0.07 0.14
7 35 600 2.49 1614.23 1.21 0.10 1.31 0.89 0.08 0.07 0.14
7 36 600 2.58 1557.49 1.26 0.10 1.37 0.92 0.08 0.08 0.15
7 37 600 2.68 1600.75 1.32 0.11 1.43 0.95 0.08 0.08 0.15
7 38 600 2.78 1644.02 1.38 0.11 1.49 0.98 0.08 0.08 0.16
7 39 600 2.88 1687.28 1.44 0.11 1.55 1.01 0.08 0.09 0.16
7 40 600 2.99 1730.54 1.50 0.11 1.62 1.04 0.08 0.09 0.16
7 41 600 3.09 1773.81 1.57 0.12 1.68 1.07 0.08 0.10 0.17
7 42 600 3.20 1817.07 1.63 0.12 1.75 1.10 0.08 0.10 0.17
7 43 600 3.31 1860.33 1.70 0.12 1.82 1.13 0.08 0.11 0.18
7 44 600 2.30 1427.70 1.09 0.09 1.19 0.83 0.08 0.06 0.14
7 45 600 2.37 1460.15 1.14 0.10 1.23 0.85 0.08 0.07 0.14
7 46 600 2.44 1492.59 1.18 0.10 1.28 0.87 0.08 0.07 0.14
7 47 600 2.51 1625.04 1.22 0.10 1.32 0.90 0.08 0.07 0.15
7 48 600 2.58 1557.49 1.26 0.10 1.37 0.92 0.08 0.08 0.15
7 49 600 2.66 1589.94 1.31 0.10 1.41 0.94 0.08 0.08 0.15
7 50 600 2 73 1622.38 1.35 0.11 1 46 0 9 6 0.08 0 0 8 0.15

Figure H-2.7 IGBT switch loss estimation - Sheet 3 for 600 Hz, variable MVA.
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ICAPACITOR PARAMETERS
CAPACITANCE

_______M l ______
VOLTAGE

_______m
RMS RIPPLE 

CURRENT (A)
VOLTAGE

DE-RATING
CURRENT
DE-RATING

MAX ESR 
(OHMS)

BLEEDER 
RES (OHMS)

506 4 150 0875 0 7 4.72E-03 150000

CAPACITOR PARAMETERS
MASS

(kg)
VOLUME

(m*3)
47 627E-02

BUS WORK & FRAME ESTIMATES
% INCREASE IN 

TOTAL MASS
% INCREASE IN 
TOTAL VOLUME

62.75% 117.00%

COST ESTIMATE s
CAP & BLEEDER 
COST PER CAP

DUMP COST 
PERkJ

BUS & FRAME 
% INC IN COST

$1 788.40 $16.91 10.00%

I N P U T  P A R A M E 1 r E R S C A C U L A T E D  R E S U L T S
INPUT VOLTAGE 

(kVDC)
OUTPUT MVA 

(MVA)
SWITCH FREQ 

_ (Hz)
TOTAL EST 
MASS (ka)

TOTAL EST 
VOLUME (mA3)

TOTAL EST 
COST

TOTAL EST
LOSS (kW)

RMS CURRENT 
(A)

LOSS PER 
CAPACITOR IW)

TOTAL STORED 
ENERGY (kJ)

PARALLEL 
CAPS REO

SERIES 
CAPS REQ

TOTAL 
CAPS REQ

7 25 600 6731.34 11.98 $178,190.25 11.70 4585.67 132.92 272.73 44 2 68
7 26 600 7037.31 12.52 $186,289.80 12.18 4770.96 132.42 285.13 46 2 92
7 27 600 7343.28 13.06 $194,389.36 12.67 4956.19 131.97 297.53 48 2 96
7 26 600 7496.27 13.34 $198,439.14 13.09 5141.56 133.61 303.73 49 2 98
7 29 600 7802.24 13.88 $206,538.69 13.58 5327.06 133.14 316.12 51 2 102
7 30 600 8108.21 14.43 $214,638.25 14.03 549367 132.36 328.52 53 2 106
7 31 600 8414.18 14.97 $222,737.81 14.51 5678.06 131.95 340.92 55 2 110
7 32 600 6567.16 15.24 $226,787.58 14.94 5862.54 133.37 347.12 56 2 112
7 33 600 8873.13 15.79 $234,887.14 15.42 6047.11 132.95 359.51 58 2 116
7 34 600 9179.10 16.33 $242,986.70 15.91 6231.77 132.56 371.91 60 2 120
7 35 600 9485.07 16.87 $251,086.25 16.39 6416.52 132.20 384.31 62 2 124
7 36 600 9638.06 17.15 $255,136.03 16.82 6601.37 133.47 390.51. 63 2 126
7 37 600 9944.03 17.69 $263,235.59 17.30 6786.30 133.09 402.90 65 . 2 130
7 38 600 10250.00 18.24 $271,335.15 17.79 6971.33 132.75 415.30 67 2 134
7 39 600 10555.97 18.78 $279,434.70 18.27 7156.44 132.42 427.70 69 2 138
7 40 600 10708.95 19.05 $283,484.48 18.70 7341.65 133.56 433.90 70 2 140
7 41 600 11014.92 19.60 $291,584.04 19.18 7526.95 133.23 446.29 72 2 144
7 42 600 11320.89 20.14 $299,683.59 19.67 7712.34 132.91 458.69 74 2 148
7 43 600 11626.86 20.69 $307,783.15 20.16 7897.82 132.62 471.09 76 2 152
7 44 600 11779.85 20.96 $311,832.93 20.54 8062.81 133.40 477.28 77 2 154
7 45 600 12085.82 21.50 $319,932.49 21.03 8247.46 133.09 469.68 79 2 158
7 46 600 12391.79 22.05 $328,032.04 21:51 6432.18 132.80 502.08 61 2 162
7 47 600 12697.76 22.59 $336,131.60 22.00 8616.97 132.52 514.48 83 2 166
7 48 600 12850.74 22.86 $340,181.38 22.42 6801.82 133.47 520.67 64 2 168
7 49 600 13156.71 23.41 $348,280.93 22.91 8986.74 133.19 533.07 66 2 172
7 50 600 13462 68 2395 $356 380 49 ___________ 2121 ----------------21Z1Z£ __________ 12222. __________ 545 47 ______________ & _______________i _____________ 12£

- I

Figure H-2.8 IGBT input filter sizing - Sheet 4 for 600 Hz, variable MVA.



INVERTER PARAMETERS
NUMBER OF 

PHASES
NUMBER OF 
SWITCHES

__ ;_ _ _ _ _ _ _ _ _ 1 _______ s.
HEAT EXCHANGER ESTIMATES

FIXED COST PER PRIME POWER FIXED MASS MASS PER kW FIXED VOLUME/kW
COST kW LOSS ($/kW) IkVA/kW LOSSI fkfl) LOSS Ika/kWt VOLUME lm '3 l LOSS lm '3/kW I

____ * 3 9 .4 4 0 .0 0 ____ ms.____SLZ22Z._ _ _ _ _ _ _ _ _ _ 422. _ _ _ _ _ _ _ _ _ _ _ _L_________ 12L_______

CONTROLLER
MASS

(ka)
VOLUME

(m -3|
5 _ _ _ _ _ _ _ _ _ 2*21

BUS WORK & FRAME ESTIMATES
% INCREASE IN 
TOTAL MASS

% INCREASE IN 
TOTAL VOLUME

_ _ _ _ _ _ _ 41-46% _ _ _ _ _ _ _ 7 1 4 3 %

COST ESTIMATE
CONTROLLER 
FIXED COST

CONTROLLER
COST/SWITCH

BUS & FRAME 
% INC IN COST

*3.50 0 .0 0 *35.00 10.00%

________ LABOR AND SERVICES ESTIMATES l% OF TOTAL COSTI_____
MATERIAL FAB LABOR I FAB SERVICES TEST LABOR

_ _ _ _ _ _ _ 41,82% _ _ _ _ _ _ _ 3 0 .6 6 % l 13.49% _ _ _ _ _ _ _ i±m>.

INPUT PARAME1rERS CACULATED RESULTS
INPUT VOLTAGE

IkVDCI
OUTPUT MVA

IMVA)
SWITCH FREQ 

IHzl
MASS

(kal
VOLUME

(nn-31
COST

l$l
INVERTER 
LOSS IkWI

HEAT EX 
POWER IkVAl

INVERTER
EFFICENCY

TOTAL
EFFICENCY

MAXIMUM 
DUTY CYCLE

MAXIMUM
MVA

7 10 100 2 1 6 67 .1 5 4 7 .99 $ 3 ,4 2 2 ,1 3 3 .5 8 320 .1 2 255 .0 4 96 .90% 94.56% 0.9 99 0 15.42
7 10 150 2 1 6 95 .6 2 4 8 .17 $ 3 ,4 2 7 ,7 0 0 .1 7 332.91 265 .23 96 .78% 94.36% 0.9985 , 15.41
7 10 200 2 1 7 24 .1 0 4 8 .35 $ 3 ,4 3 3 ,2 6 7 .9 8 345.71 275 .43 96 .66% 94.15% 0.9980 15.41
7 10 250 2 1 7 5 2 .6 0 4 8 .53 $ 3 ,438 ,837 .01 358.51 265 .62 96 .54% 93.95% 0.9975 15.40
7 10 300 2 1 7 81 .1 2 48.71 $ 3 ,4 4 4 ,4 0 7 .2 7 371 .3 0 295 .82 96 .42% 93.75% 0.9970 16.39
7 10 350 2 1 8 09 .6 5 4 8 .89 $ 3 ,4 4 9 ,9 7 8 .7 5 384.11 306 .0 2 96 .30% 93.54% 0.9965 15.38
7 10 4 00 2 1 8 3 8 .2 0 4 9 .0 7 $ 3 ,4 5 5 ,5 5 1 .4 6 396.91 316 .2 2 96 .18% 93.34% 0.9 96 0 15.38
7 10 4 50 218 66 .7 7 4 9 .25 $ 3 ,4 6 1 ,1 2 5 .4 0 409.71 326 .42 96 .06% 93.14% 0.9955 15.37
7 10 5 00 2 1 8 95 .3 6 4 9 .43 $ 3 ,4 6 6 ,7 0 0 .5 8 4 2 2 .5 2 336 .62 95 .95% 92.94% 0.9950 15.36
7 10 5 5 0 2 1 9 23 .9 6 49.61 $ 3 ,4 7 2 ,2 7 7 .0 0 435 .3 3 346 .8 2 95 .83% 92.75% 0.9945 15.35
7 10 6 00 2 1 9 52 .5 8 4 9 .79 $ 3 ,4 7 7 ,8 5 4 .6 5 448 .1 4 357 .03 95 .71% 92.55% 0.9 94 0 15.34
7 10 650 21981.21 4 9 .9 7 $ 3 ,4 8 3 ,4 3 3 .5 5 4 6 0 .9 5 367 .2 4 95 .59% 92.35% 0.9935 15.34
7 10 700 2 2 0 09 .8 6 5 0 .15 $ 3 ,4 8 9 ,0 1 3 .6 9 473 .7 6 377 .45 95 .48% 92.16% 0.9 93 0 15.29
7 10 750 220 38 .5 3 5 0 .33 $ 3 ,4 9 4 ,5 9 5 .0 8 486 .5 8 387 .6 5 95 .36% 91.96% 0.9925 14.97
7 10 BOO 220 67 .2 2 50.51 $ 3 ,50 0 ,1 77 .7 3 499 .3 9 397 .8 7 95 .24% 91.77% 0 .9 9 2 0 14.67
7 10 8 50 2 2 0 95 .9 2 5 0 .69 $ 3 ,5 0 5 ,7 6 1 .6 2 512.21 408 .0 8 95 .13% 91.57% 0.9915 14.37
7 10 900 2 2 3 41 .1 2 5 1 .34 $ 3 ,5 2 2 ,0 2 4 .3 9 5 2 5 .1 0 4 1 8 .3 5 95.01 % 91.38% 0.9910 14.08
7 10 950 2 2 3 69 .8 6 5 1 .52 $ 3 ,5 2 7 ,6 1 0 .6 8 537 .9 2 4 2 8 .5 6 94 .90% 91.19% 0.9905 13.80
7 10 1000 22398.61 5 1 .70 $ 3 ,5 3 3 ,1 9 8 .2 4 550 .7 4 4 3 8 .7 8 94 .78% 91.00% 0.9 90 0 13.53
7 10 1050 224 27 .3 9 5 1 .88 $ 3 ,53 8 ,7 87 .0 7 563 .5 7 4 4 9 .0 0 94 .66% 90.81% 0.9895 13.27
7 10 110 0 2 2 4 56 .1 8 5 2 .0 6 $ 3 ,5 4 4 ,3 7 7 .1 6 5 7 6 .4 0 459 .2 2 94 .55% 90.62% 0.9 89 0 13.01
7 10 1150 2 2 4 84 .9 8 5 2 .24 $ 3 ,5 4 9 ,9 6 8 .5 2 589 .2 3 4 6 9 .4 4 94 .44% 90.43% 0.9885 12.76
7 10 1200 22513.81 5 2 .42 $ 3 ,5 5 5 ,5 6 1 .1 6 602 .06 4 7 9 .6 6 94 .32% 90.24% 0.9 88 0 12.52
7 10 1250 225 42 .6 5 5 2 .6 0 $ 3 ,5 6 1 ,1 5 5 .0 7 614 .89 4 8 9 .8 9 94.21 % 90.05% 0.9875 12.29
7 10 1300 22571.51 5 2 .78 $ 3 ,5 6 6 ,7 5 0 .2 6 627 .7 3 500.11 94 .09% 89.86% 0.9870 12.06
7 ______ 12. 1350 226 00 .3 9 5 2 .96 $ 3 ,5 7 2 ,3 4 6 .7 4 640 .5 7 ____ S12.23____83.22% 89.68% _______ 0 .9865 ________ mu

Figure H-3.1 BJT inverter summary Sheet 1 for 10 MVA, variable frequency.

oo



BJT PARAMETERS
VOLTAGE 

RATING (kVI
POWER DISS 
PER BJT IWI

V THRESHOLD 
(VOLTS)

DYNAMIC r 
IOHMSI

INC. SW LOSS 
LOSS PER AMP

FIXED SW 
LOSS

B JT . PER 
MODULE

MINIMUM 
OFF TIME

MAXIMUM
Itaa

_______  0 5 5 1500 1 0 .0 0 1 8 3 8 0 .0 0 2 7 5 0 _ _ _ _ _ _ _ _ _ _ _ _ 2 ______ 1.00E-05 1000

SWITCH MODULE PARAMETERS BUS WORK & F HAME ESTIMATES
-

FIXED MASS 
(kq|

MASS PER SNUB 
LOSS (kfl/kWI

FIXED VOL 
(m‘ 3l

VOL PER SNUB 
LOSS lm ‘ 3/kWI

% INCREASE IN 
TOTAL MASS

% INCREASE IN 
TOTAL VOLUME

________ 20-88 _ _ _ _ _ _ _ _ _ _ _ _ 2_ ______ 0 .0 45 35 _ _ _ _ _ _ 0 Q 0 2 2 4 4 200.00% 71.43%

COST ESTIMATE s
FIXED COST 
PER MODULE

COST PER SNUB 
LOSS ($/kW)

DRIVER FIXED 
COST

DRIVER COST 
PER MODULE

BUS & FRAME 
% INC IN COST

$5 332 .8 7 _ _ _ _ _ _ _ <100-00 * 1 .00 0 .0 0 _ _ _ _ _ _ _ _ *35 .0 0 ___ __ _ _ _ 10.00% -

IN P U T  P A R A M E 1 r E R S C A C U L A T E D  R E S U L T S
INPUT VOLTAGE 

IkVDCI
OUTPUT MVA 

IMVA1
SWITCH FREQ 

IH*1
TOTAL EST 
MASS Ikal

TOTAL EST 
VOLUME lm*3)

TOTAL EST 
MAT L COST

TOTAL EST
SW LOSS IkW!

MAXIMUM 
PEAK CURRENT

MAX PHASE CUR 
PARALLEL lArms)

PARALLEL
m o d u l e s  r eq

SERIES
MODULES REQ

TOTAL
MODULES REQ

7 10 100 2 0 0 8 .1 7 2 .49 $ 19 0 ,11 6 .6 4 5 2 .57 1 00 0.00 1 59 4 .97 1 32 32
7 10 150 2010.01 2.49 $ 19 0 ,15 0 .5 0 5 4 .7 0 1 00 0.00 1 594.57 1 32 32
7 10 200 2011.86 2.49 $190,184 .39 5 6 .83 1 00 0.00 1 594.17 1 32 32
7 10 250 2013.71 2 .49 $190,218.31 5 8 .96 1 00 0.00 1593.77 1 32 32
7 10 300 2 0 1 5 .5 7 2 .49 $ 19 0,25 2 .2 6 6 1 .09 1 00 0.00 1 59 3.37 1 32 32
7 10 350 2 0 1 7 .4 2 2 .5 0 $ 19 0,28 6 .2 4 6 3 .22 1 00 0.00 1 592.97 1 32 32
7 10 4 00 2 0 1 9 .2 7 2 .5 0 $190,320 .26 6 5 .36 1 00 0.00 1 592.57 1 32 32
7 10 4 5 0 2 0 2 1 .1 3 2 .5 0 $190,354.31 6 7 .49 1 0 0 0 .00 1 592.17 1 32 32
7 10 500 2 0 2 2 .9 9 2 .5 0 $ 19 0,38 8 .3 9 6 9 .62 1 00 0.00 1591.77 1 32 32
7 10 5 50 2 0 2 4 .8 5 2 .5 0 $190,422.51 7 1 .76 1 00 0.00 1 591.37 1 32 32
7 10 6 00 2026.71 2 .5 0 $190,456 .65 7 3 .89 1 0 0 0 .00 1 590.97 1 32 32
7 10 6 50 2 0 2 8 .5 8 2 .5 0 $ 19 0,49 0 .8 3 7 6 .03 1 00 0.00 1 590.57 1 32 32
7 10 700 2 0 3 0 .4 4 2 .5 0 $ 19 0,52 5 .0 5 7 8 .16 997 .3 6 1585.98 1 32 32
7 10 760 2032.31 2.51 $ 19 0,55 9 .2 9 8 0 .3 0 977 .2 3 1 553.57 1 32 32
7 10 8 00 2 0 3 4 .1 8 2.51 $ 19 0,59 3 .5 7 8 2 .43 957 .6 9 1 522.13 1 32 32
7 10 850 2 0 3 6 .0 5 2.51 $ 19 0,62 7 .8 8 8 4 .57 9 3 8 .7 5 1 49 1 .64 1 32 32
7 10 900 2 0 3 7 .9 3 2.51 $190,662 .23 8 6 .7 0 920 .3 6 1462.07 1 32 32
7 10 950 2 0 3 9 .8 0 2.51 $ 19 0 ,69 6 .6 0 8 8 .84 902 .5 3 1 433.38 1 32 32
7 10 1000 2 0 4 1 .6 8 2.51 $190,731.01 9 0 .98 8 8 5 .2 4 1 405.56 1 32 32
7 10 1050 2 0 4 3 .5 6 2.51 $ 19 0,76 5 .4 6 93.11 868 .4 6 1378.57 1 32 32
7 10 1100 2 0 4 5 .4 4 2.51 $190,799 .93 9 5 .25 852 .1 8 1352.38 1 32 32
7 10 1150 2 0 4 7 .3 2 2 .52 $190,834 .45 9 7 .39 836 .39 1 326.98 1 32 32
7 10 1200 2049.21 2 .5 2 $ 19 0,86 8 .9 9 9 9 .52 821 .0 6 1 302.34 1 32 32
7 10 1250 2 05 1 .09 2 .52 $ 19 0,90 3 .5 7 101 .66 806 .1 9 1 278.42 1 32 32
7 10 1300 2 0 5 2 .9 8 2 .52 $ 19 0 ,93 8 .1 8 103 .8 0 7 9 1 .7 5 1255.21 1 32 32
7 _ _ _ _ _ _ _ _ _ _ _ UL _ _ _ _ _ _ _ _ _ 12S2. _ _ _ _ _ _ _ 2 2 5 4 ^ 7 . _ _ _ _ _ _ _ _ _ _151___ *190.972 .82 _______ 105 94 777-74 _ _ _ _ _ _ _ 1 232.69 _ _ _ _ _ _ _ _ _ _ _ _ L __________ 21 __________ i l

Figure H - 3 . 2  B J T  s w i t c h  quantity characterization - S h e e t  2  for 1 0  M V A ,  variable frequency.
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SNUBBER PARAMETERS
dv/dt SNUBBER 
CAPACITOR (uFI

dl/dt SNUBBER 
INDUCTOR luH)

_________1 5 . _________1 L

ANTIPARALLEL DIODE PARAMETERS_____________
DIODE DIODE DIODE DIODES
VTIVI r (OHMS) Irr (AMPS) PER MODULE

0.998 0,000265

oo

2

INPUT PARAMETERS CACULATED SWITCH MODULE CURRENTS AND LOSSES BASED ON DESIRED OUTPUT MVA
INPUT VOLTAGE 

IkVDCI
OUTPUT MVA

(MVA1
SWITCH FREQ 

IHzl
TOTAL EST 

MOD LOSS IkWI
MODULE PEAK 
CURRENT (A)

MODULE COND
LOSS (kWl

MODULE SWITCH 
LOSS IkWI

TOTAL MODULE 
LOSS IkWI

ANTI-PARALLEL 
LOSS IkWI

dv/dt SNUBBER 
LOSS IkWI

di/dt SNUBBER 
LOSS IkWI

CONDUCTOR 
LOSS IkWI

7 10 100 1.64 1296.87 0.90 0.11 1.02 0.48 0.01 0.01 0.12
7 10 150 1.71 1297.52 0.90 0.17 1.07 0.48 0.01 0.01 0.12
7 10 200 1.78 1298.17 0.90 0.23 1.13 0.48 0.02 0.02 0.12
7 10 250 1.84 1298.82 0.90 0.28 1.19 0.46 0.02 0.02 0.12
7 10 300 1.91 1299.47 0.90 0.34 1.25 0.48 0.03 0.03 0.12
7 10 350 1.98 1300.12 0.91 0.40 1.30 0.48 0.03 0.03 0.12
7 10 400 2.04 1300.77 0.91 0.45 1.36 0.48 0.04 0.04 0.12
7 10 450 2.11 1301.43 0.91 0.51 1.42 0.48 0.04 0.04 0.12
7 10 500 2.18 1302.08 0.91 0.57 1.47 0.48 0.05 0.05 0.12
7 10 550 2.24 1302.74 0.91 0.62 1.53 0.48 0.05 0.05 0.12
7 10 600 2.31 1303.39 0.91 0.68 1.59 0.48 0.06 0.06 0.12
7 10 650 2.38 1304.05 0.91 0.74 1.64 0.48 0.06 0.06 0.12
7 10 700 2.44 1304.70 0.91 0.79 1.70 0.48 0.07 0.07 0.12
7 10 750 2.51 1305.36 0.91 0.85 1.76 0.48 0.07 0.07 0.12
7 10 800 2.58 1306.02 0.91 0.91 1.81 0.48 0.08 0.08 0.12
7 10 850 2.64 1306.68 0.91 0.96 1.87 0.48 0.08 0.08 0.12
7 10 900 2.71 1307.34 0.91 1.02 1.93 0.48 0.09 0.09 0.12
7 10 950 2.78 1308.00 0.91 1.08 1.99 0.48 0.09 0.09 0.12
7 10 1000 2.84 1308.66 0.91 1.13 2.04 0.48 0.09 0.10 0.12
7 10 1050 2.91 1309.32 0.91 1.19 2.10 0.48 0.10 0.10 0.12
7 10 1100 2.98 1309.98 0.91 1.25 2.16 0.48 0.10 0.11 0.12
7 10 1150 3.04 1310.64 0.91 1.30 2.21 0.48 0.11 0.11 0.12
7 10 1200 3.11 1311.31 0.91 1.36 2.27 0.48 0.11 0.12 0.12
7 10 1250 3.18 1311.97 0.91 1.42 2.33 0.48 0.12 0.12 0.12
7 10 1300 3.24 1312.64 0.91 1.47 2.38 0.48 0.12 0.13 0.12

_____________L ____________ 1JL_______ 1251 __________ U L 1313.30 __________ £L£L 1.53 2.44 __________ 1 1 1 ________1 1 2 .________ 1 1 2 .________2J1

Figure H-3.3 BJT switch loss estimation - Sheet 3 for 10 MVA, variable frequency.
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0

_________________________________________ CAPACITOR PARANIflEBS___________________________ _
CAPACITANCE

(uF)
VOLTAGE

IkV)
RMS RIPPLE 
CURRENT (At

VOLTAGE
DE-RATING

CURRENT
DE-RATING

MAX ESR 
(OHMS)

BLEEDER 
RES (OHMS)______ 62S.____________i __________ m. _____ m s. _______2i____L22L22._____M M

____ CAPACITOR PARAMETERS___
MASS
(ko)

VOLUME
(m“3)

_______ 41 6 27E02

BUS WORK & FTAME ESTIMATES
% INCREASE IN 
TOTAL MASS

% INCREASE IN 
TOTAL VOLUME

62-75% 117.00%

_______________ COST ESTIMATE,5
CAP & BLEEDER 
COST PER CAP

DUMP COST 
PER kJ

BUS & FRAME 
% INC IN COST

$1,788.40 $16.91 _______ 1M 2M

INI3UT PARAME1rERS CACULATED RESULTS
INPUT VOLTAGE

____ 1KVE2___
OUTPUT MVA 

____
SWITCH FREQ 

Ml)
TOTAL EST

---- MASSlkg) _—
TOTAL EST

VOLUME (m*3l
TOTAL EST 

COST
TOTAL EST 
LOSS IkWI

RMS CURRENT 
(A)

LOSS PER 
CAPACITOR IWI

TOTAL STORED 
ENERGY (kJl

PARALLEL 
CAPS REQ

SERIES 
CAPS REQ

TOTAL 
CAPS REQ

7 10 100 2763.73 4.90 $72,896.01 4.73 1847.84 131.39 111.67 18 2 36
7 10 160 2763.73 4.90 $72,896.01 4.74 1860.60 131.64 111.67 18 2 36
7 10 200 2763.73 4.80 $72,896.01 4.74 1863.36 131.68 111.67 18 2 36
7 10 260 2763.73 4.90 $72,896.01 4.76 1866.11 131.83 111.67 18 2 36
7 10 300 2763.73 4.90 $72,896.01 4.76 1868.87 131.98 111.67 18 2 36
7 10 360 2763.73 4.90 $72,896.01 4.76 1861.63 132.13 111.67 18 2 36
7 10 400 2763.73 4.90 $72,896.01 4.76 1864.39 132.28 111.67 18 2 36
7 10 460 2763.73 4.90 $72,896.01 4.77 1867.16 132.43 111.57 18 2 36
7 10 600 2763.73 4.90 $72,896.01 4.77 1869.92 132.68 111.67 18 2 36
7 10 660 2763.73 4.90 $72,896.01 4.78 1872.69 132.73 111.67 18 2 36
7 10 600 2763.73 4.90 $72,896.01 4.78 1876.46 132.89 111.67 18 2 36
7 10 660 2763.73 4.80 $72,886.01 4.79 1878.24 133.04 111.67 18 2 36
7 10 700 2763.73 4.90 $72,896.01 4.79 1881.01 133.19 111.67 18 2 36
7 10 760 2763.73 4.90 $72,896.01 4.80 1883.79 133.34 111.67 18 2 36
7 10 800 2763.73 4.90 $72,896.01 4.81 1886.66 133.49 111.67 18 2 36
7 10 860 2763.73 4.90 $72,896.01 4.81 1889.34 133.66 111.67 18 2 36
7 10 800 2906.72 6.17 $76,946.79 4.88 1892.12 128.46 117.77 19 2 38
7 10 960 2806.72 6.17 $76,946.79 4.89 1894.91 128.69 117.77 19 2 38
7 10 1000 2906.72 6.17 $76,946.79 4.89 1897.69 128.73 117.77 19 2 38
7 10 1060 2906.72 6.17 $76,946.79 4.90 1900.48 128.87 117.77 19 2 38
7 10 1100 2906.72 6.17 $76,946.79 4.90 1903.27 129.01 117.77 19 2 38
7 10 iteo 2906.72 6.17 $76,946.79 4.91 1906.06 129.16 117.77 19 2 38
7 10 1200 2906.72 6.17 $76,945.79 4.91 1908.86 129.29 117.77 19 2 38
7 10 1260 2906.72 6.17 $76,946.79 4.92 1911.66 129.43 117.77 19 2 38
7 10 1300 2906.72 6.17 $76,946.79 4.92 1914.44 129.67 117.77 19 2 38
7 ___________ 12. _________ 1222. 2906-72 _________ 6JL ____ $76-845.79 4.93 ______ 1817.24 _______ 128-21 _______ 117.77 ___________ is. ____________ z.___________

Figure H-3.4 BJT input filter sizing - Sheet 4
. j  r.

for 10 MVA, variable frequency.
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INVERTER PARAMETERSNUMBER OF PHASES NUMBER OF SWITCHES3 6

HEAT EXCHANGER ESTIMATESFIXED COST PER PRIME POWER FIXED MASS MASS PER kW FIXED VOLUME/kWCOST kW LOSS <$/kW) (kVA/kW LOSS) , (ka) LOSS (ka/kW) VOLUME (m'3) LOSS (m43/kW)$39,440.00 164.5 0.7967 400 1 977 0.0131

CONTROLLERMASS(kfl) VOLUME(mA3)5 001

BUS WORK & FRAU4E ESTIMATES% INCREASE IN TOTAL MASS % INCREASE IN TOTAL VOLUME41.46% 71.43%

COST ESTIMATES
CONTROLLER FIXED COST CONTROLLERCOST/SWITCH BUS & FRAME % INC IN COST$3 500 00 $35 00 10 00%

LABOR AND SERVICES ESTIMATES (% OF TOTAL COST)MATERIAL I FAB LABOR FAB SERVICES TEST LABOR4182%! 3066%______13.49% 1403%

INPUT PARAMETERS CACULATED RESULTSINPUT VOLTAGE (kVDC) OUTPUT MVA (MVA) SWITCH FREQ (Hz) MASS(ka) VOLUME
(mA31 COST

d)
INVERTER LOSS (kW) HEAT EX 

POWER (kVA) INVERTEREFFICENCY TOTAL
EFFICENCY MAXIMUM 

DUTY CYCLE MAXIMUMMVA7 25 600 45838.16 97.91 $7,048,632.00 1188.83 947.14 95.46% 92.13% 0.9940 30.697 26 600 46355.51 99.67 $7,095,118.73 1250.90 996.59 95.41% 92.04% 0.9940 30.697 27 600 46874.87 101.45 $7,142,099.33 1314.16 1046.99 95.36% 91.96% 0.9940 30.697 28 600 47396.25 103.25 $7,189,573.79 1378.60 1098.33 95.31% 91.87% 0.9940 30.697 29 600 47919.65 105.06 $7,237,542.10 1444.22 1150.61 95.26% 91.79% 0.9940 30.697 30 600 48228.58 106.42 $7,275,327.79 1510.97 1203.79 95.20% 91.70% 0.9940 30.697 31 600 65550.53 131.48 $10,234,644.22 1400.37 1115.67 95.68% 92.49% 0.9940 46.037 32 600 66058.82 133.17 $10,278,908.84 1457.11 1160.88 95.64% 92.44% 0.9940 46.037 33 600 66568.45 134.87 $10,323,502.70 1514.65 1206.72 95.61% 92.38% 0.9940 46.037 34 600 66862.95 136.12 $10,357,749.37 1572.92 1253.14 95.58% 92.33% 0.9940 46.037 35 600 67375.27 137.84 $10,403,001.52 1632.03 1300.24 95.54% 92.27% 0.9940 - 46.037 36 600 67880.93 139.58 $10,448,582.92 1691.94 1347.97 95.51% 92.21% 0.9940 46.037 37 600 68403.93 141.32 $10,494,493.56 1752.63 1396.32 95.48% 92.16% 0.9940 46.037 38 600 68920.27 143.08 $10,540,733.46 1814.11 1445.30 95.44% 92.10% 0.9940 46.037 39 600 69221.49 144.38 $10,576,626.34 1876.32 1494.87 95.41% 92.04% 0.9940 46.037 40 600 69740.52 146.15 $10,623,524.53 1939.38 1545.11 95.38% 91.99% 0.9940 46037 41 600 70260.89 147.94 $10,670,751.97 2003.23 1595.97 95.34% 91.93% 0.9940 46.037 42 600 70782.61 149.74 $10,718,308.65 2067.87 1647.47 95.31% 91.87% 0.9940 46.037 43 600 71305.67 151.55 $10,766,194.58 2133.30 1699.60 95.27% 91.82% 0.9940 46037 44 600 71613.59 152.90 $10,803,733.67 2199.45 1752.30 95.24% 91.76% 0.9940 46.037 45 600 72139.34 154.73 $10,852,277.91 2266.46 1805.69 95.20% 91.70% 0.9940 46.037 46 600 72666.42 156.58 $10,901,151.39 2334.25 1859.70 95.17% 91.64% 0.9940 46.037 47 600 89941.21 181.26 $13,848,904.23 2195.93 1749.50 95.54% 92.26% 09940 61.387 48 600 90238.56 182.53 $13,883,850.75 2255.88 1797.26 95.51% 92.21% 0.9940 61.387 49 600 90753.40 184.27 $13,929,720.13 2316.47 1845.53 95 49% 92.17% 0.9940 61.387 50 600 91269 24 186.02 $13,975.836 46 2377 66 1894.28 95 46% 92 13% 0 9940 61 38

Figure H-3.5 BJT inverter summary - Sheet 1 for 600 Hz, variable MVA.
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BJT PARAMET ■RS
VOLTAGE 

RATING (kV)
POWER DISS 
PER BJT <W)

V THRESHOLD 
(VOLTS)

DYNAMIC r 
(OHMS)

INC. SW LOSS 
LOSS PER AMP

FIXED SW 
LOSS

BJTs PER 
MODULE

MINIMUM 
OFF TIME

MAXIMUM
ItOQ

055 1500 1 0.001838 000275 0 2 1.00E-05 1000

SWITCH MODULE PARAMETERS
FIXED MASS 

(kg)
MASS PER SNUB 

LOSS (ka/kW)
FIXED VOL 

(81*3)
VOL PER SNUB 
LOSS (m»3/kW)

20.88 2 004535 0.002244

BUS WORK & FRAME ESTIMATES
% INCREASE IN 
TOTAL MASS

% INCREASE IN 
TOTAL VOLUME

200.00% 71.43%

COST ESTIMATIES
FIXED COST 
PER MODULE

COST PER SNUB 
LOSS (S/kW)

DRIVER FIXED 
COST

DRIVER COST 
PER MODULE

BUS & FRAME 
% INC IN COST

$5 332 87 $100 00 $35 00 10 00%

IN P U T  P A R A M E T E R S C A C U L A T E D  R E S U LTS
INPUT VOLTAGE 

(kVDCI
OUTPUT MVA 

(MVA)
SWITCH FREQ 

(Hz)
TOTAL EST 
MASS (ka)

TOTAL EST 
VOLUME (mA3)

TOTAL EST 
MAT! COST

TOTAL EST 
SW LOSS (kW)

MAXIMUM 
PEAK CURRENT

MAX PHASE CUR 
PARALLEL (Arms)

PARALLEL 
MODULES REQ

SERIES 
MODULES REO

TOTAL
MODULES REQ

7 25 600 4065.19 5.01 $380:028.89 196.14 1000.00 1590.97 2 32 64
7 26 600 4067.83 5.01 $380,077.39 206.40 1000.00 1590.97 2 32 64
7 27 600 4070.58 5.02 $380,127.68 216.86 1000.00 1590.97 2 32 64
7 28 600 4073.42 5.02 $380,179.77 227.52 1000.00 1590.97 2 32 64
7 29 600 4076.36 5.02 $380,233.65 238.38 1000.00 1590.97 2 32 64
7 30 600 4079.39 5.02 $380,289.33 249.43 1000.00 1590.97 2 32 64
7 31 600 6082.28 7.51 $569,209.19 230.92 1000.00 1590.97 3 32 96
7 32 600 6084.49 7.51 $569,249.62 240.30 1000.00 1590.97 3 32 96
7 33 600 6086.76 7.51 $569,291.24 249.80 1000.00 1590.97 3 32 96
7 34 600 6089.09 7.51 $569,334.06 259.44 1000.00 1590.97 3 32 96
7 35 600 6091.49 7.51 $569,378.07 269.21 1000.00 1590.97 3 32 96
7 36 600 6093.96 7.52 $569,423.28 279.11 1000.00 1590.97 3 32 96
7 37 600 6096.49 7.52 $569,469.69 289.15 1000.00 1590.97 3 32 96
7 38 600 6099.09 7.52 $569,517.29 299.31 1000.00 1590.97 3 32 96
7 39 600 6101.75 7.52 $569,566.09 309.61 1000.00 1590.97 3 32 96
7 40 600 6104.48 7.52 $569,616.08 320.03 1000.00 1590.97 • 3 32 96
7 41 600 6107.27 7.52 $569,667.27 330.59 1000.00 1690.97 3 32 96
7 42 600 6110.13 7.53 $569,719.66 341.28 1000.00 1590.97 3 32 96
7 43 600 6113.05 7.53 $569,773.24 352.10 1000.00 1590.97 3 32 96
7 44 600 6116.04 7.53 $569,828.02 363.06 1000.00 1590.97 3 32 96
7 45 600 6119.09 7.53 $569,883.99 374.14 1000.00 1590.97 3 32 96
7 46 600 6122.21 7.53 $569,941.16 385.36 1000.00 1590.97 3 32 96
7 47 600 8122.81 10.02 $758,819.02 362.23 1000.00 1590.97 4 32 128
7 48 600 8125.28 10.02 $758,864.38 372.15 1000.00 1590.97 4 32 128
7 49 600 8127.80 10.02 $758,910.63 382.17 1000.00 1590.97 4 32 128
7 50 600 8130 38 10.02 $758 957.79 392.28 1000.00 1590 97 4 32 128

Figure H-3.6 BJT switch quantity characterization - Sheet 2 for 600 Hz, variable MVA.
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SNUBBER PARAMETERS
dv/dt SNUBBER 
CAPACITOR (uFI

dl/dt SNUBBER 
INDUCTOR (uH)

2.5 0.1

ANTI-PARALLEL DIODE PARAMETERS
DIODE 
VT (V)

DIODE I DIODE 
r (OHMS) Irr (AMPS)

DIODES 
PER MODULE

0.998 0.0002651 100 2

I N P U T  P A R A M E 1 r E R S C A C U L A 1 " E D  S W I T C H  M O D U L E  C U R R E N T S  A N D  L O S S E S  B A S E D  O N  D E S I R E D  O U T P U T  M V A
INPUT VOLTAGE 

(kVDC)
OUTPUT MVA 

(MVA)
SWITCH FREQ 

(Hz)
TOTAL EST 

MOD LOSS (kW)
MODULE PEAK 
CURRENT (A)

MODULE COND 
LOSS (kW)

MODULE SWITCH 
LOSS (kW)

TOTAL MODULE 
LOSS (kW)

ANTI-PARALLEL 
LOSS (kW)

dv/dt SNUBBER 
LOSS (kW)

dl/dt SNUBBER 
LOSS (kW)

CONDUCTOR 
LOSS (kW)

7 25 600 3.06 1629.24 1.29 0.85 2.14 0.63 0.06 0.09 0.15
7 26 600 • 3.23 1694.41 1.37 0.88 2.26 0.66 0.06 0.10 0.16
7 27 600 3.39 1759.58 1.46 0.92 2.38 0.69 0.06 0.10 0.17
7 28 600 3.56 1824.75 1.55 0.95 2.50 0.72 0.06 0.11 0.17
7 29 600 3.72 1889.92 1.64 0.99 2.62 0.75 0.06 0.12 0.18
7 30 600 3.90 1955.09 1.73 1.02 2.75 0.78 0.06 0.13 0.19
7 31 600 2.41 1346.84 0.95 0.70 1.66 0.50 0.06 0.06 0.13
7 32 600 2.50 1390.28 1.00 0.73 1.73 0.52 0.06 0.07 0.13
7 33 600 2.60 1433.73 1.05 0.75 1.80 0.54 0.06 0.07 0.14
7 34 600 2.70 1477.18 1.10 0.77 1.87 0.56 0.06 0.07 0.14
7 35 600 2.80 1520.62 1.15 0.79 1.95 0.58 0.06 0.08 0.14
7 36 600 2.91 1564.07 1.21 0.62 2.02 0.60 0.06 0.08 0.15
7 37 600 3.01 1607.52 1.26 0.84 2.10 0.62 0.06 0.09 0.15
7 38 600 3.12 1650.96 1.31 0.86 2.18 0.64 0.06 0.09 0.16
7 39 600 3.23 1694.41 1.37 0.88 2.26 0.66 0.06 0.10 0.16
7 40 600 3.33 1737.86 1.43 0.91 2.34 0.68 0.06 0.10 0.16
7 41 600 3.44 1781.30 1.49 0.93 2.42 0.70 0.06 0.11 0.17
7 42 600 3.56 1824.75 1.55 0.95 2.50 0.72 0.06 0.11 0.17
7 43 600 3.67 1868.19 1.61 0.98 2.58 0.74 0.06 0.12 0.18
7 44 600 3.78 1911.64 1.67 1.00 2.67 0.76 0.06 0.12 0.18
7 45 600 3.90 1955.09 1.73 1.02 2.75 0.78 0.06 0.13 0.19
7 46 600 4.01 1998.53 1.79 1.04 2.84 0.80 0.06 0.13 0.19
7 47 600 2.63 1531.48 1.17 0.80 1.97 0.58 0.06 0.08 0.15
7 48 600 2.91 1564.07 1.21 0.82 2.02 0.60 0.06 0.08 0.15
7 49 600 2.99 1596.65 1.25 0.83 2.08 0.61 0.06 0.09 0.15
7 50 600 306 162924 1.29 0.85 2.14 0.63 006 009 0.15

Figure H-3.7 BJT switch loss estimation - Sheet 3 for 600 Hz, variable MVA.
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(?APACITOR PARAMETERS
CAPACITANCE 

_____ (UF)
VOLTAGE

OcV)
RMS RIPPLE 
CURRENT (A)

VOLTAGE
DE-RATING

CURRENT
DE-RATING

MAX ESR 
(OHMS)

BLEEDER 
RES (OHMS)

506 4 150 0.875 0.7 4.72E-03 150000

CAPACITOR PARAMETERS
MASS VOLUME
(kg) (m'3)

47 6.27E-02

COST ESTIMATEs
CAP & BLEEDER DUMP COST BUS & FRAME
COST PER CAP PER kJ % INC IN COST

*1.788 40 $16.91 10.00%

BUS WORK & FRAME ESTIMATES
% INCREASE IN 
TOTAL MASS

% INCREASE IN 
TOTAL VOLUME

62.75% 117.00%

INPUT PARAMETERS CACULATED RESULTS
INPUT VOLTAGE 

fkVDCI
OUTPUT MVA 

fMVAl
SWITCH FREQ TOTAL EST 

MASS frcri
TOTAL EST 

VOLUME fm*31
TOTAL EST 

COST
TOTAL EST 
LOSS fkW)

RMS CURRENT 
(A)

LOSS PER TOTAL STORED 
ENERGY fkJI

PARALLEL 
CAPS REO

SERIES 
CAPS REO

TOTAL 
CAPS REO

7 25 600 6884.33 12.25 *182.240.02 11.96 4700.95 133.15 278.93 45 2 907 26 600 7190.30 12.79 $190,339.58 12.48 4891.60 132.77 291.33 47 2 947 27 600 7496.27 13.34 $198,439.14 12.98 5082.45 132.43 303.73 49 2 987 26 600 7802.24 13.88 $206,538.69 13.48 5273.52 132.11 316.12 51 2 1027 29 600 8108.21 14.43 $214,638.25 13.97 5464.80 131.83 326.52 53 2 1067 30 600 8261.19 14.70 $218,688.03 14.41 5656.29 133.43 334.72 54 2 1087 31 600 8567.16 15.24 $226,787.58 14.85 5615.94 132.56 347.12 56 2 1127 32 600 8873.13 15.79 $234,887.14 15.34 6005.62 132.25 359.51 58 2 116
7 33 600 9179.10 16.33 $242,986.70 15.84 6195.45 131.97 371.91 60 2 1207 34 600 9332.09 16.60 $247,036.48 16.27 6385.42 133.37 378.11 61 2 122
7 35 600 9638.06 17.15 $255,136.03 16.77 6575.53 133.06 390.51 63 2 1267 36 600 9944.03 17.69 $263,235.59 17.26 6765.79 132.76 402.90 65 2 130
7 37 600 10250.00 18.24 $271,335.15 17.76 6956 18 132.52 415.30 67 2 134
7 38 600 10555.97 18.78 *279.434.70 18.25 7146.72 132.28 427.70 69 2 138
7 39 600 107.08.95 19.05 $283,484.48 18.69 7337.39 133.50 433.90 70 2 140
7 • 40 600 11014.92 19.60 $291,584.04 19.19 7528.21 133.25 446.29 72 2 144
7 41 600 11320.89 20.14 $299,683.59 19.68 7719.18 133.00 458.69 74 2 148
7 42 600 11626.86 20.69 $307,783.15 20.18 7910.28 132.78 471.09 76 2 152
7 43 600 11932.83 21.23 $315,882.71 20.68 8101.52 132.56 483.48 78 2 156
7 44 600 12065.82 21.50 $319,932.49 21.12 8292.91 133.66 489.68 79 2 156
7 45 600 12391.79 22.05 $328,032.04 21.62 8484.44 133.43 502.08 81 2 162
7 46 600 12697.76 22.59 $336,131.60 22.11 8676.11 133.22 514.48 83 2 166
7 47 600 13003.73 23.13 $344,231.16 22.54 8830.78 132.59 526.87 85 2 170
7 48 600 13156.71 23.41 $348,280.93 22.98 9021.05 133.58 533.07 66 2 172
7 49 600 13462.68 23.95 $356,380.49 23.47 9211.42 133.36 545.47 68 2 176

____________ i 50 __________ £°a 13768 65 _____ ____2122 $364 4 80 05 _________ 2121 _______ 242121 ________ 13315 557 87 ___________ s i ____________i __________ 122

Figure H-3.8 BJT input-filter sizing - Sheet 4 for 600 Hz, variable MVA.
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INVERTER PARAMETERS
NUMBER OF 

PHASES
NUMBER OF 
SWITCHES

3 _____________£.

HEAT EXCHANGER ESTIMATES
FIXED COST PER PRIME POWER FIXED MASS MASS PER kW FIXED VOLUME/kW
COST kW LOSS ($/kWI IkVA/kW LOSS! Ikal LOSS Ika/kW) VOLUME lm*3l LOSS (m'3/kWl

______$5,900,00 0 ________ 07957 200 0 ___________ 2 £ _____________ 2.

CONTROLLER
MASS
(ko)

VOLUME
|m'3|

5 0.01

BUS WORK & FRAME ESTIMATES
% INCREASE IN 
TOTAL MASS

% INCREASE IN 
TOTAL VOLUME

41.46% 71.43%

COST ESTIMATE5
CONTROLLER 
FIXED COST

CONTROLLER
COST/SWITCH

BUS & FRAME 
% INC IN COST

$1 500.00 $35.00 1000%

LABOR AND SERVICES ES TMATES 1% OF TOTAL COST1______
MATERIAL FAB LABOR FAB SERVICES TEST LABOR

_______ 13,82%. 3066% ________13.12% ________a m

IN PUT PARAME1rERS c A C U L A T E D  R ESU LTS
INPUT VOLTAGE 

IkVDCI
OUTPUT MVA 

IMVAI
SWITCH FREQ 

IHzl
MASS

(kal
VOLUME

lm-31
COST

f$l
INVERTER
LOSS IkWI

HEAT EX 
POWER IkVAl

INVERTER
efficency

TOTAL
EFFICENCY

MAXIMUM 
DUTY CYCLE

MAXIMUM
MVA

0.35 0.1 600 898.70 2.74 $109,904.42 8.97 7.15 91.77% 86.12% 0.94 0.30
0.35 0.106 600 923.06 2.78 $110,411.83 9.36 7.46 91.88% 86.30% 0.94 0.30
0.35 0.112 600 947.12 2.83 $110,914.82 9.76 7.78 91.98% 86.46% 0.94 0.30
0.35 0.118 600 970.90 2.87 $111,413.68 10.16 8.09 92.07% 86.60% 0.94 0.30
0.35 0.124 600 997.65 2.92 $112,101.66 10.57 8.42 92.14% 86.71% 0.94 0.30
0.35 0.13 600 1020.92 2.96 $112,593.02 10.98 ^ 8.74 92.21% 86.83% 0.94 0.30
0.35 0.136 600 1043.97 3.00 $113,080.96 11.38 9.06 92.28% 86.93% 0.94 0.30
0.35 0.142 600 1066.80 3.04 $113,565.66 11.78 9.39 92.34% 87.03% 0.94 0.30
0.35 0.14B 600 1089.42 3.08 $114,047.29 12.19 9.71 92.39% 87.11% 0.94 0.30
0.35 0.154 600 1111.85 3.12 $114,526.02 12.60 10.03 92.44% 87.19% 0.94 0.30
0.35 0.16 600 1134.09 3.16 $115,001.97 13.00 10.36 92.48% 87.26% 0.94 0.30
0.35 0.166 600 1156.15 3.20 $115,475.28 13.42 10.69 92.52% 87.32% 0.94 0.30
0.35 0.172 600 1178.05 3.24 $115,946.07 13.63 11.02 92.56% 87.38% 0.94 0.30
0.35 0.178 600 1199.78 3.28 $116,414.45 14.24 11.35 92.59% 87.43% 0.94 0.30
0.35 0.184 600 1224.59 3.33 $117,073.50 14.68 11.69 92.61% 87.46% 0.94 0.30
0.35 0.19 600 1246.01 3.37 $117,537.35 15.10 12.03 92.64% 87.51% 0.94 0.30
0.35 0.196 600 1267.30 3.40 $117,999.06 15.52 12.36 92.66% 87.55% 0.94 0.30
0.35 0.202 600 1288.44 3.44 $118,458.73 15.94 12.70 92.69% 87.58% 0.94 0.30
0.35 0.208 600 1309.46 3.48 $118,916.43 16.36 13.04 92.71% 87.62% 0.94 0.30
0.35 0.214 600 1330.35 3.52 $119,372.22 16.79 13.38 92.72% 87.64% 0.94 0.30
0.35 0.22 600 1351.11 3.55 $119,826.18 17.22 13.72 92.74% 87.67% 0.94 0.30
0.35 0.226 600 1371.75 3.59 $120,278.36 17.65 14.06 92.76% 87.69% 0.94 0.30
0.35 0.232 600 1392.28 3.63 $120,728.83 18.09 14.41 92.77% 87.71% 0.94 0.30
0.35 0.238 600 1415.93 3.67 $121,370.62 18.54 14.77 92.77% 87.72% 0.94 0.30
0.35 0.244 600 1436.24 3.71 $121,817.82 18.97 15.12 92.78% 87.74% 0.94 0.30

__________ m __________ m ___________222 1456.44 __________ 2J5. ___ $122.263.47 _________ O I L _________ 1M L 92.79% ___ :____ 8122% __________ SL2i __________ m

Figure H-4.1 GTO auxiliary inverter summary - Sheet 1 for 600 Hz, varfable MVA.

It
M
O)



GTO PARAMETERS
VOLTAGE 

RATING IkVI
POWER DISS 
PER GTO <WI

V THRESHOLD 
(VOLTS)

DYNAMIC r 
(OHMSI

INC. SW LOSS 
PER AMP IJ/AI

FIXED SW 
LOSS IJI

MINIMUM 
OFF TIME Is)

MAXIMUM 
Itaa (A)

___________ U . ___________m . __________ L22. _______ 0.00152 0.00067 __________ SL25. _______ __________ 1222

SWITCH MODULE PARAMETERS
FIXED MASS 

Ikn)
MASS PER dv/dt 

LOSS Iko/kWI
FIXED VOL 

Im* 3)
VOL PER dv/dt 

LOSS Im* 3/kWI
__________ L2JL _____________ 2. 0.0671 0,002244

BUS WORK & FRAME ESTIMATES
% INCREASE IN 1 % INCREASE IN
TOTAL MASS TOTAL VOLUME

_______ 41.46%! 71.43%

COST ESTIMATES
FIXED COST 
PER MODULE

COST PER dv/dt 
LOSS I $/kWI

ORIVER FIXED 
COST

DRIVER COST 
PER MODULE

BUS & FRAME 
% INC IN COST

$3.582.06 $100 00 ______*1.000.00 ________ 125.22 1000%

IN P U T  PARAME1rERS C A C U L A T E D  RESULTS
INPUT VOLTAGE 

IkVDC)
OUTPUT MVA 

IMVAI
SWITCH FREQ 

•Hi I
TOTAL EST 
MASS Ika)

TOTAL EST 
VOLUME lm-31

TOTAL EST 
MAT'L COST

TOTAL EST 
SW LOSS IkW)

MAXIMUM 
PEAK CURRENT

MAX PHASE CUR 
PARALLEUArrm)

PARALLEL 
MODULES REQ

SERIES
MODULES REO

TOTAL
MODULES REQ

0.35 0.1 600 18.54 0.12 $5,106.67 1.02 825.33 638.87 1 1 1
0.35 0.106 600 18.54 0.12 $5,106.67 1.06 825.33 638.87 1 1 1
0.35 0.112 600 18.54 0.12 $5,106.67 m i 825.33 638.87 1 1 1
0.35 0.118 600 18.54 0.12 $5,106.67 1.15 825.33 638.87 1 1 1
0.35 0.124- 600 18.54 0.12 $5,106.67 1.20 825.33 638.87 1 1 1
0.35 0.13 600 18.54 0.12 $5,106.67 1.24 825.33 638.87 1 1 1
0.35 0.136 600 18.54 0.12 $5,106.67 1.29 825.33 638.87 1 1 1
0.35 0.142 600 18.54 0.12 $5,106.67 1.33 825.33 638.87 1 1 1
0.35 0.148 600 18.54 0.12 $5,106.67 1.38 825.33 638.87 1 1 1
0.35 0.154 600 18.54 0.12 $5,106.67 1.43 825.33 638.87 1 1 1
0.35 0.16 600 18.54 0.12 $5,106.67 1.47 825.33 638.87 1 1 1
0.35 0.166 600 18.54 0.12 $5,106.67 1.52 825.33 638.87 1 1 1
0.35 0.172 600 18.54 0.12 $5,106.67 1.57 825.33 638.87 1 1 1
0.35 0.178 600 18.54 0.12 $5,106.67 1.62 625.33 638.87 1 1 1
0.35 0.184 600 18.54 0.12 $5,106.67 1.67 825.33 638.07 1 1 1
0.35 0.19 600 18.54 0.12 $5,106.67 1.72 825.33 638.87 1 1 1
0.35 0.196 600 18.54 0.12 $5,106.67 1.77 825.33 638.87 1 1 1
0.35 0.202 600 18.54 0.12 $5,106.67 1.82 825.33 638.87 1 1 1
0.35 0.208 600 18.54 0.12 $5,106.67 1.87 825.33 638.87 1 1 1
0.35 0.214 600 18.54 0.12 $5,106.67 1.92 825.33 638.87 1 1 1
0.35 0.22 600 18.54 0.12 $5,106.67 1.97 825.33 638.87 1 1 1
0.35 0.226 600 18.54 0.12 $5,106.67 2.03 825.33 638.87 1 1 1
0.35 0.232 600 18.54 0.12 $5,106.67 2.08 825.33 638.87 1 1 1
0.35 0.238 600 18.54 0.12 $5,106.67 2.13 825.33 638.87 1 1 1
0.35 0.244 600 18.54 0.12 $5,106.67 2.19 825.33 638.87 1 1 1

__________ SL2L __________ £L2L 600 18.54
CNd ______*5.106.67 __________ U ± 825.33 ________ 638.67 _____________ L _____________L _____________ L

Figure H-4.2 GTO auxiliary inverter switch quantity characterization - Sheet 2 for 600 Hz, variable MVA.
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SNUBBER PARAMETERS
dv/dt SNUBBER 
CAPACITOR luF)

dl/dt SNUBBER 
INDUCTOR (uHl

_____________ 2. ___________ 1 1

_________ANTI-PARALLEL DIODE PARAMETERS______
DIODE 
VT (V|

DIODE 
r (OHMS)

DIODE 
Irr (AMPS)

______ LIZ. 0.00058 ___________ i l l

IN P U T  PARAME1rERS C A C U L A T E D  S W IT C H M O D U LE  C U R R EN TS A N D  LOSSES B A SED O N DESIRED O U T P U T  M V A
INPUT VOLTAGE 

______________
OUTPUT MVA 

(MVAI
SWITCH FREQ 

IH/1
TOTAL EST 

MOD LOSS (kWl
MODULE PEAK 
CURRENT (Al

MODULE COND 
LOSS IkWI

MODULE SWITCH
LOSS IkWI

TOTAL MODULE
LOSS IkWI

ANTI-PARALLEL 
LOSS IkWI

dv/dt SNUBBER
LOSS (kWl

di/dt SNUBBER 
LOSS IkWI

CONDUCTOR
LOSS (kWl

0.35 0.1 600 1.02 275.30 0.17 0.11 0.28 0.11 0.25 0.09 0.29
0.35 0.106 600 1.06 291.82 0.19 0.11 0.30 0.12 0.25 0.09 0.31
0.35 0.112 600 1.11 308.34 0.20 0.11 0.31 0.12 0.25 0.10 0.32
0.35 0.118 600 1.15 324.86 0.21 0.11 0.33 0.13 0.25 o.io 0.34
0.35 0.124 600 1.20 341.37 0.22 0.12 0.34 0.14 0.25 0.10 0.36
0.35 0.13 600 1.24 357.89 0.24 0.12 0.36 0.15 0.25 0.11 0.38
0.35 0.136 600 1.29 374.41 0.25 0.12 0.37 0.16 0.25 0.11 0.39
0.35 0.142 600 1.33 390.93 0.27 0.12 0.39 0.16 0.25 0.12 0.41
0.35 0.148 600 1.38 407.45 0.28 0.12 0.40 0.17 0.25 0.12 0.43
0.35 0.154 600 1.43 423.97 0.30 0.13 0.42 0.18 0.25 0.13 0.44
0.35 0.16 600 1.47 440.48 0.31 0.13 0.44 0.19 0.25 0.13 0.46
0.35 0.166 600 1.52 457.00 0.33 0.13 0.46 0.20 0.25 0.14 0.48
0.35 0.172 600 1.57 473.52 0.34 0.13 0.47 0.20 0.25 0.14 0.50
0.35 0.178 600 1.62 490.04 0.36 0.13 0.49 0.21 0.25 0.15 0.51
0.35 0.184 600 1.67 506.56 0.37 0.14 0.51 0.22 0.25 0.15 0.53
0.35 0.19 600 1.72 523.07 0.39 0.14 0.53 0.23 0.25 0.16 0.55
0.35 0.196 600 1.77 539.59 0.40 0.14 0.54 0.24 0.25 0.17 0.57
0.35 0.202 600 1.82 556.11 0.42 0.14 0.56 0.25 0.25 0.17 0.58
0.35 0.208 600 1.87 572.63 0.44 0.14 0.58 0.26 0.25 0.18 0.60
0.35 0.214 600 1.92 589.15 0.45 0.15 0.60 0.27 0.25 0.18 0.62
0.35 0.22 600 1.97 605.66 0.47 0.15 0.62 0.28 0.25 0.19 0.64
0.35 0.226 600 2.03 622.18 0.49 0.15 0.64 0.29 0.25 0.20 0.65
0.35 0.232 600 2.08 638.70 0.51 0.15 0.66 0.29 0.25 0.20 0.67
0.35 0.238 600 2.13 655.22 0.53 0.15 0.68 0.30 0.25 0.21 0.69
0.35 0.244 600 2.19 671.74 0.54 0.16 0.70 0.31 0.25 0.21 0.70

__________ 1 2 1 __________ 1 2 1 ___________£22 __________ L 2 ± ________ 688 25 __________ &££. __________ 2ii£. __________ 122. __________ 122. __________ 1 2 1 __________ 122. __________ 1 2 2

Figure H-4.3 GTO auxiliary inverter switch loss estimation - Sheet 3 for 600 Hz, variable MVA.
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CAPACITOR PARAMETERS _________________________________
CAPACITANCE

luFI
VOLTAGE

(kVl
RMS RIPPLE 
CURRENT (A)

VOLTAGE
DE-RATING

CURRENT
DE-RATING

MAX ESR 
(OHMS)

BLEEDER 
RES (OHMS)

_________s m . _________ 2dS. ___________ 22. ________ m __________ S i 2.10E-02 _________ £222.

____ CAPACITOR PARAMETERS___
MASS
(kfll

VOLUME
lm“3)

________ L221 2B2C03

BUS WORK & FRAME ESTIMATES
% INCREASE IN 
TOTAL MASS

% INCREASE IN 
TOTAL VOLUME

_______62.76 %_______ 117.00%

_______________ COST ESTIMATE.S
CAP & BLEEDER 
COST PER CAP

DUMP COST 
PER kJ

BUS & FRAME 
% INC IN COST

$60.90 _______ $16-01 _______ 1&22&

INI3UT PARAME'rERS CACULATED RESULTS
: INPUT VOLTAGE

feVPO -
OUTPUT MVA

____ <MVA)
SWITCH FREQ

m _____
TOTAL EST 
MASS (knl _

TOTAL EST
■VOLUME fan*3)

TOTAL EST 
COST-.

TOTAL EST 
LOSS IkWI

RMS FILTER 
CURRENT (A)

LOSS PER 
CAPACITOR AVI

TOTAL STORED 
ENERGY IWI

PARALLEL 
CAPS REQ

SERIES 
CAPS REQ

TOTAL 
CAPS REQ

0.36 0.1 600 43.38 0.10 $1,384.03 0.64 381.70 33.43 6.62 19 1 19
0.36 0.106 600 46.67 0.11 $1,467.40 0.67 414.81 33.63 6.86 20 1 20
0.36 0.112 600 47.96 0.11 $1,640.77 0.71 437.93 33.63 7.20 21 1 21
0.36 0.118 600 60.23 0.12 $1,614.14 0.74 461.06 33.72 7.66 22 1 22
0.36 0.124 600 64.80 0.13 $1,760.68 0.79 484.19 33.06 8.23 24 1 24
0.36 0.13 600 67.08 0.14 $1,834.26 0.83 607.34 33.15 8.68 26 1 26
0.36 0.136 600 69.37 0.14 $1,807.62 0.86 630.60 33.24 8.92 26 1 26
0.36 0.142 600 61.66 0.16 $1,880.99 0.90 663.67 33.33 9.26 27 1 27
0.36 0.148 600 63.93 0.16 $2,064.36 0.94 676.86 33.41 9.60 28 1 26
0.36 0.164 600 66.22 0.16 $2,127.73 0.97 600.04 33.49 9.86 29 1 29
0.36 0.16 600 68.60 0.16 $2,201.10 1.01 623.23 33.66 10.29 30 1 30
0.36 0.166 600 70.78 0.17 $2,274.47 1.04 646.44 33.63 10.63 31 1 31
0.36 0.172 600 73.07 0.17 $2,347.84 1.08 669.66 33.70 10.88 32 1 32
0.36 0.178 600 76.36 0.18 $2,421.21 1.11 692.88 33.76 11.32 33 1 33
0.36 0.184 600 78.92 0.19 $2,667.96 1.17 718.12 33.29 12.01 36 1 36
0.36 0.19 600 82.20 0.20 $2,641.33 1.20 739.37 33.36 12.36 36 1 36
0.36 0.196 600 84.48 0.20 $2,714.70 1.24 762.62 33.42 12.68 37 1 37
0.36 0.202 600 86.77 0.21 $2,788.07 1.27 786.89 33.48 13.03 38 1 36
0.36 0.208 600 88.06 0.21 $2,861.44 1.31 809.16 33.64 13.38 38 39
0.36 0.214 600 91.34 0.22 $2,934.81 1.34 832.46 33.60 13.72 40 1 40
0.36 0.22 600 83.62 0.22 $3,008.18 1.38 866.76 33.66 14.06 41 1 41
0.36 0.226 600 86.90 0.23 $3,081.66 1.42 879.06 33.70 14.41 42 1 42
0.36 0.232 600 88.18 0.24 $3,164.92 1.46 902.37 33.76 14.76 43 1 43
0.36 0.238 600 102.76 0.26 $3,301.66 1.60 926.69 33.39 16.44 46 46
0.36 0.244 600 106.04 0.26 $3,376.03 1.64 949.02 33.44 16.78 46 1 46

_________ 2 J L _________ __________ £22 ________107-32 _________ 2^2 $3.448.40 __________L S I _______ 972.37 ________ 33.49 _________i f i . i i ___________21 ____________L ___________21

Figure H-4.4

• h ’ 1

GTO auxiliary inverter input filter sizing - Sheet 4 for 600 Hz, variable MVA.
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BASIS TRANSFIDRMER PARAMETERS
M VA RATING MASS

(ka)
VOLUME

(m ‘ 3)
FREQUENCY 1 FULL LOAD 

(Hz) POWER LOSS (kW
ESTIMATED

COST
_________ SLLS. 453.1 0 .5 9 4 7 60 1 3 .0 0 S 3 .6 27 .0 0

INPUT PARAMETERS CACULATED RESULTS
OUTPUT VOLTAG OUTPUT POWER LINE FREQ TOTAL EST TOTAL EST TOTAL EST TOTAL EST TRANSFORMER

(kVDC) (MW) (Hz) MASS (ka) VOLUME (m ‘ 3) COST LOSS (kW) MVA RATING
0 .3 5 0.1 60 3 3 4 .2 9 0 .4 4 $ 2 ,6 7 5 .9 6 2.21 0.10
0 .3 5 0 .1 0 6 60 3 4 9 .2 2 0 .4 6 $ 2 ,7 9 5 .4 9 2.31 0.11
0 .3 5 0.112 60 3 6 3 .9 5 0 .4 8 $ 2 ,9 1 3 .3 5 2.41 0.11
0 .3 5 0 .1 1 8 60 3 7 8 .4 7 0 .5 0 $ 3 ,0 2 9 .6 4 2.51 0.12
0 .3 5 0 .1 2 4 60 3 9 2 .8 2 0 .5 2 $ 3 ,1 4 4 .4 5 2.60 0.12
0 .3 5 0 .1 3 60 4 0 6 .99 0 .5 3 $ 3 ,2 5 7 .8 9 2.69 0 .13
0 .3 5 0 .1 3 6 60 4 2 1 .0 0 0 .5 5 $ 3 ,3 7 0 .0 3 2.79 0 .1 4
0 .3 5 0 .1 4 2 60 4 3 4 .8 5 0 .5 7 $ 3 ,4 8 0 .9 3 2.88 0 .1 4
0 .3 5 0 .1 4 8 60 4 4 8 .5 6 0 .5 9 $ 3 ,5 9 0 .6 7 2.97 0 .15
0 .3 5 0 .1 5 4 60 4 6 2 .1 3 0.61 $ 3 ,6 9 9 .3 0 3.06 0 .15
0 .3 5 0 .1 6 60 4 7 5 .5 7 0 .6 2 $ 3 ,8 0 6 .8 8 3 .15 0 .16
0 .3 5 0 .1 6 6 60 4 8 8 .8 8 0 .6 4 $ 3 ,9 1 3 .4 5 3 .24 0 .17
0 .3 5 0 .1 7 2 60 5 0 2 .08 0.66 $ 4 ,0 1 9 .0 7 3 .32 0 .17
0 .3 5 0 .1 7 8 60 5 1 5 .1 6 0.68 $ 4 ,1 2 3 .7 7 3.41 0.18
0 .3 5 0 .1 8 4 60 5 2 8 .13 0 .6 9 $ 4 ,2 2 7 .5 9 3 .50 0.18
0 .3 5 0 .1 9 60 5 4 0 .99 0.71 $ 4 ,3 3 0 .5 6 3.58 0 .19
0 .3 5 0 .1 9 6 60 5 5 3 .7 6 0 .7 3 $ 4 ,4 3 2 .7 3 3.67 0.20
0 .3 5 0.202 60 5 6 6 .4 2 0 .7 4 $ 4 ,5 3 4 .1 2 3 .75 0.20
0 .3 5 0 .2 0 8 60 5 7 8 .9 9 0 .7 6 $ 4 ,6 3 4 .7 5 3.83 0.21
0 .3 5 0 .2 1 4 60 5 9 1 .47 0 .7 8 $ 4 ,7 3 4 .6 7 3 .92 0.21
0 .3 5 0.22 60 6 0 3 .8 7 0 .7 9 $ 4 ,8 3 3 .8 8 4 .00 0.22
0 .3 5 0 .2 2 6 60 6 1 6 .18 0.81 $ 4 ,9 3 2 .4 2 4.08 0 .23
0 .3 5 0 .2 3 2 60 628.41 0 .8 2 $5 ,030 .31 4 .16 0.23
0 .3 5 0 .2 3 8 60 6 4 0 .5 6 0 .8 4 $ 5 ,1 2 7 .5 7 4 .2 4 0 .2 4
0 .3 5 0 .2 4 4 60 6 5 2 .63 0.86 $ 5 ,2 2 4 .2 2 4 .3 2 0 .2 4
0 .3 5 0 .2 5 60 6 6 4 .63 0 .8 7 $ 5 ,3 2 0 .2 8 ________ ±42. 0.25

Figure H-4.5 GTO auxiliary inverter output transformer sizing - Sheet 5 for 600 Hz, variable MVA.



INVERTER PARAMETERS
NUMBER OF 

PHASES
NUMBER OF 
SWITCHES

3 _____________£

HEAT EXCHANGER EStimates ______ ____________________________
FIXED
COST

COST PER 
kW LOSS l$/kWI

PRIME POWER 
IkVA/kW LOSSI

FIXED MASS 
_ ____Ikfll_____

MASS PER kW 
LOSS Ika/kWI

FIXED
VOLUME (m‘ 3)

VOLUME/kW 
LOSS lm*3/kW1

$5.900.00 _____________ 2. 0.7967 © o _____________ 2. 0.6 _____________ 2.

CONTROLLER
MASS
(kal

VOLUME
(m'3l

_____________ £ __________ 2£L

BUS WORK ft FRAME ESTIMATES
% INCREASE IN 
TOTAL MASS

% INCREASE IN 
TOTAL VOLUME

_______ 41-46% 71.43%

COST ESTIMATES
CONTROLLER 
FIXED COST

CONTROLLER
COST/SWITCH

BUS & FRAME 
% INC IN COST

$1.500.00 ________ $35.00 10 00%

_________ LABOR AND SERVICES ES riMATES 1% OF TOTAL COSTI______
MATERIAL FAB LABOR FAB SERVICES TEST LABOR

_______ i L f i n . 30.66% 13-49% ________1±222l

IN PUT PAR AM ETERS c A C U LA TE D  RESULTS
INPUT VOLTAGE

(kVDCI
OUTPUT MVA

(MVAI
SWITCH FREQ 

IHlI
MASS

(kal
VOLUME

lm‘ 31
COST

($1
INVERTER 
LOSS (kWI

HEAT EX 
POWER IkVAl

INVERTER
EFFICENCY

TOTAL
EFFICENCY

MAXIMUM 
DUTY CYCLE

MAXIMUM
MVA

0.35 0.2 100 1270.95 3.40 $117,617.35 12.86 10.24 93.96% 89.64% 0.99 0.34
0.35 0.2 150 1271.46 3.41 $117,654.03 13.15 10.47 93.83% 89.44% 0.99 0.34
0.35 0.2 200 1271.97 3.41 $117,690.70 13.43 10.70 93.71% 89.23% 0.98 0.34
0.35 0.2 250 1275.71 3.42 $117,920.36 13.74 10.94 93.57% 89.01% 0.98 0.33
0.35 0.2 300 1276.21 3.42 $117,957.03 14.03 11.18 93.45% 88.81% 0.97 0.33
0.35 0.2 350 1276.72 3.42 $117,993.71 14.32 11.41 93.32% 88.60% 0.97 0.32
0.35 0.2 400 1277.23 3.42 $118,030.38 14.61 11.64 93.19% 88.40% 0.96 0.32
0.35 0.2 450 1277.74 3.42 $118,067.05 14.90 11.87 93.07% 88.19% 0.96 0.31
0.35 0.2 500 1278.24 3.42 $118,103.73 15.20 12.11 92.94% 87.99% 0.95 0.31
0.35 0.2 550 1278.75 3.42 $118,140.40 15.49 12.34 92.81% 87.78% 0.95 0.30
0.35 0.2 600 1282.49 3.43 $118,370.06 15.80 12.59 92.68% 87.57% 0.94 0.30
0.35 0.2 650 1282.99 3.43 $118,406.73 16.10 12.83 92.55% 87.36% 0.94 0.30
0.35 0.2 700 1263.50 3.43 $118,443.41 16.40 13.07 92.42% 87.16% 0.93 0.29
0.35 0.2 750 1284.01 3.43 $118,480.08 16.70 13.30 92.29% 86.95% 0.93 0.29
0.35 0.2 800 1284.52 3.43 $118,516.75 17.00 13.54 92.17% 86.75% 0.92 0.28
0.35 0.2 850 1285.02 3.44 $118,553.43 17.30 13.79 92.04% 86.55% 0.92 0.28
0.35 0.2 900 1285.53 3.44 $118,590.10 17.61 14.03 91.91% 86.34% 0.91 0.28
0.35 0.2 950 1289.27 3.45 $118,819.76 17.93 14.28 91.77% 86.13% 0.91 0.27
0.35 0.2 1000 1289.78 3.45 $118,856.43 18.23 14.53 91.65% 85.93% 0.90 0.27
0.35 0.2 1050 1290.28 3.45 $118,893.11 18.54 14.77 91.52% 85.72% 0.90 0.26
0.35 0.2 1100 1290.79 3.45 $118,929.78 18.85 15.02 91.39% 85.52% 0.89 0.26
0.35 0.2 1150 1291.30 3.45 $118,966.45 19.16 15.27 91.26% 85.31% 0.89 0.26
0.35 0.2 1200 1291.80 3.45 $119,003.13 19.47 15.51 91.13% 85.11% 0.88 0.25
0.35 0.2 1250 1295.54 3.46 $119,232.79 19.80 15.78 90.99% 84.90% 0.88 0.25
0.35 0.2 1300 1296.05 3.46 $119,269.46 20.12 16.03 90.86% 84.69% 0.87 0.24

__________ ___________ 2 i __________ 1252 _______ 1 296.56

<o ___ $119.306.13 _________ 22 d £ _________ 1&22. 90-73% _______ 84.49% __________ ££Z. __________ SL2±

Figure H-4.6 GTO auxiliary inverter summary - Sheet 1 for 0.2 MVA, variable frequency.
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GTO PARAMETERS
VOLTAGE 

RATING IkVI
POWER DISS 
PER GTO IWI

V THRESHOLD 
IVOLTSI

DYNAMIC r 
(OHMS)

INC. SW LOSS 
PER AMP IJ/AI

FIXED SW 
LOSS IJI

MINIMUM 
OFF TIME (si

MAXIMUM 
Itaa (A)

_________L I ___________222.

CDCO _______ 0-00152 _______ 0.00007 __________ 2*25. 9.80E-05 __________ 1222

SWITCH MODULE PARAMETERS
FIXED MASS 

Ikn)
MASS PER dv/dt 

LOSS Ika/kW)
FIXED VOL 

lm*3)
VOL PER dv/dt 

LOSS lm' 3/kWl
12.6 _____________ 2. 00671 ______ 0002244

BUS WORK & FRAME ESTIMATES
% INCREASE IN 
TOTAL MASS

% INCREASE IN 
TOTAL VOLUME

_______ 41.46% ________71*43%

COST ESTIMATES
FIXED COST 
PER MODULE

COST PER dv/dt 
LOSS ($/kW)

DRIVER FIXED 
COST

DRIVER COST 
PER MODULE

BUS & FRAME 
% INC IN COST

______13,58128 _______ $100-00 $1.000.00 ________ $35.00 10.00%

INPUT PARAMETERS CACULATED RESULTS
INPUT VOLTAGE

IkVDD
OUTPUT MVA

IMVA1
SWITCH FREQ 

IHzl
TOTAL EST
MASS tka)

TOTAL EST
VOLUME lrrT31

TOTAL EST 
MATL COST

TOTAL EST
SW LOSS IkWI

MAXIMUM 
PEAK CURRENT

MAX PHASE CUR 
PARALLELIArmsI

PARALLEL 
MODULES REQ

SERIES
MODULES REQ

TOTAL
MODULES REQ

0.35 0.2 100 17.94 0.12 $5,083.44 1.32 902.73 716.74 1 1 1
0.35 0.2 150 18.00 0.12 $5,085.76 1.37 894.72 708.61 1 1 1
0.35 0.2 200 18.06 0.12 $5,088.08 1.42 886.77 700.57 1 1 1
0.35 0.2 250 18.12 0.12 $5,090.41 1.46 878.80 692.60 1 1 1
0.35 0.2 300 18.18 0.12 $5,092.73 1.51 871.05 684.70 1 1 1
0.35 0.2 350 18.24 0.12 $5,095.05 1.56 863.28 676.88 1 1 1
0.35 0.2 400 18.30 0.12 $5,097.38 1.61 855.57 669.13 1 1 1
0.35 0.2 450 18.36 0.12 $5,099.70 1.66 847.93 661.46 1 1 1
0.35 0.2 500 18.42 0.12 $5,102.03 1.70 840.34 653.86 1 1 1
0.35 0.2 550 18.48 0.12 $5,104.35 1.75 832.81 646.33 1 i 1
0.35 0.2 600 18.54 0.12 $5,106.67 1.80 825.33 638.87 1 1 1
0.35 0.2 650 18.60 0.12 $5,109.00 1.85 817.92 631.48 1 1 1
0.35 0.2 700 18.66 0.12 $5,111.32 1.90 810.56 624.16 1 i 1
0.35 0.2 750 18.72 0.12 $5,113.64 1.95 803.26 616.90 1 1 1
0.35 0.2 800 18.78 0.12 $5,115.97 2.00 796.01 609.72 1 1 1
0.35 0.2 850 18.84 0.12 $5,118.29 2.05 788.82 602.60 1 1 1
0.35 0.2 900 18.90 0.12 $5,120.62 2.10 781.68 595.55 1 1 1
0.35 0.2 950 18.96 0.12 $5,122.94 2.15 774.59 588.56 1 1 1
0.35 0.2 1000 19.02 0.12 $5,125.26 2.20 767.56 581.64 1 1 1
0.35 0.2 1050 19.08 0.12 $5,127.59 2.25 760.58 574.78 1 1 1
0.35 0.2 1100 19.14 0.12 $5,129.91 2.30 753.65 567.99 1 1 1
0.35 0.2 1150 19.20 0.12 $5,132.23 2.35 746.77 561.25 1 1 1
0.35 0.2 1200 19.26 0.12 $5,134.56 2.41 739.94 554.58 1 1 1
0.35 0.2 1250 19.32 0.12 $5,136.88 2.46 733.16 547.97 1 1 1
0.35 0.2 1300 19.38 0.12 $5,139.21 2.51 726.42 541.42 1 1 1

________2*25. ________ 2*1 _______ 1552. _______ l&H. ________ 5*11 ____ 15*141,52 ________ 155.________ 719.74 ________ 534.93 __________ L__________ L__________ L

Figure H-4.7 GTO auxiliary inverter switch quantity characterization - Sheet 2 for 0.2 MVA, variable frequency.
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SNUBBER PARAMETERS
dv/dt SNUBBER 
CAPACITOR luFI

dl/dt SNUBBER 
INDUCTOR luHl

_____________ 2. ______ :____ L L

_________ANTI-PARALLEL DIODE PA IAMETERS______
DIODE 
VT (VI

DIODE 
r IOHMSI

DIODE 
Irr (AMPSI

__________ U i _______ 000058 ___________U L

IN P U T  PA R A M ETER S C A C U L A T E D  S W IT C H M O D U LE  CU R R EN TS A N D  LOSSES BA SED  O N  DESIRED O U T P U T  M V A
INPUT VOLTAGE 

(kVDCI .
OUTPUT MVA

IMVAt
SWITCH FREQ 

IH»I
TOTAL EST 

MOD LOSS fkWI
MODULE PEAK 
CURRENT IAI

MODULE COND
LOSS IkWl

MODULE SWITCH 
LOSS IkWl

TOTAL MODULE 
LOSS IkWl

ANTI-PARALLEL 
LOSS IkWl

dv/dt SNUBBER 
LOSS IkWl

di/dt SNUBBER 
LOSS IkWl

CONDUCTOR 
LOSS (kWI

0.35 0.2 100 1.32 523.36 0.41 0.02 0.43 0.24 0.04 0.03 0.58
0.35 0.2 150 1.37 525.96 0.41 0.04 0.44 0.24 0.06 0.04 0.58
0.35 0.2 200 1.42 528.59 0.41 0.05 0.46 0.24 0.08 0.05 0.58
0.35 0.2 250 1.46 531.24 0.41 0.00 0.47 0.24 0.11 0.07 0.58
0.35 0.2 300 1.51 533.93 0.41 0.07 0.48 0.24 0.13 0.08 0.58
0.35 0.2 350 1.56 536.63 0.41 0.08 0.49 0.24 0.15 0.10 0.58
0.35 0.2 400 1.61 539.37 0.41 0.09 0.51 0.24 0.17 0.11 0.58
0.35 0.2 450 1.66 542.14 0.41 0.11 0.52 0.24 0.19 0.12 0r.58
0.35 0.2 500 1.70 544.93 0.41 0.12 0.53 0.25 0.21 0.14 0.58
0.35 0.2 550 1.75 547.75 0.41 0.13 0.54 0.25 0.23 0.15 0.58
0.35 0.2 600 1.80 550.60 0.42 0.14 0.56 0.25 0.25 0.17 0.58
0.35 0.2 650 1.85 553.49 0.42 0.15 0.57 . 0.25 0.27 0.18 0.58
0.35 0.2 700 1.90 556.40 0.42 0.16 0.58 0,25 0.30 0.20 0.58
0.35 0.2 750 1.95 559.34 0.42 0.18 0.59 0.25 0.32 0.22 0.58
0.35 0.2 800 2.00 562.31 0.42 0.19 0.61 0.25 0.34 0.23 0.58
0.35 0.2 850 2.05 565.32 0.42 0.20 0.62 0.25 0.36 0.25 0.58
0.35 O.Z 900 2.10 568.36 0.42 0.21 0.63 0.25 0.38 0.26 0.58
0.35 0.2 950 2.15 571.43 0.42 0.22 0.64 0.25 0.40 0.28 0.58
0.35 0.2 1000 2.20 574.53 0.42 0.24 0.66 0.25 0.42 0.30 0.58
0.35 0.2 1050 2.25 577.67 0.42 0.25 0.67 0.25 0.44 0.31 0.58
0.35 0.2 1100 2.30 580.84 0.42 0.26 0.68 0.25 0.46 0.33 0.58
0.35 0.2 1150 2.35 584.05 0.42 0.27 0.69 0.25 0.49 0.35 0.58
0.35 0.2 1200 2.41 587.29 0.42 0.28 0.71 0.25 0.51 0.37 0.58
0.35 0.2 1250 2.46 590.57 0.43 0.29 0.72 0.25 0.53 0.38 0.58
0.35 0.2 1300 2.51 593.89 0.43 0.31 0.73 0.25 0.55 0.40 0.58
0.35 ___________ t u __________ 125£> __________ L 5L ________ 597.24 __________ 2 d l __________ SUL __________ SLZi. __________ SUL __________ SUL __________ SUL 0.58

Figure H-4.8 GTO auxiliary inverter switch loss estimation - Sheet 3 for 0.2 MVA, variable frequency.
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CAPACITOR PARAKI f lE B S ___________________________________________________
CAPACITANCE VOLTAGE

ftV j,
RMS RIPPLE 

CURRENT (Al
VOLTAGE

DE-RATING
CURRENT

DE-RATING
MAX ESR 
(OHMS)

BLEEDER 
RES (OHMS)

____________ s m . _________ 242 ___________ 22 ____________ a m __________ 2 1 _________2-10E-02 _________2222

______ CAPACITOR PARAMETERS____
MASS

(ka)
VOLUME

(m “3)

____________ U 2 2 . 2 .62P -03

BUS WORK & F TAME ESTIMATES
%  INCREASE IN 
TOTAL MASS

% INCREASE IN 
TOTAL VOLUME

__________6 2 .7 5 % _________1 1 7 .0 0 %

COST FSTIMATF 5
CAP & BLEEDER 
COST PER CAP

DUMP COST 
PER kJ

BUS & FRAME 
% INC IN COST

$ 6 0 .9 0 $ 16.91 __________1 2 2 2 2 .

INI3UT PARAME'rERS CACULATED RESULTS
INPUT VOLTAGE 

IkVPCi-------
OUTPUT MVA 

(MVAI
SWITCH FREQ

mz)
TOTAL EST 
M ASS (ka)

TOTAL EST 
VOLUME lm “3)

TOTAL EST 
COST

TOTAL EST
LOSS (kW)

RMS FILTER 
CURRENT (A|

LOSS PER 
CAPACITOR (Wl

TOTAL STORED 
ENERGY (kJ)

PARALLEL 
CAPS REQ

SERIES 
CAPS REQ

TOTAL
CAPS REQ

0 .3 6 0 .2 100 6 2 .2 0 0.20 $ 2 ,6 4 1 .3 3 1.21 7 4 6 .2 4 3 3 .6 7 1 2 .3 6 36 1 3 6
0 .3 6 0.2 1 6 0 8 2 .2 0 0.20 $ 2 ,6 4 1 .3 3 1.21 7 6 1 .1 3 3 3 .6 4 1 2 .3 6 3 6 1 36
0 .3 6 0.2 200 8 2 .2 0 0.20 $ 2 ,6 4 1 .3 3 1.21 7 6 4 .0 3 3 3 .7 1 1 2 .3 6 36 1 36
0 .3 6 0.2 2 6 0 8 4 .4 9 0.20 $ 2 ,7 1 4 .7 0 1 .2 3 7 6 6 .9 6 3 3 .2 9 1 2 .6 9 37 1 37
0 .3 6 0.2 3 0 0 8 4 .4 9 0.20 $ 2 ,7 1 4 .7 0 1 .2 3 7 6 9 .9 1 3 3 .3 6 1 2 .6 9 37 1 37
0 .3 6 0.2 3 6 0 6 4 .4 9 0.20 $ 2 ,7 1 4 .7 0 1 .2 4 7 6 2 .8 9 3 3 .4 3 1 2 .6 9 37 1 37
0 .3 6 0.2 4 0 0 8 4 .4 9 0.20 $ 2 ,7 1 4 .7 0 1 .24 7 6 6 .8 9 3 3 .6 0 1 2 .6 9 37 1 37
0 .3 6 0.2 4 6 0 8 4 .4 9 0.20 $ 2 ,7 1 4 .7 0 1.24 7 6 8 .9 1 3 3 .6 7 1 2 .6 9 37 1 37
0 .3 6 0.2 6 0 0 8 4 .4 9 0.20 $ 2 ,7 1 4 .7 0 1 .2 4 7 7 1 .9 6 3 3 .6 4 1 2 .6 9 37 1 37
0 .3 6 0.2 6 6 0 8 4 .4 9 0.20 $ 2 ,7 1 4 .7 0 1 .2 6 7 7 6 .0 3 3 3 .7 1 1 2 .6 9 37 1 37
0 .3 6 0.2 6 0 0 8 6 .7 7 0.21 $ 2 ,7 8 8 .0 7 1 .27 7 7 8 .1 3 3 3 .3 1 1 3 .0 3 38 1 38
0 .3 6 0.2 6 6 0 8 6 .7 7 0.21 $ 2 ,7 8 8 .0 7 1 .27 7 8 1 .2 6 3 3 .3 8 1 3 .0 3 38 1 38
0 .3 6 0.2 7 0 0 8 6 .7 7 0.21 $ 2 ,7 8 8 .0 7 1 .2 7 7 8 4 .4 1 3 3 .4 6 1 3 .0 3 3 8 1 38
0 .3 6 0.2 7 6 0 8 6 .7 7 0.21 $ 2 ,7 8 8 .0 7 1 .2 7 7 8 7 .6 8 3 3 .6 2 1 3 .0 3 3 8 1 38
0 .3 6 0.2 6 0 0 8 6 .7 7 0.21 $ 2 ,7 8 8 .0 7 1 .2 8 7 9 0 .7 9 3 3 .6 9 1 3 .0 3 38 1 38
0 .3 6 0.2 6 6 0 8 6 .7 7 0.21 $ 2 ,7 8 8 .0 7 1 .2 8 7 9 4 .0 2 3 3 .6 7 1 3 .0 3 38 1 38
0 .3 6 0.2 9 0 0 8 6 .7 7 0.21 $ 2 ,7 8 8 .0 7 1 .2 8 7 9 7 .2 8 3 3 .7 4 1 3 .0 3 38 1 38
0 .3 6 0.2 9 6 0 8 9 .0 6 0.21 $ 2 ,8 6 1 .4 4 1 .3 0 8 0 0 .6 6 3 3 .3 6 1 3 .3 8 39 1 39
0 .3 6 0.2 1000 8 9 .0 6 0.21 $ 2 ,8 6 1 .4 4 1 .3 0 8 0 3 .8 8 3 3 .4 2 1 3 .3 8 39 1 39
0 .3 6 0.2 1 0 6 0 8 9 .0 6 0.21 $ 2 ,8 6 1 .4 4 1.31 8 0 7 .2 2 3 3 .6 0 1 3 .3 8 39 1 39
0 .3 6 0.2 1100 8 9 .0 6 0.21 $ 2 ,8 6 1 .4 4 1.31 8 1 0 .6 0 3 3 .6 7 1 3 .3 8 39 1 3 9
0 .3 6 0.2 1 1 6 0 8 9 .0 6 0.21 $ 2 ,8 6 1 .4 4 1.31 8 1 4 .0 0 3 3 .6 6 1 3 .3 8 39 1 39
0 .3 6 0.2 1200 8 9 .0 6 0.21 $ 2 ,8 6 1 .4 4 1 .3 2 8 1 7 .4 4 3 3 .7 3 1 3 .3 8 39 1 39
0 .3 6 0.2 1 2 6 0 9 1 .3 4 0.22 $ 2 ,9 3 4 .8 1 1 .3 3 8 2 0 .9 0 3 3 .3 4 1 3 .7 2 4 0 1 4 0
0 .3 6 0.2 1 3 0 0 9 1 .3 4 0.22 $ 2 ,9 3 4 .8 1 1 .3 4 8 2 4 .4 0 3 3 .4 2 1 3 .7 2 4 0 1 4 0

_________ 2 2 2 __________ 2 1 _________ 1 M ____________ 8 1 -3 4 __________2 2 2 _____ a , m m . __________U i . ___________8 2 7 .9 3 ________ 3 3 .5 0 _________12Z2 ___________ 42. 1 ___________42

Figure H-4.9 GTO auxiliary inverter input filter sizing - Sheet 4 for 0.2 MVA, variable frequency.
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-35

B A S IS  T R A N S F O R M E R  P A R A M E T E R S
M V A  R A T IN G M A S S

(kn)
V O L U M E

( m '3 )
F R E Q U E N C Y  1 FULL LO A D  

(H z) P O W E R  LO S S  (k W
E S T IM A T E D

C O S T
0 .1 5 4 5 3 .1 0 .5 9 4 7 6 0  1 3 .0 0 $ 3 ,6 2 7 .0 0

INPUT PARAMETERS CACULATED RESULTS
O U T P U T  V O L T A G  

Ik V D C )
O U T P U T  P O W E R  

(M W )
LIN E  FR EQ  

(H z)
T O T A L  E S T
M A S S  (kfl)

T O T A L  E S T  
V O L U M E  (m * 3 )

T O T A L  E S T  
C O S T

T O T A L  E S T  
LO S S  (k W )

T R A N S F O R M E R  

M V A  R A TIN G
0 .3 5 0 .2 6 0 5 6 2 .2 1 0 .7 4 $ 4 ,5 0 0 .4 1 3 .7 2 0 .2 0
0 .3 5 0 .2 6 0 5 6 2 .2 1 0 .7 4 $ 4 ,5 0 0 .4 1 3 .7 2 0 .2 0
0 .3 5 0 .2 6 0 5 6 2 .2 1 0 .7 4 $ 4 ,5 0 0 .4 1 3 .7 2 0 .2 0
0 .3 5 0 .2 6 0 5 6 2 .2 1 0 .7 4 $ 4 ,5 0 0 .4 1 3 .7 2 0 .2 0
0 .3 5 0 .2 6 0 5 6 2 .2 1 0 .7 4 $ 4 ,5 0 0 .4 1 3 .7 2 0 .2 0
0 .3 5 0 .2 6 0 5 6 2 .2 1 0 .7 4 $ 4 ,5 0 0 .4 1 3 .7 2 0 .2 0
0 .3 5 0 .2 6 0 5 6 2 .2 1 0 .7 4 $ 4 ,5 0 0 .4 1 3 .7 2 0 .2 0
0 .3 5 0 .2 6 0 5 6 2 .2 1 0 .7 4 $ 4 ,5 0 0 .4 1 3 .7 2 0 .2 0
0 .3 5 0 .2 6 0 5 6 2 .2 1 0 .7 4 $ 4 ,5 0 0 .4 1 3 .7 2 0 .2 0
0 .3 5 0 .2 6 0 5 6 2 .2 1 0 .7 4 $ 4 ,5 0 0 .4 1 3 .7 2 0 .2 0
0 .3 5 0 .2 6 0 5 6 2 .2 1 0 .7 4 $ 4 ,5 0 0 .4 1 3 .7 2 0 .2 0
0 .3 5 0 .2 6 0 5 6 2 .2 1 0 .7 4 $ 4 ,5 0 0 .4 1 3 .7 2 0 .2 0
0 .3 5 0 .2 6 0 5 6 2 .2 1 0 .7 4 $ 4 ,5 0 0 .4 1 3 .7 2 0 .2 0
0 .3 5 0 .2 6 0 5 6 2 .2 1 0 .7 4 $ 4 ,5 0 0 .4 1 3 .7 2 0 .2 0
0 .3 5 0 .2 6 0 5 6 2 .2 1 0 .7 4 $ 4 ,5 0 0 .4 1 3 .7 2 0 .2 0
0 .3 5 0 .2 6 0 5 6 2 .2 1 0 . 7 4 $ 4 ,5 0 0 .4 1 3 .7 2 0 .2 0
0 .3 5 0 .2 6 0 5 6 2 .2 1 0 . 7 4 $ 4 ,5 0 0 .4 1 3 .7 2 0 .2 0
0 .3 5 0 .2 6 0 5 6 2 .2 1 0 .7 4 $ 4 ,5 0 0 .4 1 3 .7 2 0 .2 0
0 .3 5 0 .2 6 0 5 6 2 .2 1 0 .7 4 $ 4 ,5 0 0 .4 1 3 .7 2 0 .2 0
0 .3 5 0 .2 6 0 5 6 2 .2 1 0 .7 4 $ 4 ,5 0 0 .4 1 3 .7 2 0 .2 0
0 .3 5 0 .2 6 0 5 6 2 .2 1 0 .7 4 $ 4 ,5 0 0 .4 1 3 .7 2 0 .2 0
0 .3 5 0 .2 6 0 5 6 2 .2 1 0 .7 4 $ 4 ,5 0 0 .4 1 3 .7 2 0 .2 0
0 . 3 5 0 . 2 6 0 5 6 2 .2 1 0 . 7 4 $ 4 ,5 0 0 .4 1 3 .7 2 0 .2 0
0 .3 5 0 .2 6 0 5 6 2 .2 1 0 .7 4 $ 4 ,5 0 0 .4 1 3 .7 2 0 .2 0
0 .3 5 0 .2 6 0 "  5 6 2 .2 1 0 .7 4 $ 4 ,5 0 0 .4 1 3 .7 2 0 .2 0
0 .3 5 0 .2 6 0 5 6 2 .2 1 ________£LZ± $ 4 ,5 0 0 .4 1 ________ U 2 - 0 .2 0

Figure H-4.10 GTO auxiliary inverter output transformer sizing - Sheet 5 for 0.2 MVA, variable switching frequency.



INVERTER PARAMETERS
NUMBER OF 

PHASES
NUMBER OF 
SWITCHES

_____________ i _____________2.

____________________________________________HEAT EXCHANGER ESTIMATES______________________________________
FIXED COST PER PRIME POWER FIXED MASS MASS PER kW FIXED VOLUME/kW
COST kW LOSS l$/kWI IkVA/kW LOSSI (kfll LOSS Ika/kWI VOLUME lm*3) LOSS lm'3/kWI
$5,900.00 _____________ 2. ________ 22222. 200 _____________ 2. ___________ 12. _____________ 2.

CONTROLLER
MASS
(kfll

VOLUME
lm"3|

5 0.01

BUS WORK S FRAME ESTIMATES
% INCREASE IN 
TOTAL MASS

% INCREASE IN 
TOTAL VOLUME

41.46% 71.43%

COST ESTIMATE
CONTROLLER 
FIXED COST

CONTROLLER
COST/SWITCH

BUS & FRAME 
% INC IN COST

$1.500.00 $35.00 ________1000%

LABOR AND SERVICES ESTIMATES 1% OF TOTAL COSTI
MATERIAL FAB LABOR FAB SERVICES TEST LABOR

_______ 41-82% ________30-66% 13.49% ________14-03%

IN PU T PARAM E1rERS C A C U L A T E D  R E S U LTS
INPUT VOLTAGE 

(kVDCI
OUTPUT MVA 

IMVAI
SWITCH FREQ 

IHzl
MASS
(kal

VOLUME
lm-31

COST
1*1

INVERTER 
LOSS IkWI

HEAT EX 
POWER IkVAl

INVERTER
EFFICFNCY

TOTAL
EFFICENCY

MAXIMUM 
DUTY CYCLE

MAXIMUM
MVA

0.35 0.1 600 803.18 1.61 *89.723.70 5.08 4.05 95.17% 91.64% 0.9982 0.36
0.35 0.106 600 827.53 1.66 $90,231.10 5.34 4.26 95.20% 91.70% 0.9982 0.36
0.35 0.112 600 851.59 1.70 $90,734.09 5.61 4.47 95.23% 91.75% 0.9982 0.36
0.35 0.118 600 875.37 1.74 $91,232.95 5.87 4.68 95.26% 91.79% 0.9982 0.36
0.35 0.124 600 898.89 1.78 $91,727.94 6.14 4.89 95.28% 91.83% 0.9982 0.36
0.35 0.13 600 922.17 1.82 $92,219.31 6.41 5.10 95.30% 91.87% 0.9982 0.36
0.35 0.136 600 945.21 1.86 *92.707.24 6.68 5.32 95.32% 91.90% 0.9982 0.36
0.35 0.142 600 968.04 1.91 $93,191.94 6.95 5.53 95.34% 91.92% 0.9982 0.36
0.35 0.148 600 990.67 1.95 $93,673.58 7.22 5.75 95.35% 91.94% 0.9982 0.36
0.35 0.154 600 1013.09 1.99 $94,152.30 7.49 5.97 95.36% 91.96% 0.9982 0.36
0.35 0.16 600 1035.33 2.02 $94,628.25 7.77 6.19 95.37% 91.98% 0.9982 0.36
0.35 0.166 600 1057.40 2.06 $95,101.57 8.04 6.41 95.38% 91.99% 0.9982 0.36
0.35 0.172 600 1082.52 2.11 $95,765.34 8.33 6.64 95.38% 91.99% 0.9982 0.36
0.35 0.178 600 1104.25 2.15 $96,233.72 8.61 6.86 95.38% . 92.00% 0.9982 0.36
0.35 0.184 600 1125.83 2.19 $96,699.78 8.90 7.09 95.39% 92.01% 0.9982 0.36
0.35 0.19 600 1147.26 2.23 $97,163.63 9.18 7.31 95.39% 92.01% 0.9982 0.36
0.35 0.196 600 1168.54 2.27 $97,625.35 9.46 7.54 95.39% 92.02% 0.9982 0.36
0.35 0.202 600 1189.69 2.30 $98,085.02 9.75 7.77 95.40% 92.02% 0.9982 0.36
0.35 0.208 600 1210.70 2.34 $98,542.71 10.04 8.00 95.40% 92.02% 0.9982 0.36
0.35 0.214 600 1231.59 2.38 $98,998.50 10.33 8.23 95.40% 92.02% 0.9982 0.36
0.35 0.22 600 1 252.35 2.42 $99,452.46 10.62 8.46 95.40% 92.02% 0.9982 0.36
0.35 0.226 600 1273.00 2.45 $99,904.64 10.91 8.69 95.39% 92.02% 0.9982 0.36
0.35 0.232 600 1293.53 2.49 $100,355.11 11.20 8.93 95.39% 92.02% 0.9982 0.36
0.35 0.238 600 1313.94 2.53 $100,803.92 11.50 9.16 95.39% 92.01% 0.9982 0.36
0.35 0.244 600 1334.25 2.56 $101,251.12 11.80 9.40 95.39% 92.01% 0.9982 0.36
0.35 __________ 122 ___________221 1354.46 __________ L S I ___ <101 -696-76 _________ 12J1 9.64 ________95.38% ________9200% 0.9982 __________ 122.

Figure H-5.1 IGBT auxiliary inverter summary - Sheet 1 for 600 Hz, variable MVA.
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a

IGBT PARAME1 E R S ______ ________________________________________
VOLTAGE 

RATING IkV)
POWER DISS 
PER IGBT(W)

V THRESHOLD 
IVOLTSI

DYNAMIC r 
(OHMS)

INC. SW LOSS 
LOSS PER AMP

FIXED SW
LOSS

IGBTs PER 
MODULE

MINIMUM 
OFF TIME

MAXIMUM
Itaa

__________ L _______ ISIS. _________ 0.0106 0.000346 __________ 2. __________ 2. _______3.00E-06

oo

SWITCH MODULE PARAMETERS
FIXED MASS 

(kg)
MASS PER dv/dt 

LOSS Ika/kWI
FIXED VOL 

lm*3l
VOL PER dv/dt 
LOSS (nrT3/kW)

__________ L 2L _____________ L 0.004095 0.002244

BUS WORK & FRAME ESTIMATES
% INCREASE IN 
TOTAL MASS

% INCREASE IN 
TOTAL VOLUME

41.46% _______ 2L43%

________________________________ COST ESTIMATES_____________________________
FIXED COST 
PER MODULE

COST PER dv/dt 
LOSS 1 $/kWI

DRIVER FIXED 
COST

DRIVER COST 
PER MODULE

BUS & FRAME 
% INC IN COST

$2.448.57 4100-00 41 00000 ______ §25.22 ______ 12.22%

IN PUT PARAMETERS CACULATED RESULTS
INPUT VOLTAGE 

IkVDCI
OUTPUT MVA

(MVA)
SWITCH FREQ 

IHzl
TOTAL EST
MASS (kal

TOTAL EST 
VOLUME (m*3l

TOTAL EST 
MATT. COST

TOTAL EST 
SW LOSS IkWI

MAXIMUM 
PEAK CURRENT

MAX PHASE CUR 
PARALLEL lArmsI

PARALLEL 
MODULES REQ

SERIES
MODULES REO

TOTAL
MODULES REO

0.35 0.1 600 7.67 0.01 $3,840.18 0.38 189.42 754.98 1 1 1
0.35 0.106 600 7.67 0.01 $3,840.18 0.40 189.42 754.98 1 1 1
0.35 0.112 600 7.67 0.01 $3,840.18 0.42 189.42 754.98 1 1 1
0.35 0.118 600 7.67 0.01 $3,840.18 0.44 189.42 754.98 1 1 1
0.35 0.124 600 7.67 0.01 $3,840.18 0.47 189.42 754.98 1 1 1
0.35 0.13 600 7.67 0.01 $3,840.18 0.49 189.42 754.98 1 1 1
0.35 0.136 600 7.67 0.01 $3,840.18 0.51 189.42 754.98 1 1 1
0.35 0.142 600 7.67 0.01 $3,840.18 0.54 189.42 754.98 1 1 1
0.35 0.148 600 7.67 0.01 $3,840.18 0.56 189.42 754.98 1 1
0.35 0.154 600 7.67 0.01 $3,840.18 0.59 189.42 754.98 1 1 1
0.35 0.16 600 7.67 0.01 $3,840.18 0.61 189.42 754.98 1 1 1
0.35 0.166 600 7.67 0.01 $3,840.18 0.64 189.42 754.98 1 1 1
0.35 0.172 600 7.67 0.01 $3,840.18 0.66 189.42 754.98 1 1 1
0.35 0.178 600 7.67 0.01 $3,840.18 0.69 189.42 754.98 1 1 1
0.35 0.184 600 7.67 0.01 $3,840.18 0.72 189.42 754.98 1 1 1
0.35 0.19 600 7.67 0.01 $3,840.18 0.74 189.42 754.98 1 1 1
0.35 0.196 600 7.67 0.01 $3,840.18 0.77 189.42 754.98 1 1 1
0.35 0.202 600 7.67 0.01 $3,840.18 0.80 189.42 754.98 1 1 1
0.35 0.208 600 7.67 0.01 $3,840.18 0.83 189.42 754.98 1 1 1
0.35 0.214 600 7.67 0.01 $3,840.18 0.86 189.42 754.98 1
0.35 0.22 600 7.67 0.01 $3,840.18 0.89 189.42 754.98 1 1 1
0.35 0.226 600 7.67 0.01 $3,840.18 0.91 189.42 754.98 1 1 1
0.35 0.232 600 7.67 0.01 $3,840.18 0.94 189.42 754.98 1 1 1
0.35 0.238 600 7.67 0.01 $3,840.18 0.97 189.42 754.98 1 1 1
0.35 0.244 600 7.67 0.01 $3,840.18 1.01 189.42 754.98 1 1 1

________ Q J L ________2^5.________ 222 ________LSI ________ 221 ______$3.840.18 ________ L21 ______ 1SML ______ Z53,a& __________ L __________L __________L
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SNUBBER PARAMETERS
dv/dt SNUBBER 
CAPACITOR luFI

dl/dt SNUBBER 
INDUCTOR (uH)

__________ L 0.1

_________________ ANTI-PARALLEL DIODE PARAMETERS______________
DIODE 
VT IV)

DIODE 
r (OHMS)

DIODE 
Irr (AMPS)

DIODES 
PER MODULE

___________ L 1 0.00556 ____________ 21 ____________ l i

INPUT PARAMETERS CACULATED SWITCH MODULE CURRENTS AND LOSSES BASED ON DESIRED OUTPUT MVA
INPUT VOLTAGE OUTPUT MVA SWITCH FREQ TOTAL EST MODULE PEAK MODULE COND MODULE SWITCH TOTAL MODULE ANTI-PARALLEL dv/dt SNUBBER di/dt SNUBBER CONDUCTOR

______________ (MVA) ____ M il____ MOD LOSS (kWI CURRENT (Al LOSS (kWI LOSS IkWI LOSS IkWI LOSS IkWI LOSS IkWI LOSS IkWI LOSS IkWI
0.35 0.1 600 0.38 259.56 0.12 0.02 0.14 0.14 0.08 0.00 0.02
0.35 0.106 600 0.40 275.16 0.13 0.02 0.15 0.15 0.08 0.00 0.03
0.35 0.112 600 0.42 290.73 0.14 0.02 0.16 0.16 0.08 0.00 0.03
0.35 0.118 600 0.44 306.31 0.15 0.02 0.17 0.17 0.08 0.00 0.03
0.35 0.124 600 0.47 321.88 0.16 0.02 0.18 0.17 0.08 0.00 0.03
0.35 0.13 600 0.49 337.46 0.17 0.02 0.20 0.18 0.08 0.00 0.03
0.35 0.136 600 0.51 353.03 0.18 0.02 0.21 0.19 0.08 0.00 0.03
0.35 0.142 600 0.54 368.61 0.20 0.02 0.22 0.20 0.08 0.00 0.04
0.35 0.148 600 0.56 384.18 0.21 0.03 0.23 0.21 0.08 0.01 0.04
0.35 0.154 600 0.59 399.76 0.22 0.03 0.25 0.22 0.08 0.01 0.04
0.35 0.16 600 0.61 415.33 0.23 0.03 0.26 0.23 0.08 0.01 0.04
0.35 0.166 600 0.64 430.91 0.25 0.03 0.28 0.24 0.08 0.01 0.04
0.35 0.172 600 0.66 446.48 0.26 0.03 0.29 0.25 0.08 0.01 0.04
0.35 0.178 600 0.69 462.05 0.28 0.03 0.31 0.26 0.08 0.01 0.04
0.35 0.184 600 0.72 477.63 0.29 0.03 0.32 0.27 0.08 0.01 0.05
0.35 0.19 600 0.74 493.20 0.30 0.03 0.34 0.28 0.08 0.01 ' 0.05
0.35 0.196 600 0.77 508.78 0.32 0.03 0.35 0.29 0.08 0.01 0.05
0.35 0.202 600 0.80 524.35 0.34 0.03 0.37 0.30 0.08 0.01 0.05
0.35 0:208 600 0.83 539.93 0.35 0.04 0.39 0.30 6.08 0.01 0.05
0.35 0.214 600 0.86 555.50 0.37 0.04 0.40 0.31 0.08 0.01 0.05
0.35 0.22 600 0.89 571.08 0.38 0.04 0.42 0.32 0.08 0.01 0.05
0.35 0.226 600 0.91 586.65 0.40 0.04 0.44 0.33 0.08 0.01 0.06
0.35 0.232 600 0.94 602.23 0.42 0.04 0.46 0.34 0.08 0.01 0.06
0.35 0.238 600 0.97 617.80 0.43 0.04 0.47 0.35 0.08 0.01 0.06
0.35 0.244 600 1.01 633.38 0.45 0.04 0.49 0.36 0.08 0.01 0.06

________125. ________125.

ooto ________ L21______ US,25. ________111 ________121 ________151 ________ 151 ________ 121 ________12L ________121

Figure H-5.3 IGBT auxiliary inverter switch loss estimation - Sheet 3 for 600 Hz, variable MVA.
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CAPACITOR PARANi m a s ___________________________________________________
CAPACITANCE

luFJ
VOLTAGE

(kV)
RMS RIPPLE 

CURRENT (A)
VOLTAGE

DE-RATING
CURRENT

DE-RATING
MAX ESR 

(OHMS)
BLEEDER 

RES I0HMSI
_____________r a . _______ 24S. ________ 22. ______ M2& _______________2 i _________ 2 .1 0 5 0 2 _______2222.

CAPACITOR PARAMETERS BUS WORK 6. FRAME ESTIMATES
MASS VOLUME %  INCREASE IN %  INCREASE IN

Ikol lm -3) TOTAL M ASS TOTAL VOLUME
______ L522. _________2.52E-Q3 __________6 2 ,7 5 % 1 1 7 .0 0 %

COST ESTIMATE 5
CAP fit BLEEDER 
COST PER CAP

DUMP COST 
PER kJ

BUS & FRAME 
% INC IN COST

$ 6 0 .9 0 ___________6 1 6  91 __________ 12*2 2 2 1

INI5UT PARAME1rERS CACULATED RESULTS
INPUT VOLTAGE

-------- (kVDCj______
OUTPUT MVA 

______ ___________
SWITCH FREQ TOTAL EST 

• M ASS (kal
TOTAL EST 

VOLUME lm *31
TOTAL EST 

COST
TOTAL EST 
LOSS fkWI

RMS CURRENT 
IA)

LOSS PER 
CAPACITOR <W1

TOTAL STORED 
ENERGY IkJI

PARALLEL 
CAPS REQ

SERIES 
CAPS REQ

TOTAL 
CAPS REQ

0 .3 6 0.1 6 0 0 4 1 .1 0 0 .1 0 $ 1 ,3 2 0 .6 6 0 .6 0 3 6 6 .6 4 3 3 .2 1 6 .1 7 18 1 18
0 .3 6 0 .1 0 6 6 0 0 4 3 .3 6 0 .1 0 $ 1 ,3 9 4 .0 3 0 .6 3 3 8 8 .6 1 3 3 .2 8 6 .6 2 19 1 19
0 .3 6 0 .1 1 2 6 0 0 4 6 .6 7 0 .1 1 $ 1 ,4 6 7 .4 0 0 .6 7 4 1 0 .4 9 3 3 .3 6 6 .8 6 2 0 1 20
0 .3 6 0 .1 1 8 6 0 0 4 7 .9 6 0 .1 1 $ 1 ,6 4 0 .7 7 0 .7 0 4 3 2 .4 8 3 3 .4 1 7 .2 0 21 1 21
0 .3 6 0 .1 2 4 6 0 0 6 0 .2 3 0 .1 2 $ 1 ,6 1 4 .1 4 0 .7 4 4 6 4 .4 7 3 3 .4 6 7 .6 6 22 1 22
0 .3 6 0 .1 3 6 0 0 6 2 .6 2 ‘ 0 .1 3 $ 1 ,6 8 7 .6 1 0 .7 7 4 7 6 .4 8 3 3 .6 1 7 .8 9 23 1 23
0 .3 6 0 .1 3 6 6 0 0 6 4 .8 0 0 .1 3 $ 1 ,7 6 0 .8 8 0 .8 1 4 9 8 .4 9 3 3 .6 6 8 .2 3 24 1 24
0 .3 6 0 .1 4 2 6 0 0 6 7 .0 8 0 .1 4 $ 1 ,8 3 4 .2 6 0 .8 4 6 2 0 .6 1 3 3 .6 0 8 .6 8 2 6 1 26
0 .3 6 0 .1 4 8 6 0 0 6 9 .3 7 0 .1 4 $ 1 ,9 0 7 .6 2 0 .8 7 6 4 2 .6 4 3 3 .6 4 8 .9 2 2 6 1 26
0 .3 6 0 .1 6 4 6 0 0 6 1 .6 6 0 .1 6 $ 1 ,9 8 0 .9 9 0 .9 1 6 6 4 .6 8 3 3 .6 8 9 .2 6 27 1 27
0 .3 6 0 .1 6 6 0 0 6 3 .9 3 0 .1 6 $ 2 ,0 6 4 .3 6 0 .9 4 6 8 6 .6 2 3 3 .7 2 9 .6 0 2 8 1 28
0 .3 6 0 .1 6 6 6 0 0 6 6 .2 2 0 .1 6 $ 2 ,1 2 7 .7 3 0 .9 8 6 0 8 .6 8 3 3 .7 6 9 .9 6 29 1 29
0 .3 6 0 .1 7 2 6 0 0 7 0 .7 8 0 .1 7 $ 2 ,2 7 4 .4 7 1 .0 3 6 3 0 .7 4 3 3 .1 9 1 0 .6 3 31 1 31
0 .3 6 0 .1 7 8 6 0 0 7 3 .0 7 0 .1 7 $ 2 ,3 4 7 .8 4 1 .0 6 6 6 2 .8 1 3 3 .2 4 1 0 .9 8 3 2 1 32
0 .3 6 0 .1 8 4 6 0 0 7 6 .3 6 0 .1 8 $ 2 ,4 2 1 .2 1 1 .1 0 6 7 4 .8 9 3 3 .2 8 1 1 .3 2 3 3 1 33
0 .3 6 0 .1 9 6 0 0 7 7 .6 4 0 .1 9 $ 2 ,4 9 4 .6 8 1 .1 3 6 9 6 .9 8 3 3 .3 2 1 1 .6 6 34 1 34
0 .3 6 0 .1 9 6 6 0 0 7 9 .9 2 0 .1 8 $ 2 ,6 6 7 .9 6 1 .17 7 1 9 .0 8 3 3 .3 6 1 2 .01 3 6 1 36
0 .3 6 0 .2 0 2 6 0 0 8 2 .2 0 0 .2 0 $ 2 ,6 4 1 .3 3 1 .2 0 7 4 1 .1 8 3 3 .4 0 1 2 .3 6 36 1 36
0 .3 6 0 .2 0 8 6 0 0 8 4 .4 9 0 .2 0 $ 2 ,7 1 4 .7 0 1 .2 4 7 6 3 .2 9 3 3 .4 4 1 2 .6 9 37 1 37
0 .3 6 0 .2 1 4 6 0 0 8 6 .7 7 0 .2 1 $ 2 ,7 8 8 .0 7 1 .27 7 8 6 .4 2 3 3 .4 7 1 3 .0 3 3 6 1 38
0 .3 6 0 .2 2 . 6 0 0 8 9 .0 6 0 .2 1 $ 2 ,8 6 1 .4 4 1.31 8 0 7 .6 6 3 3 .6 0 1 3 .3 8 3 9 1 39
0 .3 6 0 .2 2 6 6 0 0 9 1 .3 4 0 .2 2 $ 2 ,9 3 4 .8 1 1 .3 4 8 2 9 .6 8 3 3 .6 3 1 3 .7 2 4 0 1 4 0
0 .3 6 0 .2 3 2 6 0 0 9 3 .6 2 0 .2 2 $ 3 ,0 0 8 .1 8 1 .3 8 8 6 1 .8 3 3 3 .6 6 1 4 .0 6 41 1 41
0 .3 6 0 .2 3 8 6 0 0 9 6 .9 0 0 .2 3 $ 3 ,0 8 1 .6 6 1.41 8 7 3 .9 9 3 3 .6 9 1 4 .41 4 2 1 4 2
0 .3 6 0 .2 4 4 6 0 0 9 8 .1 9 0 .2 4 $ 3 ,1 6 4 .9 2 1 .4 6 8 9 6 .1 6 3 3 .6 2 1 4 .7 6 4 3 1 4 3

_________ 222. _________ 222 __________ £22 ________122A L ______________221 _______ S 3 .2 2 B .2 8 _________ L41 ___________8 1 8 .3 2 ____________ ££.££ _____________1 5 .0 8 _______________ n . 1 ___________41
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B A S IS  T R A N S F O R M E R  P A R A M E T E a s ________________________________________
M V A  R A T IN G M A S S

(ka)
V O L U M E

( m '3 )
F R E Q U E N C Y

(H z)
FU LL L O A D  

P O W E R  LO S S  (k W
E S T IM A T E D

C O S T
0 .1 5 4 5 3 .1 0 .5 9 4 7 6 0 3 .0 0 $ 3 ,6 2 7 .0 0

INPUT PARAMETERS CACULATED RESULTS
O U T P U T  V O L T A G O U T P U T  P O W E R LINE FR E Q T O T A L  E S T T O T A L  E S T T O T A L  E S T T O T A L  E S T TR A N S FO R M E R

(k V D C ) (M W ) (H z) M A S S  (k a l V O L U M E  < m -3 ) C O S T LO S S  (k W ) M V A  R A TIN G
0 .3 5 0 .1 6 0 3 3 4 .2 9 0 . 4 4 $ 2 ,6 7 5 .9 6 2 .2 1 0 .1 0
0 .3 5 0 .1 0 6 6 0 3 4 9 .2 2 0 .4 6 $ 2 ,7 9 5 .4 9 2 .3 1 0 .1 1
0 .3 5 0 .1 1 2 6 0 3 6 3 .9 5 0 .4 8 $ 2 ,9 1 3 .3 5 2 .4 1 0 .1 1
0 .3 5 0 .1 1 8 6 0 3 7 8 .4 7 0 .5 0 $ 3 ,0 2 9 .6 4 2 .5 1 0 .1 2
0 .3 5 0 . 1 2 4 6 0 3 9 2 .8 2 0 .5 2 $ 3 ,1 4 4 .4 5 2 .6 0 0 .1 2
0 .3 5 0 .1 3 6 0 4 0 6 .9 9 0 .5 3 $ 3 ,2 5 7 .8 9 2 .6 9 0 .1 3
0 .3 5 0 .1 3 6 6 0 4 2 1 .0 0 0 .5 5 $ 3 ,3 7 0 .0 3 2 .7 9 0 .1 4
0 .3 5 0 . 1 4 2 6 0 4 3 4 .8 5 0 .5 7 $ 3 ,4 8 0 .9 3 2 .8 8 0 .1 4
0 .3 5 0 .1 4 8 6 0 4 4 8 .5 6 0 .5 9 $ 3 ,5 9 0 .6 7 2 .9 7 0 .1 5
0 .3 5 0 . 1 5 4 6 0 4 6 2 .1 3 0 .6 1 $ 3 ,6 9 9 .3 0 3 .0 6 0 .1 5
0 .3 5 0 . 1 6 6 0 4 7 5 .5 7 0 .6 2 $ 3 ,8 0 6 .8 8 3 .1 5 0 .1 6
0 .3 5 0 .1 6 6 6 0 4 8 8 .8 8 0 .6 4 $ 3 ,9 1 3 .4 5 3 .2 4 0 .1 7
0 .3 5 0 .1 7 2 6 0 5 0 2 .0 8 0 .6 6 $ 4 ,0 1 9 .0 7 3 .3 2 0 .1 7
0 .3 5 0 .1 7 8 6 0 5 1 5 .1 6 0 .6 8 $ 4 ,1 2 3 .7 7 3 .4 1 0 .1 8
0 .3 5 0 . 1 8 4 6 0 5 2 8 .1 3 0 .6 9 $ 4 ,2 2 7 .5 9 3 .5 0 0 .1 8
0 .3 5 0 .1 9 6 0 5 4 0 .9 9 0 .7 1 $ 4 ,3 3 0 .5 6 3 .5 8 0 .1 9
0 .3 5 0 .1 9 6 6 0 5 5 3 .7 6 0 .7 3 $ 4 ,4 3 2 .7 3 3 .6 7 0 .2 0
0 .3 5 0 .2 0 2 6 0 5 6 6 .4 2 0 . 7 4 $ 4 ,5 3 4 .1 2 3 .7 5 0 .2 0
0 .3 5 0 .2 0 8 6 0 5 7 8 .9 9 0 .7 6 $ 4 ,6 3 4 .7 5 3 .8 3 0 .2 1
0 .3 5 0 . 2 1 4 6 0 5 9 1 .4 7 0 .7 8 $ 4 ,7 3 4 .6 7 3 .9 2 0 .2 1
0 .3 5 0 .2 2 6 0 6 0 3 .8 7 0 .7 9 $ 4 ,8 3 3 .8 8 4 .0 0 0 .2 2
0 .3 5 0 . 2 2 6 6 0 6 1 6 .1 8 0 .8 1 $ 4 ,9 3 2 .4 2 4 .0 8 0 .2 3
0 .3 5 0 .2 3 2 6 0 6 2 8 .4 1 0 .8 2 $ 5 ,0 3 0 .3 1 4 .1 6 0 .2 3
0 .3 5 0 .2 3 8 6 0 6 4 0 .5 6 0 .8 4 $ 5 ,1 2 7 .5 7 4 .2 4 0 .2 4
0 .3 5 0 . 2 4 4 6 0 6 5 2 .6 3 0 .8 6 $ 5 ,2 2 4 .2 2 4 .3 2 0 .2 4
0 .3 5 0 .2 5 6 0 6 6 4 .6 3 0 .8 7 ________ $ 5 .3 2 0 .2 8 4 .4 0 _______________2 ^ .

Figure H-5.5 IGBT auxiliary inverter output transformer sizing - Sheet 5 for 600 Hz switching frequency variable MVA.



INVERTER PARAMETERS
NUMBER OF 

PHASES
NUMBER OF 
SWITCHES

_____________ 2. 6

HEAT EXCHANGER ESTIMATES_______ .
FIXED
COST

COST PER 
kW LOSS l$/kWI

PRIME POWER 
IkVA/kW LOSSI

FIXED MASS 
(kfll

MASS PER kW 
LOSS Ika/kWI

FIXED
VOLUME <m*3l

VOLUME/kW 
LOSS lm“ 3/kWI

$5,900.00 _____________ 2. ________ 0.7967 200 0 ___________ SA _____________ £L

CONTROLLER
MASS
Ikfll

VOLUME
(m‘ 3l

5 __________ 2AL

BUS WORK & FRAME ESTIMATES
% INCREASE IN 
TOTAL MASS

% INCREASE IN 
TOTAL VOLUME

41.46% ________71.43%

COST ESTIMATES
CONTROLLER 
FIXED COST

CONTROLLER
C0ST/SWITCH

BUS & FRAME 
% INC IN COST

*1-500.00 ________ *35.00 ________10-00%

LABOR AND SERVICES ESTIMATES 1% OF TOTAI COSTI
MATERIAL FAB LABOR FAB SERVICES TEST LABOR

_______ 41-82% _______ 30-66% ________13.49% ________14.03%.

INPUT PARAMETERS CACULATED RESULTS
INPUT VOLTAGE 

IkVDCI
OUTPUT MVA

(MVA1
SWITCH FREQ

____ m ____
MASS
(knl

VOLUME
lm‘ 3l

COST
($)

INVERTER 
LOSS IkWI

HEAT EX 
POWER IkVAl

INVERTER
EFFICENCY

TOTAL
EFFICENCY

MAXIMUM 
DUTY CYCLE

MAXIMUM
MVA

0.35 0.2 100 1179.00 2.28 $97,694.86 9.05 7.21 95.67% 92.48% 0.9997 0.38
0.35 0.2 150 1179.15 2.28 $97,705.71 9.11 7.25 95.65% 92.44% 0.9996 0.38
0.35 0.2 200 1179.30 2.28 $97,716.56 9.17 7.30 95.62% 92.39% 0.9994 0.38
0.35 0.2 250 1179.45 2.28 $97,727.41 9.22 7.35 95.59% 92.35% 0.9993 0.37
0.35 0.2 300 1179.60 2.28 $97,738.26 9.28 7.40 95.56% 92.30% 0.9991 0.37
0.35 0.2 350 1179.75 2.28 $97,749.11 9.34 7.44 95.54% 92.26% 0.9990 0.37
0.35 0.2 400 1179.90 2.28 $97,759.96 9.40 7.49 95.51% 92.21% 0.9988 0.37
0.35 0.2 450 1180.05 2.28 $97,770.81 9.46 7.54 95.48% 92.16% 0.9987 0.37
0.35 0.2 500 1180.20 2.28 $97,781.66 9.52 7.59 95.45% 92.12% 0.9985 0.37
0.35 0.2 550 1180.35 2.29 $97,792.51 9.58 7.63 95.43% 92.07% 0.9984 0.37
0.35 0.2 600 1180.50 2.29 $97,803.36 9.64 7.68 95.40% 92.03% 0.9982 0.36
0.35 0.2 650 1180.65 2.29 $97,814.21 9.70 7.73 95.37% 91.98% 0.9981 0.36
0.35 0.2 700 1180.80 2.29 $97,825.06 9.76 7.78 95.35% 91.94% 0.9979 0.36
0.35 0.2 750 1180.95 2.29 $97,835.91 9.82 7.82 95.32% 91.89% 0.9978 0.36
0.35 0.2 800 1181.10 2.29 $97,846.76 9.88 7.87 95.29% 91.85% 0.9976 0.36
0.35 0.2 850 1184.48 2.30 $98,050.60 9.96 7.93 95.26% 91.79% 0.9975 0.36
0.35 0.2 900 1184.63 2.30 $98,061.45 10.02 7.98 95.23% 91.75% 0.9973 0.36
0.35 0.2 950 1184.78 2.30 $98,072.30 10.08 8.03 95.20% 91.70% 0.9972 0.36
0.35 0.2 1000 1184.93 2.30 $98,083.15 10.14 8.07 95.18% 91.66% 0.9970 0.35
0.35 0.2 1050 1185.08 2.30 $98,094.00 10.19 8.12 95.15% 91.61% 0.9969 0.35
0.35 0.2 1100 1185.23 2.30 $98,104.85 10.25 8.17 95.12% 91.57% 0.9967 0.35
0.35 0.2 1150 1185.38 2.30 $98,115.70 10.31 8.22 95.10% 91.52% 0.9966 0.35
0.35 0.2 1200 1185.53 2.30 $98,126.55 10.37 8.26 95.07% 91.48% 0.9964 0.35
0.35 0.2 1250 1185.66 2.30 $98,137.40 10.43 8.31 95.04% 91.43% 0.9963 0.35
0.35 0.2 1300 1185.83 2.30 $98,148.25 10.49 8.36 95.02% 91.39% 0.9961 0.35

________& 2 L _________2 i ________yso 1185.98 ________ U 2 . $98,159.10 _______ 12̂ 5 ________ SL£L 94.99% ______ 91.34% ______ 0.9960 ________IL25.

Figure H-5.6 IGBT auxiliary inverter summary - Sheet 1 for 0.2 MVA, variable frequency.
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IGBT PARAME1IBS___________________________________________________
VOLTAGE 

RATING fkV)
POWER DISS 
PER IGBT IWI

V THRESHOLD 
(VOLTS)

DYNAMIC r
(OHMS)

INC. SW LOSS 
LOSS PER AMP

FIXED SW
LOSS

IGBT* PER 
MODULE

MINIMUM 
OFF TIME

MAXIMUM
Itaa

1 187.5 ___________ 04. ________ 0.01 Q8 0000346 _____________ 2. _____________ L _______L22L21. ___________ m .

SWITCH MODULE PARAMETERS
FIXED MASS 

Ikal
MASS PER dv/dt 

LOSS (ka/kWI
FIXED VOL 

|m*3)
VOL PER dv/dt 
LOSS lm'3/kWI

__________ L 2 1 _____________ 2. 0.004095 ______ 0.002244

BUS WORK & FRAME ESTIMATES
% INCREASE IN 
TOTAL MASS

% INCREASE IN 
TOTAL VOLUME

41.46% 71.43%

COST ESTIMATES
FIXED COST 
PER MODULE

COST PER dv/dt 
LOSS ($/kWI

DRIVER FIXED 
COST

DRIVER COST 
PER MODULE

BUS & FRAME 
% INC IN COST

$2.448.57 _______ $100.00 $1 00000 ________ $35.00 ________m m .

IN PUT PARAME1rERS C A C U L A T E D  RESULTS
INPUT VOLTAGE 

IkVDO
OUTPUT MVA

IMVA)
SWITCH FREQ TOTAL EST

MASS Ikal
TOTAL EST

VOLUME lrrT3)
TOTAL EST

MATT. COST
TOTAL EST

SW LOSS IkWI
MAXIMUM 

PEAK CURRENT
MAX PHASE CUR 
PARALLEL lArmsI

PARALLEL 
MODULES RED

SERIES
MODUI ES RED

TOTAL
MODULES REQ

0.35 0.2 100 7.49 0.01 $3,833.30 0.69 195.77 780.90 1 1 1
0.35 0.2 150 7.51 0.01 $3,833.99 0.70 195.12 778.26 1 1 1
0.35 0.2 200 7.53 0.01 $3,834.68 0.71 194.48 775.63 1 1 1
0.35 0.2 250 7.54 0.01 $3,835.36 0.72 193.84 773.01 1 1 1
0.35 0.2 300 7.56 0.01 $3,836.05 0.73 193.20 770.40 1 1 1
0.35 0.2 350 7.58 0.01 $3,836.74 0.74 192.56 767.80 1 1 1
0.35 0.2 400 7.60 0.01 $3,837.43 0.75 191.93 765.22 1 1 1
0.35 0.2 450 7.61 0.01 $3,838.11 0.76 191.30 762.64 1 1 1
0.35 0.2 500 7.63 0.01 $3,838.80 0.77 190.67 760.08 1 1 1
0.35 0.2 550 7.65 0.01 $3,839.49 0.78 190.04 757.52 1 1 1
0.35 0.2 eoo 7.67 0.01 $3,840.18 0.79 189.42 754.98 1 1 1
0.35 0.2 650 7.68 0.01 $3,840.86 0.80 188.80 752.45 1 1 1
0.35 0.2 700 7.70 0.01 $3,841.55 0.81 188.18 749.93 1 1 1
0.35 0.2 750 7.72 0.01 $3,842.24 0.82 187.56 747.42 1 1 1
0.35 0.2 800 7.74 0.01 $3,842.93 0.83 186.95 744.92 1 1 1
0.35 0.2 850 7.76 0.01 $3,843.61 0.84 186.34 742.43 1 1 1
0.35 0.2 900 7.77 0.01 $3,844.30 0.85 185.73 739.95 1 1 1
0.35 0.2 950 7.79 0.01 $3,844.99 0.86 185.12 737.48 1 1 1
0.35 0.2 1000 7.81 0.01 $3,845.68 0.87 184.52 735.03 1 1 1
0.35 0.2 1050 7.83 0.01 $3,846.36 0.88 183.92 732.58 1 1 1
0.35 0.2 1100 7.84 0.01 $3,847.05 0.89 183.32 730.14 1 1 1
0.35 0.2 1150 7.86 0.01 $3,847.74 0.90 182.73 727.72 1 1 1
0.35 0.2 1200 7.88 0.01 $3,848.43 0.91 182.13 725.30 1 1 1
0.35 0.2 1250 7.90 0.01 $3,849.11 0.92 181.54 722.90 1 1 1
0.35 0.2 1300 7.91 0.01 $3,849.80 0.93 180.96 720.50 1 1 1

__________ 2J5. ___________ 2 A __________ u s a 7.93 0.01 ______§2.252.12, __________ a n ________ 18037 ________ 711.12 _____________ L _____________L _____________ L

Figure H-5.7 IGBT auxiliary inverter switch quantity characterization - Sheet 2 for 0.2 MVA, variable frequency.
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_________________ ANTI-PARALLEL DIODE PARAMETERS_____________
DIODE 
VT IVI

DIODE 
r (OHMS)

DIODE 
Irr (AMPS)

DIODES 
PER MODULE

_______ ,____L I 000556 34 ____________ u

SNURRFR PARAMETERS
dv/dt SNUBBER 
CAPACITOR luFI

dl/dt SNUBBER 
INDUCTOR (uH)

1 0.1

IN P U T  PAR AM ETERS C A C U L A T E D  S W IT C H  M O D U LE  CU R R EN TS A N D  L<DSSES B A S E D  O N  DESIRED O U T P U T  M V A
INPUT VOLTAGE 

IkVDCI
OUTPUT MVA 

IMVAI
SWITCH FREQ 

IHlI
TOTAL EST

MOD LOSS (kW)
MODULE PEAK 
CURRENT IAI

MODULE COND 
LOSS IkWI

MODULE SWITCH 
LOSS IkW)

TOTAL MODULE 
LOSS (kWI

ANTI-PARALLEL 
LOSS IkWI

dv/dt SNUBBER 
LOSS IkWI

di/dt SNUBBER 
LOSS IkW)

CONDUCTOR 
LOSS IkWI

0.35 0.2 100 0.69 518.38 0.33 0.01 0.34 0.29 0.01 0.00 0.05
0.35 0.2 150 0.70 518.46 0.33 0.01 0.34 0.29 0.02 0.00 0.05
0.35 0.2 200 0.71 518.54 0.33 0.01 0.34 0.29 0.03 0.00 0.05
0.35 0.2 250 0.72 518.62 0.33 0.01 0.34 0.29 0.03 0.00 0.05
0.35 0.2 300 0.73 518.70 ' 0.33 0.02 0.35 0.29 0.04 0.00 0.05
0.35 0.2 350 0.74 518.77 0.33 0.02 0.35 0.29 0.04 0.01 0.05
0.35 0.2 400 0.75 518.85 0.33 0.02 0.35 0.29 0.05 0.01 0.05
0.35 0.2 450 0.76 518.93 0.33 0.03 0.36 0.29 0.06 0.01 0.05
0.35 0.2 500 0.77 519.01 0.33 0.03 0.36 0.29 0.06 0.01 0.05
0.35 0.2 550 0.78 519.08 0.33 0.03 0.36 0.29 0.07 0.01 0.05
0.35 0.2 600 0.79 519.16 0.33 0.03 0.36 0.29 0.08 0.01 0.05
0.35 0.2 650 0.80 519.24 0.33 0.04 0.37 0.29 0.08 0.01 0.05
0.35 0.2 700 0.81 519.32 0.33 0.04 0.37 0.29 0.09 0.01 0.05
0.35 0.2 750 0.82 519.40 0.33 0.04 0.37 0.29 0.09 0.01 0.05
0.35 0.2 800 0.83 519.48 0.33 0.05 0.38 0.29 0.10 0.01 0.05
0.35 0.2 850 0.84 519.55 0.33 0.05 0.38 0.29 0.11 0.01 0.05
0.35 0.2 900 0.85 519.63 0.33 0.05 0.38 0.29 0.11 0.01 0.05
0.35 0.2 950 0.86 519.71 0.33 0.05 0.38 0.29 0.12 0.01 0.05
0.35 0.2 1000 0.87 519.79 0.33 0.06 0.39 0.29 0.13 0.02 0.05
0.35 0.2 1050 0.88 519.87 0.33 0.06 0.39 0.29 0.13 0.02 0.05
0.35 0.2 1100 0.89 519.94 0.33 0.06 0.39 0.29 0.14 0.02 0.05
0.35 0.2 1150 0.90 520.02 0.33 0.07 0.40 0.29 0.14 0.02 0.05
0.35 0.2 1200 0.91 520.10 0.33 0.07 0.40 0.29 0.15 0.02 0.05
0.35 0.2 1250 0.92 520.18 0.33 0.07 0.40 0.29 0.16 0.02 0.05
0.35 0.2 1300 0.93 520.26 0.33 0.07 0.40 0.29 0.16 0.02 0.05
035 ___________ 1350 __________ £L2i. ________ 52034 0.33 - _________IS tL 0.41 0 29 0.17 0.02 0.05

Figure H-5.8 IGBT auxiliary inverter switch loss estimation Sheet 3 for 0.2 MVA, variable frequency.



CAPACITOR PARAMETERS___________________________________________________
CAPACITANCE

(uF)
VOLTAGE

(KV)
RMS RIPPLE 

CURRENT (A)
VOLTAGE

DE-RATING
CURRENT

DE-RATING
MAX ESR 

IOHMSI
BLEEDER 

RES (OHMS)
6 6 0 0 0 .4 6 3 0 0 .8 7 6 0 .7 2 .1 0 E -0 2 6 0 0 0

BUS WORK a. FRAME ESTIMATES
% INCREASE IN 
TOTAL MASS

%  INCREASE IN 
TOTAL VOLUME

__________ _________H 7 . 0 0 *

______ CAPACITOR PARAMETERS____
MASS

(ko)
VOLUME

(m“3)

____________ _________2-E2E-03

________________ COST ESTIMATE 5
CAP & BLEEDER 
COST PER CAP

DUMP COST 
PER kJ

BUS & FRAME 
%  INC IN COST

$ 6 0 .SQ. $ 1 6 .9 1 __________ 1 0 - 0 0 *

INPUT PARAMETERS CACULATED RESULTS
INPUT VOLTAGE 

(kVDCI
OUTPUT MVA 

IMVAI
SWITCH FREQ 

(Hi)
TOTAL EST 
M ASS (kfl|

TOTAL EST
VOLUME (m *3l

TOTAL EST 
COST

TOTAL EST 
LOSS (kWI

RMS CURRENT 
(A)

LOSS PER 
CAPACITOR (Wl

TOTAL STORED 
ENERGY (kJ)

PARALLEL 
CAPS REQ

SERIES 
CAPSREQ

TOTAL 
CAPS REQ

0 .3 6 0 .2 10 0 7 9 .9 2 0 .1 9 $ 2 ,6 6 7 .9 6 1 .1 8 7 3 1 .1 3 3 3 .6 6 12.01 3 6 1 36
0 .3 6 0 .2 16 0 7 9 .9 2 0 .1 9 $ 2 ,6 6 7 .9 6 1 .1 8 7 3 1 .4 0 3 3 .6 7 12.01 3 6 1 36
0 .3 6 0 .2 2 0 0 7 9 .9 2 0 .1 9 $ 2 ,6 6 7 .9 6 1 .1 8 7 3 1 .6 7 3 3 .6 8 12.01 36 1 36
0 .3 6 0 .2 2 6 0 7 9 .9 2 0 .1 9 $ 2 ,6 6 7 .9 6 1 .1 8 7 3 1 .9 4 3 3 .6 8 12.01 36 1 36
0 .3 6 0 .2 3 0 0 7 9 .9 2 0 .1 9 $ 2 ,6 6 7 .9 6 1 .1 8 7 3 2 .2 0 3 3 .6 9 12.01 36 1 36
0 .3 5 0 .2 3 6 0 7 9 .9 2 0 .1 9 $ 2 ,6 6 7 .9 6 1 .1 8 7 3 2 .4 7 3 3 .7 0 1 2 .01 3 6 1 36
0 .3 6 0 .2 4 0 0 7 9 .9 2 0 .1 8 $ 2 ,6 6 7 .9 6 1 .1 8 7 3 2 .7 4 3 3 .7 0 12.01 3 6 1 36
0 .3 6 0 .2 4 6 0 7 9 .9 2 0 .1 9 $ 2 ,6 6 7 .9 6 1 .1 8 7 3 3 .0 1 3 3 .7 1 12.01 3 6 1 36
0 .3 6 0 .2 6 0 0 7 9 .9 2 0 .1 9 $ 2 ,6 6 7 .9 6 1 .1 8 7 3 3 .2 7 3 3 .7 2 12.01 36 1 36
0 .3 6 0 .2 6 6 0 7 9 .9 2 0 .1 9 $ 2 ,6 6 7 .9 6 1 .1 8 7 3 3 .6 4 3 3 .7 2 1 2 .01 3 6 1 36
0 .3 6 0 .2 6 0 0 7 9 .9 2 0 .1 9 $ 2 ,6 6 7 .9 6 1 .1 8 7 3 3 .8 1 3 3 .7 3 12.01 36 1 36
0 .3 6 0 .2 6 6 0 7 9 .9 2 0 .1 9 $ 2 ,6 6 7 .9 6 1 .1 0 7 3 4 .0 6 3 3 .7 4 12.01 3 6 1 36
0 .3 6 0 .2 7 0 0 7 9 .9 2 0 .1 9 $ 2 ,6 6 7 .9 6 1 .1 8 7 3 4 .3 6 3 3 .7 4 12.01 3 6 1 36
0 .3 6 0 .2 7 6 0 7 9 .9 2 0 .1 9 $ 2 ,6 6 7 .9 6 1 .1 8 7 3 4 .6 2 3 3 .7 6 12.01 3 6 1 36
0 .3 6 0 .2 8 0 0 7 9 .9 2 0 .1 9 $ 2 ,6 6 7 .9 6 1 .1 8 7 3 4 .8 8 3 3 .7 6 12.01 36 1 36
0 .3 6 0 .2 8 6 0 8 2 .2 0 0 .2 0 $ 2 ,6 4 1 .3 3 1 .2 0 7 3 6 .1 6 3 3 .2 6 1 2 .3 6 36 1 36
0 .3 6 0 .2 9 0 0 8 2 .2 0 0 .2 0 $ 2 ,6 4 1 .3 3 1 .2 0 7 3 6 .4 2 3 3 .2 6 1 2 .3 6 3 6 1 36
0 .3 6 0 .2 9 6 0 8 2 .2 0 0 .2 0 $ 2 ,6 4 1 .3 3 1 .2 0 7 3 6 .6 9 3 3 .2 7 1 2 .3 6 36 1 36
0 .3 6 0 .2 1 0 0 0 8 2 .2 0 0 .2 0 $ 2 ,6 4 1 .3 3 1 .2 0 7 3 6 .9 6 3 3 .2 8 1 2 .3 6 36 1 36
0 .3 6 0 .2 1 0 6 0 8 2 .2 0 0 .2 0 $ 2 ,6 4 1 .3 3 1 .2 0 7 3 6 .2 3 3 3 .2 8 1 2 .3 6 3 6 1 36
0 .3 6 0 .2 1 1 0 0 8 2 .2 0 0 .2 0 $ 2 ,6 4 1 .3 3 1 .2 0 7 3 6 .4 9 3 3 .2 9 1 2 .3 6 3 6 1 36
0 .3 6 0 .2 1 1 6 0 8 2 .2 0 0 .2 0 $ 2 ,6 4 1 .3 3 1 .2 0 7 3 6 .7 6 3 3 .3 0 1 2 .3 6 36 1 36
0 .3 6 0 .2 1 2 0 0 8 2 .2 0 0 .2 0 $ 2 ,6 4 1 .3 3 1 .2 0 7 3 7 .0 3 3 3 .3 0 1 2 .3 6 36 1 36
0 .3 6 0 .2 1 2 6 0 8 2 .2 0 0 .2 0 $ 2 ,6 4 1 .3 3 1 .2 0 7 3 7 .3 0 3 3 .3 1 1 2 .3 6 36 1 36
0 .3 6 0 .2 1 3 0 0 8 2 .2 0 0 .2 0 $ 2 ,6 4 1 .3 3 1 .2 0 7 3 7 .6 7 3 3 .3 1 1 2 .3 6 36 1 36

________ 2JS- _________ SL2. ________ 1366. ________82.20 _________SL22. $2-641-33 _________L22. ___________7 3 7 .8 4 ________ 33.32 ________12.36-__________ 36. 1 __________ 36

Figure H-5.9 IGBT auxiliary inverter input filter sizing - Sheet 4 for 0.2 MVA, variable frequency.
xi



INVERTER PARAMETERS
NUMBER OF 

PHASES
NUMBER OF 
SWITCHES

3 _____________ i

HEAT EXCHANGER ESTIMATES
FIXED COST PER PRIME POWER FIXED MASS MASS PER kW FIXED VOLUME/kW
COST kW LOSS l$/kWI IkVA/kW LOSSI tkal LOSS Ika/kWI VOLUME !m*3l LOSS fm~ 3/kWI
$5,900.00 _____________ 2. ________ s , m i ___________ 222. 0 ___________ 2 £ _____________ 2.

CONTROLLER
MASS
Ikal

VOLUME
lm‘ 31

_____________ L __________ SLfil

BUS WORK & FRAMF ESTIMATES
% INCREASE IN 
TOTAL MASS

% INCREASE IN 
TOTAL VOLUME

_______ 41-46% 71-43%

COST ESTIMATE 3
CONTROLLER 
FIXED COST

CONTROLLER
COST/SWITCH

BUS & FRAME 
% INC IN COST

$1.500.00 ________ 135.00 ________12.22%

LABOR AND SERVICES FS riMATES (% OF TOTAL COSTI
MATERIAL FAB LABOR FAB SERVICES TEST LABOR

_______ u m ________22.66% ________U.3S3L ________14-03%

IN PUT PA R A M E ' rERS C A C U L A T E D  RESULTS
INPUT VOLTAGE 

IkVPCI
OUTPUT MVA 

IMVAI
SWITCH FREQ 

IHtl_____
MASS

_____ ftqi
VOLUME 

Inn'3)
COST

($1
INVERTER 
LOSS IkWI

HEAT EX 
POWER IkVAl

INVERTER
EFFICENCY

TOTAL
EFFICENCY

MAXIMUM 
DUTY CYCIF

MAXIMUM
MVA

0.35 0.1 600 839.76 1.64 $89,541.01 8.30 6.61 92.34% 87.03% 0.9880 0.26
0.35 0.106 600 864.12 1.68 $90,048.42 8.67 6.90 92.44% 87.19% 0.9880 0.260.35 0.112 600 888.17 1.73 $90,551.40 9.04 7.20 92.53% 87.34% 0.9880 0.260.35 0.118 600 911.96 1.77 $91,050.26 9.41 7.50 92.61% 87.47% 0.9880 0.260.35 0.124 600 935.48 1.81 $91,545.26 9.79 7.80 92.69% 87.58% 0.9880 ‘ 0.26
0.35 0.13 600 958.75 1.85 $92,036.62 10.16 8.10 92.75% 87.68% 0.9880 0.26
0.35 0.136 600 981.80 1.89 $92,524.56 10.54 8.40 92.81% 87.78% 0.9880 0.26
0.35 0.142 600 1004.63 1.93 $93,009.26 10.92 8.70 92.86% 87.86% 0.9880 0.26
0.35 0.148 600 1027.25 1.97 $93,490.89 11.30 9.01 92.90% 87.93% 0.9880 0.26
0.35 0.154 600 1049.68 2.01 $93,969.62 11.69 9.31 92.95% 88.00% 0.9880 0.26
0.35 0.16 600 1071.92 2.05 $94,445.57 12.08 9.62 92.98% 88.06% 0.9880 0.26
0.35 0.166 600 1093.98 2.09 $94,918.88 12.47 9.93 93.02% 88.11% 0.9880 0.26
0.35 0.172 600 1115.88 2.13 $95,389.67 12.86 10.24 93.05% 88.16% 0.9880 0.26
0.35 0.178 600 1140.84 2.18 $96,051.03 13.27 10.57 93.06% 88.19% 0.9880 0.26
0.35 0.184 600 1162.41 2.22 $96,517.10 13.66 10.88 93.09% 88.23% 0.9880 0.26
0.35 0.19 600 1183.84 2.25 $96,980.94 14.06 11.20 93.11% 88.26% 0.9880 0.26
0.35 0.196 600 1205.13 2.29 $97,442.66 14.46 11.52 93.13% 88.30% 0.9880 0.26
0.35 0.202 600 1226.27 2.33 $97,902.33 14.86 11.84 93.15% 88.32% 0.9880 0.26
0.35 0.208 600 1247.29 2.37 $98,360.02 15.27 12.17 93.16% 88.35% 0.98B0 0.26
0.35 0.214 600 1268.18 2.41 $98,815.82 15.68 12.49 93.17% 88.37% 0.9880 0.26
0.35- 0.22 600 1288.94 2.44 $99,269.77 16.09 12.82 93.19% 88.39% 0.9880 0.26
0.35 0.226 600 1309.58 2.48 $99,721.96 16.50 13.15 93.20% 88.40% 0.9880 0.26
0.35 0.232 600 1330.11 2.52 $100,172.42 16.92 13.48 93.20% 88.42% 0.9880 0.26
0.35 0.238 600 1350.53 2.55 $100,621.23 17.33 13.81 93.21% 88.43% 0.9880 0.26
0.35 0.244 600 1370.84 2.59 $101,068.43 17.75 14.14 93.22% 88.44% 0.9880 0.26
0.35 __________ &2L ___________222 _______ 1391.04 __________ 122. ____4101.514.08 _________ 12JS. _________ L iili. ________22.22% ________S9,4£% ________ Q.9880 __________ i i i

Figure H-6.1 BJT auxiliary inverter summary - Sheet for 600 Hz, variable MVA.
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BJT PARAMETERS
VOLTAGE 

RATING IkVI
POWER OISS 
PER BJT IWI

V THRESHOLD 
IVOLTSI

DYNAMIC r 
IOHMSI

INC. SW LOSS 
LOSS PER AMP

FIXED SW
LOSS

BJTs PER 
MODULE

MINIMUM 
OFF TIME

MAXIMUM
Itaa______Li_____ 1m ______ Li._____JL22i_____m _______2. 1 2.00E-05 1000

SWITCH MODULE PARAMETERS
FIXED MASS 

(kal
MASS PER dv/dt 
LOSS Ika/kWI

FIXED VOL 
|m*3)

VOL PER dv/dt 
LOSS (m'3/kWI

7.55 __________ i 0.0045 0.002244

BUS WORK & FRAME ESTIMATFS
% INCREASE IN 
TOTAL MASS

% INCREASE IN 
TOTAL VOLUME

______£L££2L______Zl.32%.

COST ESTIMATES
FIXED COST 
PER MODULE

COST PER dv/dt 
LOSS 1 S/kWI

DRIVER FIXED 1 DRIVER COST 
COST PER MODULE

BUS & FRAME 
% INC IN COST

$2 402.03 §100 00 S1.000.OQI_______§35.00 ____12.22ft

INPUT PARAME1rERS CACULATED RESULTS
INPUT VOLTAGE

IkVDCI
OUTPUT MVA 

(MVA)
SWITCH FREQ 

IHfl
TOTAL EST
MASS (ka)

TOTAL EST 
VOLUME lm'3l

TOTAL EST 
MAT'L COST

TOTAL EST 
SW LOSS IkWI

MAXIMUM 
PEAK CURRENT

MAX PHASE CUR 
PARALLEL lArmsI

PARALLEL 
MODULES REQ

SERIES
MODULES REQ

TOTAL
MODULES RFO

0.35 0.1 600 11.60 0.01 $3,816.37 0.91 675.83 535.99 1 1 1
0.35 0.106 600 11.60 0.01 §3.816.37 0.95 875.83 535.99 1 1 1
0.35 0.112 600 11.60 0.01 §3.816.37 0.99 675.83 535.99 1 1 1
0.35 0.118 600 11.60 0.01 §3.816.37 1.03 675.83 535.99 1 1 1
0.35 0.124 600 11.60 0.01 §3.816.37 1.07 675.83 535.99 1 1 1
0.35 0.13 600 11.60 0.01 §3.816.37 1.11 675.83 535.99 1 1 1
0.35 0.136 600 11.60 0.01 §3.816.37 1.15 675.83 535.99 1 1 1
0.35 0.142 600 11.60 0.01 §3.816.37 1.20 675.83 535.99 1 1 1
0.35 0.148 600 11.60 0.01 §3,816.37 1.24 675.83 535.99 1 1 1
0.35 0.154 600 11.60 0.01 §3.816.37 1.28 675.83 535.99 1 1 1
0.35 0.16 600 11.60 0.01 §3.816.37 1.33 675.83 535.99 1 1 1
0.35 0.166 600 11.60 0.01 §3.816.37 1.37 675.83 535.99 1 1 1
0.35 0.172 600 11.60 0.01 §3.816.37 1.41 675.83 535.99 1 1 1
0.35 0.178 600 11.60 0.01 §3.816.37 1.46 675.83 535.99 1 1 1
0.35 0.184 600 11.60 0.01 §3.816.37 1.51 675.83 535.99 1 1 1
0.35 0.19 600 11.60 0.01 §3,816.37 1.55 675.83 535.99 1 1 1
0.35 0.196 600 11.60 0.01 §3,816.37 1.60 675.83 535.99 1 1 1
0.35 0.202 600 11.60 0.01 §3.816.37 1.65 675.83 535.99 1 1 1
0.35 0.208 600 11.60 0.01 §3.816.37 1.69 675.83 535.99 1 1 1
0.35 0.214 600 11.60 0.01 §3.816.37 1.74 675.83 535.99 1 1 1
0.35 0.22 600 11.60 0.01 §3.816.37 1.79 675.83 535.99 1 1 1
0.35 0.226 600 11.60 0.01 §3.816.37 1.84 675.83 535.99 1 1
0.35 0.232 600 11.60 0.01 §3.816.37 1.89 675.83 535.99 1 1
0.35 0.238 600 11.60 0.01 §3.816.37 1.94 675.83 535.99 1 1 1
0.35 0.244 600 11.60 0.01 §3.816.37 1.99 675.83 535.99 1 1 1

________SL2L_____ :__ &2L ________ £22. 11.60 0.01 ____ §3.816.37 ________ L2± ______ 675.83 ______ 535.99 1 1__________ L

Figure H-6.2 BJT auxiliary switch quantity characterization - Sheet 2 for 600 Hz, variable MVA.
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SNUBBER PARAMETERS
dv/dt SNUBBER 
CAPACITOR luFI

dl/dt SNUBBER 
INDUCTOR luH!

__________ i _________2il

ANTI-PARALLEL 7IODE PARAMETERS
DIODE DIODE DIODE DIODES

____VI 1V1___ r IOHMSI Irr IAMPSI PER MODULE
________2M . _____0001133 ________ 422. 1

INPUT PARAME'rERS CACULATED SWITCH MODULE CURRENTS AND LOSSES BASED ON DESIRED OUTPUT MVA
INPUT VOLTAGE 

IkVDCI
OUTPUT MVA 

IMVAI
SWITCH FREQ 

IHlI
TOTAL EST 

MOD LOSS IkWI
MODULE PEAK
CURRENT IA1

MODULE COND 
LOSS IkWI

MODULE SWITCH
LOSS IkWI

TOTAL MODULE 
LOSS IkWI

ANTI-PARALLEL 
LOSS IkWI

dv/dt SNUBBER 
LOSS IkWI

dl/dt SNUBBER 
LOSS IkWI

CONDUCTOR 
LOSS IkWI0.35 0.1 600 0.91 262.26 0.16 0.30 0.46 0.09 0.32 0.01 0.020.35 0.106 600 0.95 278.00 0.17 0.31 0.49 0.10 0.32 0.01 0.030.35 0.112 600 0.99 293.73 0.18 0.33 0.52 0.11 0.32 0.01 0 030.35 0.116 600 1.03 309.47 0.20 0.35 0.55 0.11 0.32 0.02 0.030.35 0.124 600 1.07 325.20 0.21 0.37 0.58 0.12 0.32 0.02 0 030.35 0.13 600 1.11 340.94 0.22 0.39 0.61 0.13 0.32 0.02 0.030.35 0.136 600 1.15 356.68 0.24 0.40 0.64 0.14 0.32 0.02 0.030.35 0.142 600 1.20 372.41 0.25 0.42 0.67 0.15 0.32 0.02 0.040.35 0.148 600 1.24 388.15 0.27 0.44 0.71 0.15 0.32 0.02 0 040.35 0.154 600 1.28 403.88 0.28 0.46 0.74 0.16 0.32 0.02 0.040.35 0.16 600 1.33 419.62 0.30 0.48 0.77 0.17 0.32 0.02 0.040.35 0.166 600 1.37 435.35 0.31 0.49 0.60 0.18 0.32 0.02 0 040.35 0.172 600 1.41 451.09 0.33 0.51 0.84 0.19 0.32 0.02 0.040.35 0.178 600 1.46 466.83 0.34 0.53 0.87 0.20 0.32 0.02 0.040.35 0.184 600 1.51 482.56 0.36 0.55 0.91 0.21 0.32 0.02 0.050.35 0.19 600 1.55 498.30 0.38 0.56 0.94 0.22 0.32 0.02 0.050.35 0.196 600 1.60 514.03 0.39 0.58 0.97 0.23 0.32 0.03 0.050.35 0.202 600 1.65 529.77 0.41 0.60 1.01 0.24 0.32 0.03 0.050.35 0.208 600 1.69 545.50 0.43 0.62 1.04 0.25 0.32 0.03 0.050.35 0.214 600 1.74 561.24 0.45 0.64 1.08 0.26 0.32 0.03 0.050.35 0.22 600 1.79 576.97 0.46 0.65 1.12 0.27 0.32 0.03 0.050.35 0.226 600 1.84 592.71 0.48 0.67 1.15 0.28 0.32 0.03 0.060.35 0.232 600 1.89 608.45 0.50 0.69 1.19 0.29 0.32 0.03 0.060.35 0.238 600 1.94 624.18 0.52 0.71 1.23 0.30 0.32 0.03 0.060.35 0.244 600 1.99 639.92 0.54 0.72 1.26 0.31 0.32 0.03 0.06_____ 2 2 1 ________2 2 1 ________ 222. ______ISL______ 655.65 ________ 2 5 1 ________ £LZ±________ L20. ________ 2 2 2 . ________ 2 2 2 . _____ £L£1_____ 2 2 1

Figure H-6.3 BJT auxiliary switch loss estimation - Sheet 3 for 600 Hz, variable MVA.
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CAPACITOR PARAMETERS___________________________________________
CAPACITANCE

IuFL
VOLTAGE

(kV)
RMS RIPPLE 

CURRENT IA>
VOLTAGE

DE-RATING
CURRENT

DE-RATING
MAX ESR 
(OHMS)

BLEEDER 
RES (OHMS)

6600 ___________ _____________22. __________ 08 7 6 ____________ 2 i _______ 2 10E02 __________ S22&

_____ CAPACITOR PARAMETERS___
MASS

(kfl)
VOLUME

(m‘ 3)
1 .403 2826-03

BUS WORK & FRAME ESTIMATES
% INCREASE IN 
TOTAL MASS

% INCREASE IN 
TOTAL VOLUME

________ 62-78% _______ 1IL 222L

COST ESTIMATE5
CAP & BLEEDER 
COST PER CAP

DUMP COST 
PER kJ

BUS & FRAME 
% INC IN COST

$60.90 _________819.81 ________ '0-00%

IN P U T  P A R A M E 'rERS CACULATED RESULTS
INPUT VOLTAGE

(kVDC)
OUTPUT MVA 

IMVA)
SWITCH FREQ

______ ILUJ______
TOTAL EST

___ MASStkgl
TOTAL EST 

■VOLUME (m‘ 3)
TOTAL EST

COST
TOTAL EST 
LOSS (kW)

RMS CURRENT 
(A)

LOSS PER 
CAPACITOR (Wl

TOTAL STORED 
ENERGY IkJ)

PARALLEL 
CAPS REQ

SERIES 
CAPS REQ

TOTAL 
CAPS REQ

0.36 0.1 600 43.38 0.10 $1,394.03 0.63 379.92 32.00 6.62 19 1 10
0.36 0.106 600 46.67 0.11 $1,467.40 0.66 402.39 33.00 6.86 20 1 20
0.35 0.112 600 47.96 0.11 $1,640.77 0.70 424.86 33.10 7.20 21 1 21
0.35 0.118 600 60.23 0.12 $1,614.14 0.73 447.36 33.18 7.66 22 1 22
0.36 0.124 600 62.62 0.13 $1,687.61 0.77 469.86 33.26 7.89 23 1 23
0.36 0.13 600 64.80 0.13 $1,760.88 0.80 492.36 33.34 8.23 24 1 24
0.36 0.136 600 67.08 0.14 $1,834.26 0.84 614.87 33.41 8.68 26 1 '26
0.36 0.142 600 69.37 0.14 $1,907.62 0.87 537.40 33.47 8.02 26 1 26
0.36 0.148 600 61.66 0.16 $1,980.99 0.91 669.94 33.63 9.26 27 1 27
0.36 0.164 600 63.93 0.16 $2,064.36 0.94 682.60 33.69 9.60 28 1 28
0.36 0.16 600 66.22 0.16 $2,127.73 0.08 606.06 33.64 9.06 29 1 29
0.36 0.166 600 68.60 0.16 $2,201.10 1.01 627.63 33.69 10.29 30 1 30
0.36 0.172 600 70.78 0.17 $2,274.47 1.06 660.22 33.74 0 10.63 31 1 31
0.36 0.178 600 76.36 0.18 $2,421.21 1.10 672.81 33.23 11.32 33 1 33
0.36 0.184 600 77.64 0.19 $2,494.68 1.13 696.42 33.29 11.66 34 1 34
0.36 0.10 600 70.92 0.19 $2,667.96 1.17 718.04 33.34 12.01 36 1 36
0.36 0.196 600 82.20 0.20 $2,641.33 1.20 740.66 33.39 12.36 36 1 36
0.36 0.202 600 84.49 0.20 $2,714.70 1.24 763.30 33.44 12.69 37 1 37
0.36 0.208 600 86.77 0.21 $2,788.07 1.27 786.96 33.48 13.03 38 1 38
0.36 0.214 600 88.06 0.21 $2,861.44 1.31 808.61 33.63 13.38 39 1 39
0.36 0.22 600 91.34 0.22 $2,934.81 1.34 831.28 33.67 13.72 40 1 40
0.36 0.226 600 93.62 0.22 $3,008.18 1.38 863.97 33.61 14.06 41 1 41
0.36 0.232 600 06.90 0.23 $3,081.66 1.41 876.66 33.66 14.41 42 1 42
0.36 0.238 600 98.19 0.24 $3,164.92 1.46 899.36 33.69 14.76 43 1 43
0.36 0.244 600 100.47 0.24 $3,228.29 1.48 922.08 33.72 16.09 44 1 44

___________ ___________ SL2S._________ £22. _________ 102-76 ___________ 2^5. _____S3.22I.S8 _________L22. _________844.60 ________ 22.26 __________ 45.44 _____________ iL ______________ L_____________!£.

Figure H-6.4 BJT auxiliary input filter sizing - Sheet 4 for 600 Hz, variable MVA.
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‘ B A S IS  T R A N S F IDRM ER P A R A M E T E RS
M V A  R A T IN G M A S S

(ka)
V O L U M E

( m * 3 )
F R E Q U E N C Y

(H z)
FU LL L O A D  

P O W E R  L O S S  (k W
E S T IM A T E D

C O S T
0 .1 5 4 5 3 .1 0 .5 9 4 7 6 0 3 .0 0 $ 3 ,6 2 7 .0 0

INPUT PARAMETERS CACULATED RESULTS
O U T P U T  V O L T A G  

(k V D C I
O U T P U T  P O W E R  

(M W )
LIN E  FR EQ  

(H z)
T O T A L  E S T  
M A S S  (k a )

T O T A L  E S T  
V O L U M E  ( m * 3 )

T O T A L  E S T  
C O S T

T O T A L  E S T  
LO S S  Ik W )

TR A N S FO R M E R  
M V A  R A TIN G

0 .3 5 0 .1 6 0 3 3 4 .2 9 0 .4 4 $ 2 ,6 7 5 .9 6 2 .2 1 0 .1 0
0 .3 5 0 . 1 0 6 6 0 3 4 9 .2 2 0 .4 6 $ 2 ,7 9 5 .4 9 2 .3 1 0 .1 1
0 .3 5 0 .1 1 2 6 0 3 6 3 .9 5 0 .4 8 $ 2 ,9 1 3 .3 5 2 .4 1 0 .1 1
0 .3 5 0 .1 1 8 6 0 3 7 8 .4 7 0 .5 0 $ 3 ,0 2 9 .6 4 2 .5 1 0 .1 2
0 .3 5 0 . 1 2 4 6 0 3 9 2 .8 2 0 .5 2 $ 3 ,1 4 4 .4 5 2 .6 0 0 .1 2
0 .3 5 0 .1 3 6 0 4 0 6 .9 9 0 .5 3 $ 3 ,2 5 7 .8 9 2 .6 9 0 .1 3
0 .3 5 0 .1 3 6 6 0 4 2 1 .0 0 0 .5 5 $ 3 ,3 7 0 .0 3 2 .7 9 0 .1 4
0 .3 5 0 . 1 4 2 6 0 4 3 4 .8 5 0 .5 7 $ 3 ,4 8 0 .9 3 2 .8 8 0 .1 4
0 . 3 5 0 .1 4 8 6 0 4 4 8 .5 6 0 .5 9 $ 3 ,5 9 0 .6 7 2 .9 7 0 .1 5
0 .3 5 0 . 1 5 4 6 0 4 6 2 .1 3 0 .6 1 $ 3 ,6 9 9 .3 0 3 .0 6 0 .1 5
0 . 3 5 0 .1 6 6 0 4 7 5 .5 7 0 .6 2 $ 3 ,8 0 6 .8 8 3 .1 5 0 .1 6
0 .3 5 0 .1 6 6 6 0 4 8 8 .8 8 0 .6 4 $ 3 ,9 1 3 .4 5 3 .2 4 0 .1 7
0 .3 5 0 .1 7 2 6 0 5 0 2 .0 8 0 .6 6 $ 4 ,0 1 9 .0 7 3 .3 2 0 .1 7
0 .3 5 0 .1 7 8 6 0 5 1 5 .1 6 0 .6 8 $ 4 ,1 2 3 .7 7 3 .4 1 0 .1 8
0 .3 5 0 . 1 8 4 6 0 5 2 8 .1 3 0 .6 9 $ 4 ,2 2 7 .5 9 3 .5 0 0 .1 8
0 .3 5 0 .1 9 6 0 5 4 0 .9 9 0 .7 1 $ 4 ,3 3 0 .5 6 3 .5 8 0 .1 9
0 .3 5 0 . 1 9 6 6 0 5 5 3 .7 6 0 .7 3 $ 4 ,4 3 2 .7 3 3 .6 7 0 .2 0
0 .3 5 0 .2 0 2 6 0 5 6 6 .4 2 0 .7 4 $ 4 ,5 3 4 .1 2 3 .7 5 0 .2 0
0 .3 5 0 .2 0 8 6 0 5 7 8 .9 9 0 .7 6 $ 4 ,6 3 4 .7 5 3 .8 3 0 .2 1
0 .3 5 0 . 2 1 4 6 0 5 9 1 .4 7 0 .7 8 $ 4 ,7 3 4 .6 7 3 .9 2 0 .2 1
0 .3 5 0 .2 2 6 0 6 0 3 .8 7 0 .7 9 $ 4 ,8 3 3 .8 8 4 .0 0 0 .2 2
0 . 3 5 0 . 2 2 6 6 0 6 1 6 .1 8 0 .8 1 $ 4 ,9 3 2 .4 2 4 .0 8 0 .2 3
0 .3 5 0 . 2 3 2 6 0 6 2 8 .4 1 0 .8 2 $ 5 ,0 3 0 .3 1 4 .1 6 0 .2 3
0 . 3 5 0 .2 3 8 6 0 6 4 0 .5 6 0 . 8 4 $ 5 ,1 2 7 .5 7 4 .2 4 0 .2 4
0 .3 5 0 . 2 4 4 6 0 6 5 2 .6 3 0 .8 6 $ 5 ,2 2 4 .2 2 4 .3 2 0 .2 4
0 .3 5 0 .2 5 6 0 6 6 4 .6 3 0 .8 7 $ 5 ,3 2 0 .2 8 4 .4 0 ________SUS.

Figure H-6.5 BJT auxiliary inverter output transformer sizing - Sheet 5 for 600 Hz switching frequency, variable MV A.
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INVFRTER PARAMETFRS
NUMBER OF 

PHASES
NUMBER OF 
SWITCHES

__________2. __________2.

HEAT EXCHANGER ESTIMATES
FIXED COST PER PRIME POWER FIXED MASS MASS PER kW FIXED VOLUME/kW
COST kW LOSS ($/kW) IkVA/kW LOSSI Ikd) LOSS Ika/kWI VOLUME fm‘3l LOSS lm"3/kWI

____ $5.900.00 __________ 2. ______ 0-7967 ________ 222 __________ 2 _________2*2. __________2.

BUS WORK & FRAME ESTIMATES
% INCREASE IN 
TOTAL MASS

% INCREASE IN 
TOTAL VOLUME

41.46% ______ZM2%

CONTROLLER
MASS
Ikal

VOLUME
lm-3|

5 0.01

COST ESTIMATE5
CONTROLLER CONTROLLER BUS & FRAME LABOR AND SERVICES ESTIMATES t% OF TOTAL COSTI
FIXED COST COST/SWITCH % INC IN COST MATERIAL FAB LABOR FAB SERVICES TEST LABOR

____ SI. 500.00 ______ $35.00 10.00% 41.82% 30.66% 13.49% 14.03%

INPUT PARAMETERS CACULATED RESULTS
INPUT VOLTAGE OUTPUT MVA SWITCH FREQ MASS VOLUME COST INVERTER HEAT EX INVERTER TOTAL MAXIMUM MAXIMUM

IkVDCI IMVAJ IHlI (kc) IS) LOSS IkWI POWER IkVAl EFFICENCY EFFICENCY DUTY CYCLE MVA
0.35 0.2 100 1207.37 2.29 $96,958.96 9.95 7.93 95.26% 91.79% 0.9980 0.39
0.35 0.2 150 1211.25 2.30 $97,198.82 10.44 8.32 95.04% 91.42% 0.9970 0.38
0.35 0.2 200 1211.90 2.30 $97,245.69 10.92 8.70 94.82% 91.07% 0.9960 0.36
0.35 0.2 250 1212.55 2.30 S97.292.57 11.39 9.08 94.61% 90.72% 0.9950 0.35
0.35 0.2 300 1213.20 2.31 $97,339.44 11.87 9.45 94.40% 90.37% 0.9940 0.33
0.35 0.2 350 1213.85 2.31 $97,386.31 12.34 9.83 94.19% 90.02% 0.9930 0.32
0.35 0.2 400 1214.49 2.31 $97,433.18 12.82 10.21 93.98% 89.67% 0.9920 0.30
0.35 0.2 450 1215.14 2.31 $97,480.06 13.29 10.59 93.77% 89.33% 0.9910 0.29
0.35 0.2 500 1215.79 2.31 $97,526.93 13.77 10.97 93.56% 88.99% 0.9900 0.28
0.35 0.2 550 1216.44 2.31 $97,573.80 14.24 11.35 93.35% 88.66% 0.9890 0.27
0.35 0.2 600 1217.09 2.31 $97,620.67 14.72 11.73 93.14% 88.32% 0.9880 0.26
0.35 0.2 650 1220.97 2.32 $97,860.53 15.21 12.12 92.93% 87.98% 0.9870 0.25
0.35 0.2 700 1221.61 2.32 $97,907.40 15.69 12.50 92.73% 87.65% 0.9860 0.24
0.35 0.2 750 1222.26 2.32 $97,954.28 16.16 12.88 92.52% 87.32% 0.9850 0.23
0.35 0.2 800 1222.91 2.33 $98,001.15 16.64 13.25 92.32% 87.00% 0.9840 0.22
0.35 0.2 850 1223.56 2.33 $98,048.02 17.11 13.63 92.12% 86.68% 0.9830 0.21
0.35 0.2 900 1224.21 2.33 $98,094.89 17.59 14.01 91.92% 86.36% 0.9820 0.21
0.35 0.2 950 1224.86 2.33 $98,141.77 18.06 14.39 91.72% 86.04% 0.9810 0.20
0.35 0.2 1000 1332.35 2.44 $141,626.19 20.99 16.72 90.50% 84.14% 0.9800 0.39
0.35 0.2 1050 1333.65 2.44 $141,719.94 21.63 17.23 90.24% 83.73% 0.9790 0.38
0.35 0.2 1100 1334.94 2.44 $141,813.68 22.26 17.74 89.98% 83.33% 0.9780 0.37
0.35 0.2 1150 1336.24 2.45 $141,907.43 22.90 18.25 89.73% 82.94% 0.9770 0.35
0.35 0.2 1200 1337.54 2.45 $142,001.17 23.54 18.75 89.47% 82.55% 0.9760 0.34
0.35 0.2 1250 1338.83 2.45 $142,094.91 24.18 19.26 89.22% 82.16% 0.9750 0.33
0.35 0.2 1300 1340.13 2.45 $142,188.66 24.81 19.77 88.96% 81.77% 0.9740 0.33

________2*25.________ 2 2 _______ 155£ _____ 134125 2.46 ___$H2.1ZL22 _______ 2£dZ. _______ 2222. ______ SS.Zgfl ______81-38% ______ P.9730 ________2 2 2

Figure H-6.6 BJT auxiliary inverter summary - Sheet 1 for 0.2 MVA, variable frequency.



__________________________________________________BJT PARAMETERS___________________________________________
VOLTAGE 

RATING IkVI
POWER DISS 
PER BJT IWI

V THRESHOLD 
IVOLTSI

DYNAMIC r 
(OHMSI

INC. SW LOSS 
LOSS PER AMP

FIXED SW 
LOSS

BJTs PER
MODULE

MINIMUM 
OFF TIME

MAXIMUM
Itaa______U. 1350 ______ LI_____£>222._____2J222._______2._______L 2-00E-05 _____ M2

SWITCH MODULE PARAMETERS
FIXED MASS

(ka)
MASS PER dv/dt 
LOSS Ika/kW)

FIXED VOL 
(m-3l

VOL PER dv/dt 
LOSS lm*3/kW)

7.55 __________L 0.0045 _____0002244

BUS WORK & F3AME ESTIMATES
% INCREASE IN 
TOTAL MASS

% INCREASE IN 
TOTAL VOLUME____£Li25L______71.43%

COST ESTIMATES
FIXED COST 
PER MODULE

COST PER dv/dt 
LOSS (S/kWI

DRIVER FIXED 
COST

DRIVER COST 
PER MODULE

BUS & FRAME 
% INC IN COST

$2.402.03 *100-00 ___11,822,22______ *35.00 1000%

INPUT PARAME1rERS CACULATED RESULTS
INPUT VOLTAGE

fkVDCI
OUTPUT MVA 

IMVAI
SWITCH FREQ 

(Hil
TOTAL EST 
MASS (ka)

TOTAL EST
VOLUME (m"3l

TOTAL EST
MAT’L COST

TOTAL EST
SW LOSS (kWI

MAXIMUM 
PEAK CURRENT

MAX PHASE CUR 
PARALLEL lArmsI

PARALLEL 
MODULES REQ

SERIES
MODULES REQ

TOTAL
MODULES REQ

0.35 0.2 100 10.83 0.01 $3,786.67 0.84 1000.00 797.09 1 1 1
0.35 0.2 150 10.91 0.01 $3,789.64 0.92 992.67 790.85 1 1 1
0.35 0.2 200 10.99 0.01 $3,792.61 1.00 947.37 754.38 1 1
0.35 0.2 250 11.06 0.01 $3,795.58 1.06 904.99 720.27 1 1 1
0.35 0.2 300 11.14 0.01 $3,798.55 1.16 865.35 688.37 1 1 1
0.35 0.2 350 11.21 0.01 $3,801.52 1.24 828.28 658.55 1 1 1
0.35 0.2 400 11.29 0.01 $3,804.49 1.31 793.61 630.67 1 1 1
0.35 0.2 450 11.37 0.01 $3,807.46 1.39 761.19 604.60 1 1 1
0.35 0.2 500 11.44 0.01 $3,810.43 1.47 730.85 580.21 1 1 1
0.35 0.2 550 11.52 0.01 $3,813.40 1.55 702.44 557.38 1 1 1
0.35 0.2 600 11.60 0.01 $3,816.37 1.63 675.83 535.99 1 1 1
0.35 0.2 650 11.67 0.01 $3,819.34 1.71 650.89 515.95 1 1 1
0.35 0.2 700 11.75 0.01 $3,822.31 1.79 627.48 497.14 1 1 1
0.35 0.2 750 11.63 0.01 $3,825.28 1.87 605.50 479.48 1 1
0.35 0.2 600 11.90 0.01 $3,828.25 1.95 584.84 462.89 1 1
0.35 0.2 650 11.98 0.01 $3,831.22 2.02 565.40 447.28 1 1 1
0.35 0.2 900 12.06 0.01 $3,834.19 2.10 547.10 432.57 1 1 1
0.35 0.2 950 12.13 0.01 $3,837.16 2.18 529.84 418.71 1 1 1
0.35 0.2 1000 24.42 0.02 $6,580.27 2.67 513.55 405.63 2 1 ' 2
0.35 0.2 1050 24.57 0.02 $6,586.21 2.77 498.16 393.28 2 1 2
0.35 0.2 1100 24.72 0.02 $6,592.15 2.88 483.60 381.59 2 1 2
0.35 0.2 1150 24.87 0.02 $6,598.09 2.98 469.82 370.53 2 1 2
0.35 0.2 1200 25.03. 0.02 $6,604.03 3.09 456.76 360.05 2 1 2
0.35 0.2 1250 25.18 0.02 $6,609.97 3.20 444.38 350.10 2 1 2
0.35 0.2 1300 25.33 0.02 $6,615.91 3.30 432.61 340.66 2 1 2_____ 222.______2A 1350 _______ 25,49 _____ SL22.___S2.S21.B5.______M L 421.43 ______ 331.69 _______L _______L 2

Figure H-6.7 BJT auxiliary switch quantity characterization - Sheet 2 for 0.2 MVA, variable frequency.
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SNUBBER PARAMETERS
dv/dt SNUBBER 
CAPACITOR luFI

dl/dt SNUBBER 
INDUCTOR (uH)

3 ________ 11.

_____________ ANTI-PARALLELDIODE PARAMETERS
DIODE 
VT (V|

DIODE 
r (OHMS)

DIODE 
Irr (AMPSI

DIODES 
PER MODULE

________M l _____0.001133 ________ 422. __________ L

INPUT PARAME1rERS CACULATED SWITCH MODULE CURRENTS AND LOSSES BASED ON DESIRED OUTPUT MVA
INPUT VOLTAGE OUTPUT MVA SWITCH FREQ TOTAL EST MODULE PEAK MODULE COND MODULE SWITCH TOTAL MODULE ANTIPARALLEL dv/dt SNUBBER di/dt SNUBBER CONDUCTORIkVDCI (MVAI IHrl MOD LOSS IkWI CURRENT IAI LOSS IkWI LOSS IkWI LOSS IkWI LOSS IkWI 1 OSS IkWI LOSS IkWI LOSS IkWI

0.35 0.2 100 0.84 519.27 0.40 0.10 0.50 0.23 0.05 0.00 0.05
0.35 0.2 150 0.92 519.79 0.40 0.15 0.55 0.23 0.08 0.01 0.050.35 0.2 200 1.00 520.31 0.40 0.20 0.60 0.23 0.11 0.01 0.05
0.35 0.2 250 1.08 520.83 0.40 0.25 0.65 0.23 0.14 0.01 0.05
0.35 0.2 300 1.16 521.36 0.40 0.30 0.70 0.23 0.16 0.01 0.05
0.35 0.2 350 1.24 521.88 0.40 0.35 0.75 0.23 0.19 0.01 0.05
0.35 0.2 400 1.31 522.41 0.40 0.40 0.80 0.23 0.22 0.02 0.05
0.35 0.2 450 1.39 522.93 0.40 0.45 0.85 0.23 0.24 0.02 0.05
0.35 0.2 500 1.47 523.46 0.40 0.49 0.90 0.23 0.27 0.02 0.05
0.35 0.2 550 1.55 523.99 0.40 0.54 0.95 0.23 0.30 0.02 0.05
0.35 0.2 600 1.63 524.52 0.40 0.59 1.00 0.23 0.32 0.03 0.05
0.35 0.2 650 1.71 525.05 0.40 0.64 1.05 0.23 0.35 0.03 0.05
0.35 0.2 700 1.79 525.59 0.40 0.69 1.10 0.23 0.38 0.03 0.05
0.35 0.2 750 1.87 526.12 0.40 0.74 1.15 0.23 0.41 0.03 . 0.05
0.35 0.2 800 1.95 526.65 0.40 0.79 1.20 0.23 0.43 0.03 0.05
0.35 0.2 850 2.02 527.19 0.40 0.84 1.25 0.23 0.46 0.04 0.05
0.35 0.2 900 2.10 527.73 0.41 0.89 1.30 0.23 0.49 0.04 0.05
0.35 0.2 950 2.18 528.27 0.41 0.94 1.35 0.23 0.51 0.04 0.05
0.35 0.2 1000 1.33 264.40 0.16 0.49 0.65 0.09 0.54 0.02 0.02
0.35 0.2 1050 1.39 264.67 0.16 0.52 0.68 0.09 0.57 0.02 0.02
0.35 0.2 1100 1.44 264.94 0.16 0.54 0.70 0.09 0.59 0.02 0.02
0.35 0.2 1150 1.49 265.21 0.16 0.57 0.73 0.09 0.62 0.03 0.02
0.35 0.2 1200 1.54 265.49 0.16 0.59 0.75 0.09 0.65 0.03 0.02
0.35 0.2 1250 1.60 265.76 0.16 0.62 0.78 0.09 0.68 0.03 0.02
0.35 0.2 1300 1.65 266.03 0.16 0.64 0.80 0.09 0.70 0.03 0.02

________M l ________ 11 _______ 1251 ________ LZ1 ______ 266-30 ________111 ________ M l 0.83 ________M l ________ M L ________M l ________ M l

Figure H-6.8 BJT auxiliary switch loss estimation - Sheet 3 for 0.2 MVA, variable frequency.
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. CAPACITOR PARAH,lE iras__________________________________
CAPACITANCE

(uFI
VOLTAGE

(kVI
RMS RIPPLE 

CURRENT (Al
VOLTAGE

DE-RATING
CURRENT

DE-RATING
MAX ESR 
(OHMSI

BLEEDER 
RES (OHMSI

_________ k m _________ 2 d L _____________22. ______  0-875 ___________2 i 2-10802 __________ 2222

_____ CAPACITOR PARAMETERS___
MASS

IkQ)
VOLUME

(m“3)
__________ i m . _______ LS2L22

BUS WORK & FRAME ESTIMATES
% INCREASE IN 
TOTAL MASS

% INCREASE IN 
TOTAL VOLUME

62.75% 117.00%

_________________ COST ESTIMATE,5
CAP & BLEEDER 
COST PER CAP

DUMP COST 
PER kJ

BUS & FRAME 
% INC IN COST

$60.90 876 97 ________ 1 2 4 2 &

INI3UT PARAME'rERS CACULATED RESULTS
INPUT VOLTAGE

(kVDCI
OUTPUT MVA 

MVA)
SWITCH FREQ 

-------- M il
TOTAL EST 
MASS (kal

TOTAL EST 
VOLUME (m*3l

TOTAL EST
-------- COST _ _

TOTAL EST
LOSS (kWI

RMS CURRENT 
IA|

LOSS PER 
CAPACITOR IW)

TOTAL STORED 
ENERGY (kJI

PARALLEL 
CAPS REQ

SERIES 
CAPS REQ

TOTAL 
CAPS RFO

0.36 0.2 100 78.92 0.19 $2,667.96 1.18 734.99 33.76 12.01 36
0.36 0.2 160 62.20 0.20 $2,641.33 1.20 737.06 33.30 12.36 36 1
0.36 0.2 200 62.20 0.20 $2,641.33 1.20 739.12 33.36 12.36 36 1 36
0.36 0.2 260 82.20 0.20 $2,641.33 1.20 741.19 33.40 12.36 36 1 36
0.36 0.2 300 82.20 0.20 $2,641.33 1.20 743.27 33.46 12.36 36 1
0.36 0.2 360 82.20 0.20 $2,641.33 1.21 746.34 33.60 12.36 36 36
0.36 0.2 400 82.20 0.20 $2,641.33 1.21 747.42 33.66 12.36 36 1 36
0.36 0.2 460 82.20 0.20 $2,641.33 1.21 749.60 33.60 12.36 36 1
0.36 0.2 600 82.20 0.20 $2,641.33 1.21 761.68 33.66 12.36 36 1
0.36 0.2 660 82.20 0.20 $2,641.33 1.21 763.67 33.70 12.36 36 1 36
0.36 0.2 600 82.20 0.20 $2,641.33 1.22 766.76 33.76 12.36 36 1
0.36 0.2 660 84.49 0.20 $2,714.70 1.23 767.84 33.31 12.69 37 1 37
0.36 0.2 700 84.49 0.20 $2,714.70 1.23 769.94 33.36 12.69 37 t 37
0.36 0.2 760 84.49 0.20 $2,714.70 1.24 762.03 33.41 12.69 37 1 37
0.36 0.2 600 84.49 0.20 $2,714.70 1.24 764.13 33.46 12.69 37 1 37
0.36 0.2 660 84.49 0.20 $2,714.70 1.24 766.23 33.61 12.69 37 1 37
0.36 0.2 600 84.49 0.20 $2,714.70 1.24 768.33 33.66 12.69 37 1 37
0.36 0.2 960 84.49 0.20 $2,714.70 1.24 770.43 33.61 12.69 37 1 37
0.36 0.2 1000 86.77 0.21 $2,788.07 1.27 781.32 33.38 13.03 38 1 38
0.36 0.2 1060 86.77 0.21 $2,788.07 1.27 784.01 33.44 13.03 38 1 38
0.36 0.2 1100 86.77 0.21 $2,788.07 1.27 786.72 33.60 13.03 38 1 38
0.36 0.2 1160 86.77 0.21 $2,788.07 1.2B 789.42 33.66 13.03 36 1 38
0.36 0.2 1200 86.77 0.21 $2,788.07 1.28 792.13 33.63 13.03 38 1 38
0.36 0.2 1260 86.77 0.21 $2,786.07 1.28 794.84 33.69 13.03 38 1 38
0.36 0.2 1300 86.77 0.21 $2,788.07 1.28 797.66 33.76 13.03 38 1 38
0.36 0 7 ______ a m 8806 _________SUL _____ S2.B61.44 _______ us. 800-27 __________ 33.34 ________ U.22 __________ 22._________ L __________22.

Figure'H-6.9 BJT auxiliary input filter sizing - Sheet 4 for 0.2 MVA, variable frequency.
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B A S IS  T R A N S F O R M E R  P A R A M E T E R S
M V A  R A T IN G M A S S

Ika )
V O L U M E

( m ‘ 3 )
F R E Q U E N C Y  I FULL LO A D  

(H z) P O W E R  LO S S  (k W
E S T IM A T E D

C O S T
0 .1 5 4 5 3 .1 0 .5 9 4 7 6 0  I 3 .0 0 $ 3 ,6 2 7 .0 0

IN3UT PARAME'rERS CACULATED RESULTS
O U T P U T  V O L T A G  

(k V D C )
O U T P U T  P O W E R  

(M W )
LINE FR EQ  

(H z)
T O T A L  E S T  
M A S S  (ka l

T O T A L  E S T  
V O L U M E  (m * 3 )

T O T A L  E S T  
C O S T

T O T A L  E S T  
LO S S  (k W )

TR A N S F O R M E R  
M V A  R A TIN G

0 .3 5 0 .2 6 0 5 6 2 .2 1 0 .7 4 $ 4 ,5 0 0 .4 1 3 .7 2 0 .2 0
0 .3 5 0 .2 6 0 5 6 2 .2 1 0 .7 4 $ 4 ,5 0 0 .4 1 3 .7 2 0 .2 0
0 .3 5 0 .2 6 0 5 6 2 .2 1 0 .7 4 $ 4 ,5 0 0 .4 1 3 .7 2 0 .2 0
0 .3 5 0 .2 6 0 5 6 2 .2 1 0 .7 4 $ 4 ,5 0 0 .4 1 3 .7 2 0 .2 0
0 .3 5 0 .2 6 0 5 6 2 .2 1 0 .7 4 $ 4 ,5 0 0 .4 1 3 .7 2 0 .2 0
0 .3 5 0 .2 6 0 5 6 2 .2 1 0 .7 4 $ 4 ,5 0 0 .4 1 3 .7 2 0 .2 0
0 .3 5 0 .2 6 0 5 6 2 .2 1 0 .7 4 $ 4 ,5 0 0 .4 1 3 .7 2 0 .2 0
0 .3 5 0 .2 6 0 5 6 2 .2 1 0 .7 4 $ 4 ,5 0 0 .4 1 3 .7 2 0 .2 0
0 .3 5 0 .2 6 0 5 6 2 .2 1 0 .7 4 $ 4 ,5 0 0 .4 1 3 .7 2 0 .2 0
0 .3 5 0 .2 6 0 5 6 2 .2 1 0 .7 4 $ 4 ,5 0 0 .4 1 3 .7 2 0 .2 0

■ 0 .3 5 0 .2 6 0 5 6 2 .2 1 0 .7 4 $ 4 ,5 0 0 .4 1 3 .7 2 0 .2 0
0 .3 5 0 .2 6 0 5 6 2 .2 1 0 .7 4 $ 4 ,5 0 0 .4 1 3 .7 2 0 .2 0
0 .3 5 0 .2 6 0 5 6 2 .2 1 0 .7 4 $ 4 ,5 0 0 .4 1 3 .7 2 0 .2 0
0 .3 5 0 .2 6 0 5 6 2 .2 1 0 .7 4 $ 4 ,5 0 0 .4 1 3 .7 2 0 .2 0
0 .3 5 0 .2 6 0 5 6 2 .2 1 0 .7 4 $ 4 ,5 0 0 .4 1 3 .7 2 0 .2 0
0 .3 5 0 .2 6 0 5 6 2 .2 1 0 .7 4 $ 4 ,5 0 0 .4 1 3 .7 2 0 .2 0
0 .3 5 0 .2 6 0 5 6 2 .2 1 0 .7 4 $ 4 ,5 0 0 .4 1 3 .7 2 0 .2 0
0 .3 5 0 .2 6 0 5 6 2 .2 1 0 .7 4 $ 4 ,5 0 0 .4 1 3 .7 2 0 .2 0
0 .3 5 0 .2 6 0 5 6 2 .2 1 0 .7 4 $ 4 ,5 0 0 .4 1 3 .7 2 0 .2 0
0 .3 5 0 .2 6 0 5 6 2 .2 1 0 .7 4 $ 4 ,5 0 0 .4 1 3 .7 2 0 .2 0
0 .3 5 0 .2 6 0 5 6 2 .2 1 0 .7 4 $ 4 ,5 0 0 .4 1 3 .7 2 0 .2 0
0 .3 5 0 .2 6 0 5 6 2 .2 1 0 .7 4 $ 4 ,5 0 0 .4 1 3 .7 2 0 .2 0
0 .3 5 0 .2 6 0 5 6 2 .2 1 0 .7 4 $ 4 ,5 0 0 .4 1 3 .7 2 0 .2 0
0 .3 5 0 .2 6 0 5 6 2 .2 1 0 .7 4 $ 4 ,5 0 0 .4 1 3 .7 2 0 .2 0
0 .3 5 0 .2 6 0 5 6 2 .2 1 0 .7 4 $ 4 ,5 0 0 .4 1 3 .7 2 0 .2 0
0 .3 5 ________________ ° L 6 0 5 6 2 .2 1 0 .7 4 $ 4 ,5 0 0 .4 1 _________ M L ______________ 2 J 0

Figure H-6.10 BJT auxiliary inverter output transformer sizing - Sheet 5 for 0.2 MVA, variable switching frequency.



INVERTER PARAMETERS
NUMBER OF 

PHASES
NUMBER OF 
SWITCHES

1 4

HEAT EXCHANGFR FSTIMATES________________ .
FIXED
COST

COST PER 
kW LOSS l$/kWl

PRIME POWER 
IkVA/kW LOSSI

FIXED MASS 
(kg)

MASS PER kW 
LOSS Ika/kWI

FIXED
VOLUME lm*3l

VOLUME/kW 
LOSS lm'3/kWI$39 440.00 _______ 1MJL ______ 0-7967 400 1 ____,____2*21 ______ 2*2121

CONTROI1FR
MASS

(kg)
VOLUME 

Cm* 3)
_____________L 0.01

BUS WORK & FRAME ESTIMATES
% INCREASE IN 
TOTAL MASS

% INCREASE IN 
TOTAL VOLUME

41.46% ______71-43%

COST ESTIMATF3
CONTROLLER 
FIXED COST

CONTROLLER
COST/SWITCH

BUS & FRAME 
% INC IN COST

$3.500.00 $35.00 ______1000%

LABOR AND SERVICES ESTIMATES 1% OF TOTAI COSTI
MATERIAL FAB LABOR FAB SERVICES TEST LABOR

_______ 4182% ________30-66% ________13.49% 14-03%

INPUT PARAMETERS CACULATED RESULTS
OUTPUT VOLTAG OUTPUT POWER SWITCH FREQ MASS VOLUME COST CONVERTER HEAT EX CONVERTER TOTAL MAXIMUM MAXIMUM
___ l!2££]___ (MW) ____ l&l____ (kg) Cm~3l ($i LOSS IkW) POWER IkVAl EFFICENCY EFFICENCY DUTY CYCLE MW7 10 TOO 20711.01 45.52 $1,215,097.60 209.73 167.09 97.95% 96.37% 0.98 17.787 ' 10 150 21102.50 46.34 $1,241,503.37 247.99 197.57 97.58% 95.73% 0.97 17.227 10 200 21494.99 47.17 $1,267,978.21 286.34 228.13 97.22% 95.11% 0.96 16.687 10 250 21888.51 47.99 $1,294,524.77 324.80 258.77 96.85% 94.49% 0.96 16.157 10 300 22283.11 48.82 $1,321,145.85 363.37 289.50 96.49% 93.87% 0.95 15.657 10 350 22678.84 49.65 $1,347,844.36 402.05 320.32 96.13% 93.26% 0.94 15.167 10 400 23075.73 50.48 $1,374,623.37 440.85 351.23 95.78% 92.66% 0.93 14.687 10 450 23473.85 51.31 $1,401,486.08 479.77 382.24 95.42% 92.06% 0.92 14.237 10 500 23873.23 52.15 $1,428,435.87 518.82 413.34 95.07% 91.47% 0.91 13.797 10 550 24273.93 52.99 $1,455,476.27 558.00 444.56 94.71% 90.89% 0.90 13.367 10 600 24676.00 53.83 $1,482,610.99 597.32 475.88 94.36% 90.31% 0.89 12.957 10 650 25079.51 54.68 $1,509,843.95 636.77 507.32 94.01 % 89.73% 0.88 12.557 10 700 25484.52 55.52 $1,537,179.24 676.38 538.87 93.66% 89.16% 0.88 12.177 10 750 25891.08 56.38 $1,564,621.17 716.14 570.55 93.32% 88.60% 0.87 11.807 10 800 26299.27 57.23 $1,592,174.30 756.06 602.36 92.97% 88.04% 0.86 11.44. 7 10 850 26709.16 58.09 $1,619,843.39 796.16 634.30 92.63% 87.49% 0.85 11.107 10 900 27120.83 58.95 $1,647,633.50 836.42 666.38 92.28% 86.94% 0.84 10.767 10 950 27534.34 59.82 $1,675,549.93 876.87 698.60 91.94% 86.39% 0.83 10.447 10 1000 27949.80 60.69 $1,703,598.29 917.51 730.98 91.60% 85.85% 0.82 10.137 10 1050 32907.71 70.16 $2,283,543.86 1278.54 1018.61 88.66% 81.32% 0.81 14.747 10 1100 33487.91 71.37 $2,322,550.38 1334.79 1063.42 88.22% 80.66% 0.81 14.307 10 1150 34069.68 72.58 $2,361,665.98 1391.19 1108.36 87.79% 80.00% 0.80 13.88

7 10 1200 34653.09 73.80 $2,400,895.64 1447.77 1153.44 87.35% 79.36% 0.79 13.477 10 1250 35238.23 75.02 $2,440,244.63 1504.51 1198.65 86.92% 78.72% 0.78 13.077 10 1300 35825.18 76.24 $2,479,718.51 1561.44 1 244.00 86.49% 78.09% 0.77 12.69
7 _________ 12. _______ 1252. 36414.02 _______ ZLiS. $2.519.323.15 1618.56 1289-51 ______86.07% ______ 77.47% 0.76 _______ 1121

Figure H-7.1 Single phase GTO input converter summary - Sheet 1 for 10 MW output power and variable switching frequency.
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GTO PARAMETERS
VOLTAGE 

RATING IkVI
POWER DISS 
PER GTO IWI

V THRESHOLD
(VOLTS)

DYNAMIC r 
(OHMS)

INC. SW LOSS 
PER AMP (J/A)

FIXED SW 
LOSS (Jl

MINIMUM 
OFF TIME Is)

MAXIMUM 
___ Hag IA)

__________ £. 2900 _____ L2I____9,22132.___ 2i»221£7_____ L25._____ U ltS U _____ 222S1
SWITCH MODULE PARAMETERS

FIXED MASS
(ka)

MASS PER SNUB 
LOSS Ilca/kWI

FIXED VOL 
(m"3|

VOL PER SNUB 
LOSS lm‘ 3/kWI

_______ 2U2. 2 _____ 0 04535 0.002244

BUS WORK & FRAME ESTIMATES
% INCREASE IN 
TOTAL MASS

% INCREASE IN 
TOTAL VOLUME

_____222,22% 71.43%

COST ESTIMATI s
FIXED COST 
PER MODULE

COST PER SNUB 
LOSS l$/kWI

DRIVER FIXED 
COST

DRIVER COST 
PER MODULE

BUS & FRAME 
% INC IN COST

$9 304.40 _____ U22.22. ____ *1.000-00 $35.00 ______ 12,22%

INPUT PARAME1rERS CACULATED RESULTS
OUTPUT VOLTAG

IkVDC)
OUTPUT POWER

IMWt
SWITCH FREQ 

(Hi)
TOTAL EST
MASS (kal

TOTAL EST 
VOLUME lm*3l

TOTAL EST
MAT'L COST

TOTAL EST 
SW LOSS IkWI

MAXIMUM 
PEAK CURRENT

MAX PHASE CUR 
PARALLELIArmsI

PARALLEL 
MODULES REQ

SERIES
MODULES REQ

TOTAL
MODULES REQ

7 10 100 487.91 0.54 $64,705.56 39.27 2031.19 1606.25 2 3 6
7 10 150 541.72 0.57 $65,692.08 48.80 1984.87 1562.53 2 3 6
7 10 200 595.68 0.60 $66,681.25 58.35 1939.91 1520.18 2 3 6
7 10 250 649.78 0.64 $67,673.16 67.93 1896.29 1479.17 2 3 6
7 10 300 704.04 0.67 $68,667.91 77.54 1653.98 1439.45 2 3 6
7 10 350 758.46 0.71 $69,665.63 87.17 1812.95 1401.00 2 3 6
7 10 400 813.05 0.74 $70,666.41 96.83 1773.16 1363.78 2 3 6
7 10 450 867.81 0.78 $71,670.40 106.52 1734.59 1327.74 2 3 6
7 10 500 922.75 0.81 $72,677.70 116.25 1697.19 1292.85 2 3 6
7 10 550 977.89 0.85 $73,688.47 126.01 1660.93 1 259.08 2 3 6
7 10 600 1033.22 0.88 $74,702.84 135.80 1625.79 1226.38 2 3 6
7 10 650 1088.75 0.92 $75,720.96 145.62 1591.72 1194.72 2 3 6
7 10 700 1144.50 0.96 $76,742.98 155.49 1558.70 1164.07 2 3 6
7 10 750 1 200.47 0.99 $77,769.08 165.39 1526.69 1134.39 2 3 6
7 10 800 1256.67 1.03 $78,799.42 175.33 1495.66 1105.65 2 3 6
7 10 850 1313.11 1.06 $79,834.18 185.32 1465.57 1077.81 2 3 6
7 10 900 1369.80 1.10 $80,873.56 195.34 1436.41 1050.84 2 3 6
7 10 950 1426.76 1.14 $81,917.77 205.42 1408.12 1024.72 2 3 6
7 10 1000 1483.99 1.17 $82,967.01 215.54 1380.70 999.40 2 3 6
7 10 1050 2216.72 1.75 $123,730.61 305.45 1354.10 974.86 3 3 9
7 10 1100 2296.96 1.81 $125,201.70 319.46 1328.29 951.07 3 3 9
7 10 1150 2377.43 1.86 $126,677.02 333.51 1303.26 928.01 3 3 9
7 10 1200 2458.14 1.91 $128,156.74 347.60 1278.97 905.64 3 3 9
7 10 1250 2539.10 1.96 $129,641.06 361.74 1255.40 883.94 3 3 9
7 10 1300 2620.33 2.01 $131,130.21 375.91 1232.52 862.88 3 3 9
7 _________ UL 1350 2701.83 ________ m . $132,624.40 390.14 ______1210-31 842.45 __________ 2. 3 __________2.

Figure H-7.2 Single phase GTO input converter switch quantity characterization - Sheet 2 for 10 MW output power and variable
switching frequency.



SNURBFR PARAMETERS
dv/dt SNUBBER 
CAPACITOR luFI

dl/dt SNUBBER 
INDUCTOR luHl

__________£. _________L±

ANTI-PARALLEL DIODE PARAMETERS
DIODE 
VT (VI

DIODE 
r (OHMSI

DIODE 
Irr (AMPSI

_________L I _____0001583 ________ 222.

IN 3UT PARAMETERS CACULATED SWITCH MODULE CURRENTS AND LOSSES BASED ON DESIRED OUTPUT MVA
OUTPUT VOLTAG 
___ Uiim___

OUTPUT POWER 
IMWI

SWITCH FREQ
____ l&l____

TOTAL EST 
MOD LOSS IkWI

MODULE PEAK 
CURRENT IA)

MODULE COND 
LOSS IkWI

MODULE SWITCH 
LOSS IkWI

TOTAL MODULE ANTI-PARALLEL 
LOSS IkWI

dv/dt SNUBBER 
LOSS IkWI

di/dt SNUBBER 
LOSS IkWI

CONDUCTOR 
LOSS IkWI7 10 100 6.55 1142.21 1.11 0.17 1.28 1.04 2.70 0.28 1.257 10 150 8.13 1152.60 1.12 0.25 1.37 1.04 4.05 0.42 1.257 10 200 9.73 1163.17 1.12 0.33 1.45 1.05 5.40 0.57 1.257 10 250 11.32 1173.94 1.13 0.41 1.54 1.06 6.75 0.72 1.257 10 300 12.92 1184.92 1.13 0.50 1.63 1.06 8.10 0.68 1.257 10 350 14.53 1196.10 1.14 0.58 1.72 1.07 9.45 1.04 1.257 10 400 16.14 1207.49 1.14 0.66 1.80 1.08 10.80 1.21 1.257 10 450 17.75 1219.10 1.15 0.75 1.89 1.08 12.15 1.38 1.257 10 500 19.37 1230.94 1.15 0.83 1.96 1.09 13.50 1.56 1.257 10 550 21.00 1 243.00 1.16 0.91 2.07 1.10 14.85 1.74 1.257 10 600 22.63 1255.31 1.16 0.99 2.15 1.10 16.20 1.93 1.257 10 650 24.27 1267.87 1.17 1.08 2.24 1.11 17.55 2.12 1.257 10 700 25.91 1280.67 1.17 1.16 2.33 1.12 18.90 2.32 1.257 10 750 27.56 1293.74 1.18 1.24 2.42 1.12 20.25 2.52 1.257 10 800 29.22 1307.08 1.18 1.32 2.51 1.13 21.60 2.73 1.257 10 850 30.69 1320.70 1.19 1.41 2.60 1.14 22.95 2.95 1.257 10 900 32.56 1334.60 1.19 1.49 2.69 1.15 24.30 3.18 1.257 10 950 34.24 1348.80 1.20 1.57 2.77 1.16 25.65 3.41 1.257 10 1000 35.92 1363.30 1.21 1.66 2.86 1.16 27.00 . 3.65 1.257 10 1050 33.94 918.75 0.68 1.34 2.02 0.61 28.35 2.13 0.837 10 1100 35.50 928.84 0.68 1.41 2.09 0.61 29.70 2.26 0.837 10 1150 37.06 939.17 0.69 1.47 2.16 0.62 31.05 2.40 0.837 10 1200 38.62 949.72 0.69 1.53 2.22 0.62 32.40 2.55 0.837 10 1250 40.19 960.51 0.69 1.60 2.29 0.62 33.75 2.70 0.837 10 1300 41.77 971.55 0.69 1.66 2.36 0.63 35.10 2.85 0.83

__________ I _____ ;___L2._______L2£2 _______ S 135. ______ 982.85 _______ 222._______ LZ2.________ 2 A 1 _______ fc£2. 36.45 ________m . ________SLfii

Figure H-7.3 Single phase GTO input converter switch loss estimation - Sheet 3 for 10 MW output power and variable switching 
frequency, -J /
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____________________________________ BASIS TRANSFi7RMER PARAMETERS_______________________________
MVA RATING 

•60% DUTY CYCL
MASS

(ko)
VOLUME

(m“3)
FREQUENCY

(Hz)
FULL LOAD 

POWER LOSS (kW
ESTIMATED

COST
______________ £. ___________£ 2 2 ! __________ 2J22 . _____________£2. 30.00 $76.394.00

RECTIFICATION 
POWER FACTOR

1PF)______
0.0

IN P U T  P A R A M E T E R S C A C U L A T E D  R E S U L T S
OUTPUT VOLT AG 

IkVDO
OUTPUT POWER 

(MW)
LINE FREQ 

(Hz)
TOTAL EST 
MASS (ka)

TOTAL EST 
VOLUME (m‘ 3l

TOTAL EST 
COST

TOTAL EST 
LOSS IkWI

TRANSFORMER 
MVA RATING

7 10 60 12263.23 17.10 $132,276.63 62.63 12.70
7 10 60 12287.69 17.16 $132,648.66 62.78 12.74
7 10 60 12322.21 17.20 $133,021.32 62.93 12.79
7 10 60 12366.79 17.26 $133,394.64 63.08 12.84
7 10 60 12391.44 17.30 $133,768.68 63.23 12.89
7 10 60 12426.16 17.34 $134,143.46 63.38 12.94
7 10 60 12460.96 17.39 $134,619.02 63.63 12.98
7 10 60 12496.82 17.44 $134,896.42 63.66 13.03
7 10 60 12630.76 17.49 $136,272.69 63.83 13.08
7 10 60 12666.80 17.64 $136,660.88 63.98 13.13
7 10 60 12600.92 17.69 $136,030.04 64.13 13.18
7 10 60 12636.14 17.64 $136,410.22 64.28 13.23
7 10 60 12671.46 17.69 $136,791.48 64.43 13.28
7 10 60 12706.88 17.74 $137,173.87 64.68 13.33
7 10 60 12742.41 17.79 $137,667.46 64.74 13.38
7 10 60 12778.06 17.84 $137,942.31 64.89 13.43
7 10 60 12813.83 17.89 $138,328.48 66.04 13.48
7 10 60 12849.73 17.94 $138,716.04 66.20 13.63
7 10 60 12886.77 17.99 $139,106.07 66.36 13.68
7 10 60 13204.46 18.43 $142,646.42 66.72 14.03
7 10 60 13263.88 18.60 $143,078.93 66.93 14.10
7 10 60 13303.38 18.67 $143,613.29 67.16 14.17
7 10 60 13362.97 18.64 $144,148.66 67.36 14.24
7 10 60 13402.64 18.71 $144,684.81 67.67 14.31
7 10 60 13462.41 18.78 $146,222.12 67.79 14.38

______________ L _____________ 12. _____________ 22 _______13602.29 18 86 ____$146.760.66 __________ £&££. __________ 1 !4 £ .

Figure H-7.4 Single phase GTO input transformer sizing - Sheet 4 for 10 MW output power and variable switching
frequency.
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INVERTER PARAMETERS
NUMBER OF . 

PHASES
NUMBER OF 
SWITCHES___ :___ l _____________£

HEAT EXCHANGFR Ff TIMATES
FIXED
COST

COST PER 
kW LOSS ($/kWI

PRIME POWER 
IkVA/kW LOSSI

FIXED MASS 
Ikol

MASS PER kW 
LOSS Ika/kWI

FIXED
VOLUME lm*3l

VOLUME/kW 
LOSS (m"3/kWI

$39,440.00 164.5 ________ 0-7967 ___________222 _____________ L __________ U l ________ 2,2121

CONTROLLER
MASS
(kg)

VOLUME
(m-3|

5 __________ SL2L

BUS WORK & FRAME ESTIMATES
% INCREASE IN 
TOTAL MASS

% INCREASE IN 
TOTAL VOLUME

41.46% ________71-43%

COST ESTIMATE
CONTROLLER 
FIXED COST

CONTROLLER
COST/SWITCH

BUS & FRAME 
% INC IN COST

_______12.522.22- __________225,22 _________ 12.2222

LABOR AND SERVICES ESTIMATES 1% OF TOTAL COSTI
MATERIAL FAB LABOR FAB SERVICES TEST LABOR

_______ 41-82% ________30-66% ________13-49% 14.03%

INPUT PARAME1rERS CACULATED RESULTS
OUTPUT VOLTAG 

IkVDCI
OUTPUT POWER 

IMWI
SWITCH FREQ 

_____ (HH
MASS

Ikol
VOLUME

lm-31
COST

($1
CONVERTER 
LOSS IkWI

HEAT EX 
POWER IkVAl

CONVERTER
EFFICENCY

TOTAL
EFFICENCY

MAXIMUM 
DUTY CYCLE

MAXIMUM
MW

7 25 600 49005.44 98.89 $2,895,405.25 1301.25 1036.71 95.05% 91.45% 0.89 25.90
7 26 600 53036.96 106.19 $3,371,183.70 1489.05 1186.33 94.58% 90.67% 0.89 32.38
7 27 600 54138.84 108.27 $3,403,103.84 1512.95 1205.36 94.69% 90.85% 0.89 32.38
7 28 600 55234.37 110.34 $3,435,082.59 1537.27 1224.74 94.80% 91.02% 0.89 32.38
7 29 600 56323.91 112.40 $3,467,128.07 1562.03 1244.47 94.69% 91.18% 0.89 32.38
7 30 600 57407.84 114.46 $3,499,247.77 1587.21 1264.53 94.98% 91.32% 0.69 32.38
7 31 600 58486.48 116.51 $3,531,448.63 1612.83 1284.94 95.05% 91.45% 0.89 32.38
7 32 600 59560.12 118.56 $3,563,737.13 1638.88 1305.70 95.13% 91.57% 0.89 32.38
7 33 600 63506.36 125.69 $4,036,619.44 1823.90 1453.10 94.76% 90.97% 0.89 38.85
7 34 600 64554.53 127.68 $4,067,674.62 1848.27 1472.51 94.84% 91.10% 0.89 38.85
7 35 600 65598.12 129.67 $4,098,793.97 1872.99 1492.21 94.92% 91.23% 0.89 38.65
7 36 600 66637.36 131.65 $4,129,982.37 1898.08 1512.20 94.99% 91.35% 0.89 38.85
7 37 600 67672.48 133.62 $4,161,244.41 1923.53 1532.48 95.06% 91.46% 0.89 38.85
7 38 600 68703.67 135.60 $4,192,584.38 1949.34 1553.04 95.12% 91.56% 0.89 38.85
7 39 600 72602.90 142.65 $4,664,430.80 2134.13 1700.26 94.81% 91.05% 0.89 45.33
7 40 600 73613.16 144.57 $4,694,739.77 2158.51 1719.69 94.88% 91.16% 0.89 45.33
7 41 600 74619.76 146.50 $4,725,109.38 2183.21 1739.36 94.94% 91.27% 0.89 45.33
7 42 600 75622.86 148.41 $4,755,543.04 2208.22 1759.28 95.00% 91.37% 0.89 45.33
7 43 600 76622.62 150.33 $4,786,043.98 2233.53 1779.45 95.06% 91.46% 0.89 45.33
7 44 600 77619.19 152.24 $4,816,615.25 2259.16 1799.87 95.12% 91.55% 0.89 45.33
7 45 600 78612.69 154.15 $4,847,259.77 2285.10 1820.54 95.17% 91.64% 0.89 45.33
7 46 600 82458.65 161.10 $5,317,297.47 2468.14 1966.37 94.91% 91.21% 0.89 51.81
7 47 600 83434.50 162.97 $5,347,041.00 2492.80 1986.02 94.96% 91.30% 0.89 51.61
7 48 600 84407.46 164.83 $5,376,844.05 2517.74 2005.88 95.02% 91.39% 0.89 51.81
7 49 600 85377.63 166.70 $5,406,709.01 2542.95 2025.96 95.07% 91.47% 0.89 51.81_______L ____________52. 600 _____ 86345,14 ________ 169.56 $5.436.638.16 _______ 2552,42 2046.26 _______ 2SJJft _______ 91.55% __________ 1122. _________ 5L21

Figure H-7.5 Single phase GTO input converter summary - Sheet 1 for 600 Hz switching frequency and variable power.
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GTO PARAMETERS
VOLTAGE 

RATING IkVI
POWER DISS 
PER GTO IWI

V THRESHOLD 
(VOLTS)

DYNAMIC r I INC. SW LOSS 
IOHMS) PER AMP (J/AI

FIXED SW 
LOSS (J)

MINIMUM 
OFF TIME (si

MAXIMUM 
Itaa IAI

6 2900 __________ L22_ _______ 0 00118 I______ 0 003167 __________ L05 _______1.77E-04 3000

SWITCH MODULE PARAMETERS BUS WORK a FRAME ESTIMATES
FIXED MASS 

Ikfll
MASS PER SNUB 

LOSS (ka/kWl
FIXED VOL

(m*3)
VOL PER SNUB
LOSS lm“3/kWl

% INCREASE IN 1 % INCREASE IN 
TOTAL MASS TOTAL VOLUME

21.15 _____________ i 0.04535 ______ 0002244 ______ 200.00%! 71.43%

C O ST ESTIMATE*s
FIXED COST 
PER MODULE

C O ST PER SNUB
LO SS l$/kW I

DRIVER FIXED 
COST

DRIVER C O ST 
PER MODULE

BU S & FRAME 
%  INC IN C O ST

$ 9  3 0 4  4 0 $ 1 0 0 .0 0 ________ $ 1 - 0 0 0 .0 0 ____________ $ 3 5 .0 0 ___________ 1 0 .0 0 %

IN PUT PARAME1rERS CACULATED RESULTS
OUTPUT VOLTAG 

fkVDCl
OUTPUT POWER 

(MWI
SWITCH FREQ 

_____ | H j J _
TOTAL EST
MASS (kal

TOTAL EST
VOLUME faT 31

TOTAL EST 
MAT'I COST

TOTAL EST 
SW LOSS (kWI

MAXIMUM 
PEAK CURRENT

MAX PHASE CUR 
PARALLELIArmsI

PARALLEL 
MODULES REQ

SERIES
MODULES REQ

TOTAL
MODUIES REQ

7 25 600 2124.75 1.81 $149,374.79 298.54 1625.79 1226.38 4 3 12
7 26 600 2593.85 2.22 $185,305.20 344.58 1625.79 1226.38 5 3 15
7 27 600 2604.98 2.23 $185,509.28 349.78 1625.79 1226.38 5 3 15
7 28 600 2616.44 2.23 $185,719.36 355.10 1625.79 1226.38 5 3 15
7 29 600 2628.22 2.24 $185,935.43 360.53 1625.79 1226.38 5 3 15
7 30 600 2640.33 2.25 $186,157.49 366.08 1625.79 1226.38 5 3 15
7 31 600 2652.77 2.26 $186,385.53 371.74 1625.79 1226.38 5 3 15
7 32 600 2665.54 2.26 $186,619.57 377.51 1625.79 1226.38 5 3 15
7 33 600 3132.80 2.68 $222,516.29 422.91 1625.79 1226.38 6 3 18
7 34 600 3144.39 2.68 $222,728.86 428.28 1625.79 1226.38 6 3 18
7 35 600 3156.26 2.69 $222,946.43 433.74 1625.79 1226.38 6 3 18
7 36 600 3168.40 2.70 $223,168.98 439.29 1625.79 1226.38 6 3 18
7 37 600 3180.81 2.71 $223,396.53 444.94 1625.79 1226.38 6 3 18
7 38 600 3193.50 2.71 $223,629.07 450.69 1625.79 1226.38 6 3 18
7 39 600 3660.69 3.13 $259,524.58 496.07 1625.79 1226.38 7 3 21
7 40 600 3672.38 3.13 $259,738.93 501.47 1625.79 1226.38 7 3 21
7 41 600 3684.31 3.14 $259,957.57 506.95 1625.79 1226.38 7 3 21
7 42 600 3696.47 3.15 $260,180.48 512.51 1625.79 1226.38 7 3 21
7 43 600 3708.86 3.16 $260,407.67 518.15 1625.79 1226.38 7 3 21
7 44 600 3721.49 3.16 $260,639.15 523.88 1625.79 1226.38 7 3 21
7 45 600 3734.35 3.17 $260,874.90 529.68 1625.79 1226.38 7 3 21
7 46 600 4200.39 3.58 $296,749.36 574.66 1625.79 1226.38 B 3 24
7 47 600 4212.36 3.59 $296,968.80 580.16 1625.79 1226.38 8 3 24
7 48 600 4224.54 3.60 $297,191.98 585.72 1625.79 1226.38 8 ' 3 24
7 49 600 4236.91 3.61 $297,418.90 591.36 1625.79 1226.38 8 3 24
7 ____________SSL___________£22. _______ 4249.50 __________ 2JLL ________ 597.07 ______ 1 §25,72 _______ 1226.38 _____;________2. _____________ i 24

Figure H-7.10 Single phase GTO input converter switch quantity characterization - Sheet 2 for 600 Hz switching frequency
and variable power.
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SNUBBER PARAMETERS
dv/dt SNUBBER 
CAPACITOR luFI

dl/dt SNUBBER 
INDUCTOR luHl

__________S.________ L i

ANTI-PARALLEL DIODE PARAMETERS
DIODE 
VT (VI

DIODE 
r (OHMSI

DIODE 
Irr (AMPSI

________  11 0001583 380

IN PUT PABAME1rERS CACULATED SWITCH MODULE CURRENTS AND LOSSES BASED ON DESIRED OUTPUT MVA
OUTPUT VOLTAG 

IkVDCI
OUTPUT POWER 

JMWI
SWITCH FREQ 

(Hil
TOTAL EST 

MOD LOSS IkWI
MODULE PEAK 
CURRENT IAI

MODULE COND 
LOSS (kWI

MODULE SWITCH 
1 OSS IkWI

TOTAL MODULE 
LOSS IkWI

ANTI-PARALLEL 
LOSS IkWI

dv/dt SNUBBER 
LOSS IkWI

dl/dt SNUBBER 
LOSS IkWI

CONDUCTOR
LOSS (kW)

7 25 600 24.88 1569.14 1.62 1:16 2.78 1.60 16.20 2.74 1.56
7 26 600 22.97 1305.52 1.23 1.02 2.25 1.18 16.20 2.05 1.30
7 27 600 23.32 1355.74 1.30 1.05 2.35 1.25 16.20 2.17 1.35
7 28 600 23.67 1405.95 1.37 1.08 2.45 1.33 16.20 2.30 1.40
7 29 600 24.04 1456.16 1.45 1.10 2.55 1.41 16.20 2.43 1.45
7 30 600 24.41 1506.37 1.52 1.13 2.65 1.49 16.20 2.56 1.50
7 31 600 24.78 1556.59 1.60 1.16 2.75 1.58 16.20 2.70 1.55
7 32 600 25.17 1606.80 1.68 1.18 2.86 1.67 16.20 2.84 1.60
7 33 600 23.50 1380.84 1.34 1.06 2.40 1.29 16.20 2.23 1.37
7 34 600 23.79 1422.69 1.40 1.08 2.48 1.36 16.20 2.34 1.42
7 35 600 24.10 1464.53 1.46 1.11 2.56 1.42 16.20 2.45 1.46
7 36 600 24.41 1506.37 1.52 1.13 2.65 1.49 16.20 2.56 1.50
7 37 600 24.72 1548.22 1.58 1.15 2.74 1.56 16.20 2.68 1.54
7 38 600 25.04 1590.06 1.65 1.17 2.82 1.64 16.20 2.79 1.58
7 39 600 23.62 1398.78 1.36 1.07 2.43 1.32 16.20 2.28 1.39
7 40 600 23.88 1434.64 1.41 1.09 2.50 1.38 16.20 2.37 1.43
7 41 600 24.14 1470.51 1.47 1.11 2.58 1.43 16.20 2.47 1.46
7 42 600 24.41 1506.37 1.52 1.13 2.65 1.49 16.20 2.56 1.50
7 43 600 24.67 1542.24 1.58 1.15 2.72 1.55 16.20 2.66 1.54
7 44 600 24.95 1578.11 1.63 1.17 2.80 1.62 16.20 2.76 1.57
7 45 600 25.22 1613.97 1.69 1.19 2.87 1.68 16.20 2.86 1.61
7 46 600 23.94 1443.61 1.43 . 1.10 2.52 1.39 16.20 2.39 1.44
7 47 600 24.17 1474.99 1.47 1.11 2.59 1.44 16.20 2.48 1.47
7 48 600 24.41 1506.37 1.52 1.13 2.65 1.49 16.20 2.56 1.50
7 49 600 24.64 1537.76 1.57 1.15 2.71 1.55 16.20 2.65 1.53

__________ L _________ SSL________ £2£ _______ 2 i£2. ______15S2J1 ________ L£L ________ LIS. 1

K
J

GO 1.60 _________________1 £ l2 2 . ________LZL________L52.

Figure H-7.7 Single phase GTO input converter switch loss estimation - Sheet 3 
power.

for 600 Hz switching frequency and variable
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_______________________________BASIS TRANSFORMER PARAMETERS__________________________
MVA RATING MASS VOLUME FREQUENCY FULL LOAD ESTIMATED

'60% DUTY CYCL (kg) (nrT3) (Hz) POWER LOSS (kW COST
.......-----_____ ft. _________ £984._________LZ1L ___________ SO. _________2 m . ____ £ZL3 9 4 ^ .

RECTIFICATION 
POWER FACTOR
_____iP£]_____
__________2£.

INPUT PARAMETERS CACULATED RESULTS
OUTPUT VOLTAG OUTPUT POWER LINE FREQ TOTAL EST TOTAL EST TOTAL EST TOTAL EST TRANSFORMER

(kVDC) (MW) (Hz) MASS (kfl) VOLUME (m‘ 3) COST LOSS (kW) MVA RATING
7 26 60 24936.98 34.80 $269,190.04 107.11 32.74
7 26 60 26776.77 36.98 $278,266.67 110.72 34.22
7 27 60 26494.28 36.98 $286,012.32 113.81 36.60
7 28 60 27206.69 37.97 $293,692.17 116.86 36.78
7 29 60 27911.27 38.96 $301,309.03 119.89 38.06
7 30 60 28611.26 39.93 $308,866.69 122.90 39.33
7 31 60 29306.89 40.90 $316,364.34 126.88 40.61
7 32 60 29996.39 41.87 $323,807.60 128.86 41.89
7 33 60 30786.21 42.97 $332,333.91 132.24 43.36
7 34 60 31462.67 43.91 $339,646.14 136.16 44.64
7 36 60 32136.34 44.86 $346,908.94 138.04 46.92
7 36 60 32803.71 46.79 $364,124.08 140.91 47.20
7l 37 60 33467.81 46.71 $361,293.20 143.76 48.47
7 38 60 34127.78 47.63 $368,417.84 146.60 49.76
7 39 60 34884.80 48.69 $376,690.03 149.86 61.23
7 40 60 36634.96 49.60 $383,608.62 162.64 62.61
7 41 60 36181.38 60.60 $390,686.87 166.42 63.78
7 42 60 36824.17 61.40 $397,626.01 168.18 66.06
7 43 60 37463.46 62.29 $404,427.20 160.93 66.34
7 44 60 38099.32 63.18 $411,291.63 163.66 67.62
7 46 60 38731.87 64.06 $418,120.06 166.37 68.90
7 46 60 39467.06 66.07 $426,948.62 169.49 60.37
7 47 60 40081.68 66.94 $432,690.48 172.17 61.66
7 48 60 40703.06 66.81 $439,399.46 174.84 62.93
7 49 60 41321.66 67.68 $446,076.32 177.60 64.21

____________ L ___________ HL ___________ _____ 1182ZJS _________ ___ m i n i  .fl,z ________m u _________fi&dft.

Figure H-7.8 Single phase GTO input transformer sizing - Sheet 4 for 600 Hz switching frequency and variable power.
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CONVFRTFR PARAMETERS
NUMBER OF 

PHASES
NUMBER OF 
SWITCHES

__________ L ____ ;________ ±

HEAT EXCHANGER ESTIMATES
FIXED COST PER PRIME POWER FIXED MASS MASS PER kW FIXED VOLUME/kW
COST kW LOSS ($/kWI IkVA/kW LOSSI (ko) LOSS Iko/kWI VOLUME (m*3l LOSS lm‘ 3/kWI

____ *39.440.00 _______ ISIS. ______ 2J2S1 ________ m 1 ________ 2JZ ______  00131

CONTROLLER
MASS
(ko)

VOLUME
lm-31

_____________s. __________ 2 £ 1

BUS WORK 6 FRAME ESTIMATFS
% INCREASE IN 
TOTAL MASS

% INCREASE IN 
TOTAL VOLUME

_______ 41.46% ________71-43%

COST ESTIMATES
CONTROLLER CONTROLLER BUS & FRAME _________ LABOR AND SERVICES ES '■MATES (% OF TOTAL COSTI______
FIXED COST COST/SWITCH % INC IN COST MATERIAL FAB LABOR FAB SERVICES TEST LABOR

*3.500.00 $35.00 ________1000% _______ 41-82% ____ i___ 22.66% ________1 M ________i m

IN PUT PARAMETERS CACULATED RESULTS
OUTPUT VOLTAG 

(kVDCI
OUTPUT POWER 

(MW!
SWITCH FREQ 

IHH
MASS

Ikcl
VOLUME

tm-31
COST
m

CONVERTER
LOSS fkWI

HEAT EX 
POWER (kVAl

CONVERTER
EFFICENCY

TOTAL
EFFICENCY

MAXIMUM 
DUTY CYCLE

MAXIMUM
MW

7 10 100 22839.22 46.29 $2,291,517.23 272.04 216.73 97.35% 95.34% 0.9997 17.44
7 10 150 22856.15 46.33 $2,292,876.72 274.33 218.56 97.33% 95.30% 0.9996 17.38
7 10 200 22873.09 46.38 $2,294,236.40 276.62 220.38 97.31 % 95.27% 0.9994 17.32
7 10 250 22890.03 46.42 $2,295,596.28 278.91 222.21 97.29% 95.23% 0.9993 17.26
7 10 300 22906.97 46.46 $2,296,956.36 281.20 224.04 97.26% 95.19% 0.9991 17.20
7 10 350 22923.92 46.51 $2,298,316.64 283.50 225.86 97.24% 95.15% 0.9990 17.14
7 10 400 22940.87 46.55 $2,299,677.11 285.79 227.69 97.22% 95.12% 0.9988 17.09
7 10 450 22957.82 46.60 $2,301,037.78 288.08 229.52 97.20% 95.08% 0.9987 17.03
7 10 500 22974.78 46.64 $2,302,398.65 290.38 231.34 97.18% 95.04% 0.9985 16.97
7 10 550 22991.74 46.68 $2,303,759.72 292.67 233.17 97.16% 95.00% 0.9984 ' 16.91
7 10 600 23008.70 46.73 $2,305,120.98 294.96 235.00 97.13% 94.97% 0.9982 16.85
7 10 650 23025.66 46.77 $2,306,482.45 297.26 236.82 97.11% 94.93% 0.9981 16.79
7 10 700 23042.63 46.82 $2,307,844.11 299.55 238.65 97.09% 94.89% 0.9979 16.74
7 10 750 23059.60 46.86 $2,309,205.97 301.84 240.48 97.07% 94.86% 0.9978 16.68
7 10 800 23076.57 46.91 $2,310,568.03 304.14 242.31 97.05% 94.82% 0.9976 16.62
7 10 B50 23093.55 46.95 $2,311,930.29 306.43 244.14 97.03% 94.78% 0.9975 16.57
7 10 900 23110.52 46.99 $2,313,292.75 308.73 245.96 97.01% 94.74% 0.9973 16.51
7 10 950 23127.51 47.04 $2,314,655.40 311.02 247.79 96.98% 94.71% 0.9972 16.45
7 10 1000 23144.49 47.08 $2,316,018.26 313.32 249.62 96.96% 94.67% 0.9970 16.40
7 10 1050 23161.48 47.13 $2,317,381.31 315.62 251.45 96.94% 94.63% 0.9969 16.34
7 10 1100 23178.47 47.17 $2,318,744.57 317.91 253.28 96.92% 94.60% 0.9967 16.29
7 10 1150 23195.46 47.21 $2,320,108.02 320.21 255.11 96.90% 94.56% 0.9966 16.23
7 10 1200 23212.46 47.26 $2,321,471.68 322.51 256.94 96.88% 94.52% 0.9964 16.17
7 10 1250 23229.46 47.30 $2,322,835.53 324.80 258.77 96.85% 94.49% 0.9963 16.12
7 10 1300 23246.46 47.35 $2,324,199.59 327.10 260.60 96.83% 94.45% 0.9961 16.07

__________ L _________ 12. ________1222 23263.46 _______ £L2i. $2.325.563.84 ________ 329.40 ______ 2S242. ______96-81% ______2141.%. ________ 0-9960 _______ M

Figure H-8.1 Single phase IGBT input converter summary - Sheet 1 for 10 MW output power and variable switching frequency.



IGBT PARAME1 ERS
VOLTAGE 

RATING IkVI
POWER DISS 
PER IGBT IWI

V THRESHOLD 
IVOLTSI

DYNAMIC r 
IOHMSI

INC. SW LOSS 
LOSS PER AMP

FIXED SW 
LOSS

IGBT* PER 
MODULE

MINIMUM 
OFF TIME

MAXIMUM
Itaa

__________ L _______ 1SLB. _________SL2.______ 0 0106 0.000346 __________ 2. 10 3.00E-06 ___________ 222

SWITCH MODIII F PARAMETERS
FIXED MASS

ika)
MASS PER SNUB

LOSS Ika/kWl
FIXED VOL 

lm‘ 3l
VOL PER SNUB
LOSS (m~3/kWl

__________ L Z1 _____________ 2. 0.00819 0002244

BUS WORK & FRAME ESTIMATES
% INCREASE IN 
TOTAL MASS

% INCREASE IN 
TOTAL VOLUME

20000% 71.43%

COST ESTIMATES
FIXED COST 
PER MODULE

COST PER SNUB 
LOSS IS/kW)

DRIVER FIXED 
COST

DRIVER COST 
PER MODULE

BUS & FRAME 
% INC IN COST

______$4.090.19 _____-11 2 2 ,2 2 ______$1 ooooo ________ $35.00 1000%

INPUT PARAME1rERS CACULATED RESULTS
OUTPUT VOLTAG 

IkVDCI
OUTPUT POWER

IMW1
SWITCH FREQ 

(Hzl
TOTAL EST
MASS Ika)

TOTAL EST 
VOLUME lm*3l

TOTAL EST 
MAT'L COST

TOTAL EST
SW LOSS IkWI

MAXIMUM 
PEAK CURRENT

MAX PHASE CUR 
PARALLEL lArrrel

PARALLEL 
MODULES RFQ

SERIES
MODULES REQ

TOTAL
MODULES RFO

7 10 100 838.98 0.51 S164.533.50 54.79 195.77 1561.79 2 18 36
7 10 150 641.06 0.51 $164,571.50 55.36 195.12 1556.51 2 18 36
7 10 200 843.13 0.51 $164,609.50 55.93 194.48 1551.25 2 18 36
7 10 250 845.20 0.51 $164,647.52 56.50 193.84 1546.01 2 18 36
7 10 300 847.28 0.51 $164,685.54 57.07 193.20 1540.80 2 18 36
7 10 350 849.35 0.51 $164,723.57 57.64 192.56 1535.61 2 18 36
7 10 400 851.43 0.52 $164,761.61 58.22 191.93 1530.43 2 18 36
7 10 450 853.50 0.52 $164,799.65 58.79 191.30 1525.28 2 18 36
7 10 500 855.58 0.52 $164,837.71 59.36 190.67 1520.16 2 18 36
7 10 550 857.65 0.52 $164,875.77 59.93 190.04 1515.05 2 18 36
7 10 600 859.73 0.52 $164,913.84 60.50 189.42 1509.96 2 18 36
7 10 650 861.81 0.52 $164,951.91 61.07 188.80 1504.90 2 18 36
7 10 700 863.88 0.52 $164,990.00 61.64 188.18 1499.86 2 18 36
7 10 750 865.96 0.53 $165,028.09 62.21 187.56 1494.84 2 18 36
7 10 800 868.04 0.53 $165,066.19 62.78 186.95 1489.84 2 18 36
7 10 850 870.12 0.53 $165,104.30 63.36 186.34 1484.86 2 18 36
7 10 900 872.20 0.53 $165,142.41 63.93 185.73 1479.90 2 18 36
7 10 950 874.28 0.53 $165,180.53 64.50 185.12 1474.97 2 18 36
7 10 1000 876.36 0.53 $165,218.67 65.07 184.52 1470.05 2 18 36
7 10 1050 878.44 0.53 $165,256.80 65.64 183.92 1465.16 2 18 36
7 10 1100 880.52 0.53 $165,294.95 66.22 183.32 1460.29 2 18 36
7 10 1150 882.60 0.54 $165,333.10 66.79 182.73 1455.44 2 18 36
7 10 1200 884.68 0.54 $165,371.27 67.36 182.13 1450.60 2 18 36
7 10 1250 886.76 0.54 $165,409.44 67.93 181.54 1445.80 2 18 36
7 10 1300 888.84 0.54 $165,447.61 68.50 180.96 1441.01 2 18 36_______I______ 12._____ 1222 890.93 _____ 2£! $165.485.80 _____S2J12.____ 1B2.2Z_______ 1436.24 2 ______ LB.______ 2S.

Figure H-8.2 Single phase IGBT input converter switch quantity characterization
switching frequency.

Sheet 2 for 10 MW output power and variable
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SNUBBFR PARAMFTERS
dv/dt SNUBBER 
CAPACITOR (uFI

dl/dt SNUBBER 
INDUCTOR (uHl_______L______JLL

_________________ ANTI-PARALLEL 3IODE PARAMETERS_____________
DIODE 
VT (VI

DIODE 
r (OHMS)

DIODE 
Irr IAMPSI

DIODES 
PER MODULE

___________ UL 0.00556 ________ ____ 2± ____________ 21

INPUT PARAMElrERS CACULATED SWITCH MODULE CURRENTS AND LOSSES BASED ON DESIRED OUTPUT MVA
OUTPUT VOLTAG 
_____!£££>____

OUTPUT POWER 
(MW)

SWITCH FREQ
—Mil_____

TOTAL EST
MOD LOSS IkWl

MODULE PEAK
CURRENT (A)

MODULE COND 
LOSS IkWl

MODULE SWITCH 
LOSS IkWl

TOTAL MODULE 
LOSS IkWl

ANTI-PARALLEL 
LOSS IkWl

dv/dt SNUBBER 
LOSS IkWl

di/dt SNUBBER 
LOSS IkWl

CONDUCTOR 
loss (kWl

7 10 100 1.52 1122.33 0.75 0.01 0.76 0.64 0.01 0.01 0.11
7 10 150 1.54 1122.50 0.75 0.02 0.76 0.64 0.02 0.01 0.11
7 10 200 1.55 1122.67 0.75 0.02 0.77 0.64 0.03 0.01 0.11
7 10 250 1.57 11 22.84 0.75 0.03 0.78 0.64 0.03 0.02 0.11
7 10 300 1.59 1123.01 0.75 0.04 0.78 0.64 0.04 0.02 0.11
7 10 350 1.60 11 23.18 0.75 0.04 0.79 0.64 0.04 0.02 0.11
7 10 400 1.62 1123.35 0.75 0.05 0.80 0.64 0.05 0.03 0.11
7 10 450 1.63 1123.51 0.75 0.06 0.80 0.64 0.06 0.03 0.11
7 10 500 1.65 11 23.68 0.75 0.06 0.81 0.64 0.06 0.03 0.11
7 10 550 1.66 1123.85 0.75 0.07 0.81 0.64 0.07 0.04 0.11
7 10 600 1.68 1124.02 0.75 0.07 0.82 0.64 0.08 0.04 0.11
7 10 650 1.70 1124.19 0.75 0.08 0.83 0.64 0.08 0.04 0.11
7 10 700 1.71 1124.36 0.75 0.09 0.83 0.64 0.09 0.05 0.11
7 10 750 1.73 1124.53 0.75 0.09 0.84 0.64 0.09 0.05 0.11
7 10 800 1.74 1124.70 0.75 0.10 0.85 0.64 0.10 0.05 0.11
7 10 850 1.76 11 24.87 0.75 0.11 0.85 0.64 0.11 0.06 0.11
7 10 900 1.78 1125.03 0.75 0.11 0.86 0.64 0.11 0.06 0.11
7 10 950 1.79 1125.20 0.75 0.12 0.86 0.64 0.12 0.06 0.11
7 10 1000 1.81 1125.37 0.75 0.12 0.87 0.64 0.13 0.07 0.11
7 10 1050 1.82 1125.54 0.75 0.13 0.88 0.64 0.13 0.07 0.11
7 10 1100 1.84 1125.71 0.75 0.14 0.88 0.64 0.14 0.07 0.11
7 10 1150 1.86 1125.88 0.75 0.14 0.89 0.64 0.14 0.08 0.11
7 10 1200 1.87 1126.05 0.75 0.15 0.90 0.64 0.15 0.08 0.11
7 10 1250 1.89 1126.22 0.75 0.15 0.90 0.64 0.16 0.08 0.11
7 10 1300 1.90 1126.39 0.75 0.16 0.91 0.64 0.16 0.09 0.11
7 ____________!£.___________L252. _____ L21_______ 1126.56 __________ 2JS._____ suz__________ Z Z L __________ 2£± 0.17 __________m _____ 2J1

Figure H-8.3 Single phase IGBT input converter switch loss estimation - Sheet 3 for 10 MW output power and variable switching
frequency.
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___________________________________________ BASIS TRANSFORMER PARAMETERS_____________________________________
MV A RATING M ASS VOLUME FREQUENCY FULL LOAO ESTIMATED

*60%  DUTY CYCL Ikol (m -3) (Hz) POWER LOSS IkW COST
___________ s. 6 9 8 4 ____________ _______________ 8 2 . 3000 ______ t7 6 .3 9 4 .0 Q

RECTIFICATION 
POWER FACTOR 

IPF)
0.8

IN P U T  P A R A M E T E R S C A C U L A T E D  R E S U L T S
OUTPUT VOLTAG 

tkVDC)
OUTPUT POWER 

IMWI
LINE FREQ 

1Hz)
TOTAL EST 
M ASS (ka)

TOTAL EST 
VOLUME (m*31

TOTAL EST
COST

TOTAL EST 
LOSS <kW>

TRANSFORMER 
MVA RATING

7 10 60 1 2 3 0 9 .3 4 1 7 .1 8 $ 1 3 2 ,8 8 2 .3 8 6 2 .8 8 1 2 .7 7
7 10 6 0 1 2 3 1 1 .4 0 1 7 .1 8 $ 1 3 2 ,9 0 4 .6 3 6 2 .8 8 1 2 .7 8
7 10 6 0 1 2 3 1 3 .4 7 1 7 .1 9 $ 1 3 2 ,9 2 6 .8 9 6 2 .8 9 1 2 .7 8
7 10 6 0 1 2 3 1 6 .6 3 1 7 .1 0 $ 1 3 2 ,9 4 9 .1 6 6 2 .9 0 1 2 .7 8
7 10 6 0 1 2 3 1 7 .6 9 1 7 .1 9 $ 1 3 2 ,9 7 1 .4 1 6 2 .9 1 1 2 .7 9
7 10 6 0 1 2 3 1 9 .6 6 1 7 .2 0 $ 1 3 2 ,9 9 3 .6 7 6 2 .0 2 1 2 .7 9
7 10 6 0 1 2 3 2 1 .7 1 1 7 .2 0 $ 1 3 3 ,0 1 6 .0 3 6 2 .9 3 1 2 .7 0
7 10 6 0 1 2 3 2 3 .7 8 1 7 .2 0 $ 1 3 3 ,0 3 8 .2 0 6 2 .9 4 1 2 .7 9
7 10 60 1 2 3 2 6 .8 4 1 7 .2 0 $ 1 3 3 ,0 6 0 .4 6 6 2 .9 6 1 2 .8 0
7 10 6 0 1 2 3 2 7 .9 0 1 7 .21 $ 1 3 3 ,0 8 2 .7 3 6 2 .9 6 1 2 .8 0
7 10 6 0 12329.96 1 7 .21 $ 1 3 3 .1 0 6 .0 0 6 2 .9 6 1 2 .8 0
7 10 6 0 1 2 3 3 2 .0 3 1 7 .21 $ 1 3 3 ,1 2 7 .2 7 6 2 .9 7 12.81
7 10 6 0 1 2 3 3 4 .0 9 1 7 .2 2 $ 1 3 3 ,1 4 9 .6 4 6 2 .9 8 12.81
7 10 6 0 1 2 3 3 6 .1 6 1 7 .2 2 $ 1 3 3 ,1 7 1 .8 2 6 2 .9 9 12.81
7 10 6 0 1 2 3 3 8 .2 2 1 7 .2 2 $ 1 3 3 ,1 9 4 .0 0 6 3 .0 0 1 2 .81
7 10 60 1 2 3 4 0 .2 8 1 7 .2 2 $ 1 3 3 ,2 1 6 .3 7 6 3 .0 1 1 2 .8 2
7 10 6 0 1 2 3 4 2 .3 4 1 7 .2 3 $ 1 3 3 ,2 3 8 .6 6 6 3 .0 2 1 2 .8 2
7 10 6 0 1 2 3 4 4 .4 1 1 7 .2 3 $ 1 3 3 ,2 6 0 .9 3 6 3 .0 3 1 2 .8 2
7 10 6 0 1 2 3 4 6 .4 7 1 7 .2 3 $ 1 3 3 ,2 8 3 .2 1 6 3 .0 3 1 2 .8 3
7 10 6 0 1 2 3 4 8 .6 4 1 7 .2 4 $ 1 3 3 ,3 0 6 .4 9 6 3 .0 4 1 2 .8 3
7 10 6 0 1 2 3 6 0 .6 0 1 7 .2 4 $ 1 3 3 ,3 2 7 .7 8 6 3 .0 6 1 2 .8 3
7 10 6 0 1 2 3 6 2 .6 7 1 7 .2 4 $ 1 3 3 ,3 6 0 .0 6 6 3 .0 6 1 2 .8 3
7 10 6 0 1 2 3 6 4 .7 3 1 7 .2 4 $ 1 3 3 ,3 7 2 .3 6 6 3 .0 7 1 2 .8 4
7 10 6 0 1 2 3 6 6 .7 9 1 7 .2 5 $ 1 3 3 ,3 9 4 .6 4 6 3 .0 8 1 2 .8 4
7 10 6 0 1 2 3 6 8 .8 6 1 7 .2 6 $ 1 3 3 ,4 1 6 .9 3 6 3 .0 9 1 2 .8 4
7 _____________ 12. _____________ 22 1 2 3 6 0 .9 2 __________ 1 L 2 L < 1 3 3 .4 3 9 .2 2 __________ f i i i f l . __________

Figure H-8.4 Single phase IGBT input transformer sizing - Sheet 4 for 10 MW output power and variable switching
frequency.



CONVFRTFR PARAMFTFRS
NUMBER OF 

PHASES
NUMBER OF 
SWITCHES

__________ L __________i

HEAT EXCHANGER ESTIMATES
FIXED
COST

COST PER 
kW LOSS l$/kW)

PRIME POWER 
IkVA/kW LOSSI

FIXED MASS 
Ikol

MASS PER kW 
LOSS Ika/kWI

FIXED
VOLUME (m*3l

VOLUME/kW 
LOSS (m*3/kWI

$39,440.00 _________ IS IS . ________ 07967 400 _____________ L __________ ZZL -----------i C.Q131

CONTROLLER
MASS
(kg|

VOLUME
(m-3)

__________S. __________ &21

BUS WORK & FRAME ESTIMATES
% INCREASE IN 
TOTAL MASS

% INCREASE IN 
TOTAL VOLUME

41.46% ________7143%

COST ESTIMATE
CONTROLLER 
FIXED COST

CONTROLLER
COST/SWITCH

BUS & FRAME 
% INC IN COST

_____ $3.500.00 ________»5,gg ________1000%

LABOR AND SERVICFS ES riMATES 1% OF TOTAL COST!______
MATERIAL FAB LABOR FAB SERVICES TEST LABOR

_____ lh82°i ________gg.SgSL ________13-49% _____ n sn .

IN PUT PA RAM ElrERS CACULATED RESULTS
OUTPUT VOLTAG 

IkVDCI
OUTPUT POWER 

IMW)
SWITCH FREQ 

_____ iikl_____
MASS
. (kal

VOLUME
fm-31

COST
($1

CONVERTER
LOSS (kWl

HEAT EX 
POWER IkVAl

CONVERTER
EFFICENCY

TOTAL
EFFICENCY

MAXIMUM 
DUTY CYCLE

MAXIMUM
MW

7 25 600 43452.93 64.94 53.728.740.48 826.83 658.73 96.80% 94.39% 0.9982 25.28
7 26 600 46758.98 87.85 54.593.723.80 790.74 629.99 97.05% 94.82% 0.9982 33.70
7 27 600 47846.63 90.12 54.630.228.74 829.58 660.93 97.02% 94.77% 0.9982 33.70
7 28 600 48926.58 92.38 54.666.860.18 869.15 692.45 96.99% 94.72% 0.9982 33.70
7 29 600 49999.26 94.64 54.703.626.88 909.46 724.57 96.96% 94.67% 0.9982 33.70
7 30 600 51065.05 96.90 54.740.536.94 950.50 757.27 96.93% 94.81% 0.9982 33.70
7 31 600 52124.30 99.16 54.777.597.84 992.29 790.56 .96.90% 94.56% 0.9982 33.70
7 32 600 53177.33 101.41 54.B14.816.50 1034.81 824.43 96.87% 94.51% 0.9982 33.70
7 33 600 54224.46 103.66 54.852.199.39 1078.07 858.90 96.84% 94.46% 0.9982 33.70
7 34 600 57459.60 106.42 55.714.685.16 1039.17 827.91 97.03% 94.79% 0.9982 42.13
7 35 600 58482.94 108.59 55.750.145.11 1078.65 859.36 97.01% 94.75% 0.9982 42.13
7 36 600 59500.83 110.76 55.785.721.12 1118.71 891.28 96.99% 94.71% 0.9982 42.13
7 37 600 60513.50 112.92 55.821.418.11 1159.37 923.67 96.96% 94.67% 0.9982 42.13
7 38 600 61521.17 115.08 55.857.240.72 1200.62 956.53 96.94% 94.63% 0.9982 42.13
7 39 600 62524.05 117.24 55.893.193.30 1242.46 989.87 96.91% 94.59% 0.9982 42.13
7 40 600 63522.33 119.40 55.929.279.96 1284.89 1023.67 96.89% 94.54% 0.9982 42.13
7 41 600 64516.20 121.56 55.965.504.56 1327.92 1057.95 96.86% 94.50% 0.9982 42.13
7 42 600 65505.82 123.72 56.001.870.79 1371.54 1092.70 96.84% 94.46% 0.9982 42.13
7 43 600 68674.86 126.30 56.860.880.37 1327.00 1057.22 97.01% 94.75% 0.9982 50.56
7 44 600 69645.92 128.39 56.895.637.17 1367.38 1089.39 96.99% 94.71% 0.9982 50.56
7 45 600 70612.98 130.48 56.930.502.15 1408.26 1121.96 96.97% 94.68% 0.9982 50.56
7 46 600 71576.18 132.57 56.965.478.28 1449.62 1154.91 96.94% 94.64% 0.9982 50.56
7 47 600 72535.65 134.66 57.000.568.39 1491.48 .1188.26 96.92% 94.61% 0.9982 50.56
7 48 600 73491.52 136.74 57.035.775.15 1533.84 1222.01 96.90% 94.57% 0.9982 50.56
7 49 600 74443.91 138.83 57.071.101.12 1576.69 1256.15 96.88% 94.53% 0.9982 50.56
7 ____________SS.___________ £2£ 75392.94 ______ lig.22, 57.106.548.75 _______ lm s i _______ 1290.68 96.86% _______ 94.50% 09982 _________

Figure H-8.5 Single phase IGBT input converter summary - Sheet 1 for 600 Hz switching frequency and variable power.
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IGBT PARAME' [£RS________________________________________ :________________
VOLTAGE 

RATING IkVI
POWER DISS 
PER IGBT IWI

V THRESHOLD 
IVOLTSI

DYNAMIC r 
(OHMS)

INC. SW LOSS 
LOSS PER AMP

FIXED SW 
LOSS

IGBTs PER 
MODULE

MINIMUM 
OFF TIME

MAXIMUM
Itgq

1 _________1SL5. ___________ ________ 0-0108 0.000346 _____________ 2. 10 _______3.29E-9S 300

BUS WORK & FRAMF FSTIMATFS
% INCREASE IN 
TOTAL MASS

% INCREASE IN 
TOTAL VOLUME

______ 20000% ________LL43%

SWITCH MODULE PARAMETERS
FIXED MASS 

(kol
MASS PER SNUB 

LOSS Ika/kWI
FIXED VOL 

(m-3)
VOL PER SNUB 
LOSS (m*3/kW)

__________ U 1 _____________2. 0.00819 0002244

COST ESTIMATf s
FIXED COST 
PER MODULE

COST PER SNUB 
LOSS ($/kW)

DRIVER FIXED 
COST

DRIVER COST 
PER MODULE

BUS & FRAME 
% INC IN COST

$4.090.19 $100.00 ______*1 ooooo ________ $35.00 10-00%

IN P U T  PAR AM ETERS C A C U L A T E D  RESULTS
OUTPUT VOLTAG 

IkVDCI
OUTPUT POWER

IMW)
SWITCH FREQ 

IHzl
TOTAL EST 
MASS Ikal

TOTAL EST
VOLUME lm‘ 3l

TOTAL EST
MAT'L COST

TOTAL EST
SW LOSS (kW)

MAXIMUM 
PEAK CURRENT

MAX PHASE CUR 
PARALLEL (Armsl

PARALLEL . 
MODULES REQ

SERIES
MODULES REQ

TOTAL
MODULES REQ

7 25 600 1311.92 0.80 $247,230.09 180.29 189.42 1509.96 3 18 54
7 26 600 1731.05 1.05 $328,940.25 170.53 189.42 1509.96 4 18 72
7 27 600 1733.27 1.05 $328,980.93 179.46 189.42 1509.96 4 18 72
7 28 600 1735.57 1.05 $329,023.12 188.57 189.42 1509.96 4 18 72
7 29 600 1737.96 1.05 $329,066.80 197.87 189.42 1509.96 4 18 72
7 30 600 1740.42 1.06 $329,111.99 207.37 189.42 1509.96 4 18 72
7 31 600 1742.97 1.06 $329,158.68 217.05 189.42 1509.96 4 18 72
7 32 600 1745.60 1.06 $329,206.86 226.93 189.42 1509.96 4 18 72
7 33 600 1748.31 1.06 $329,256.55 236.99 189.42 1509.96 4 18 72
7 34 600 2167.16 1.31 $410,961.56 226.58 189.42 1509.96 5 18 90
7 35 600 2169.47 1.32 $411,003.90 235.71 189.42 1509.96 5 18 90
7 36 600 2171.84 1.32 $411,047.43 245.00 189.42 1509.96 5 18 90
7 37 600 2174.28 1.32 $411,092.17 254.43 189.42 1509.96 5 18 90
7 38 600 2176.79 1.32 $411,138.10 264.02 189.42 1509.96 5 18 90
7 39 600 2179.36 1.32 $411,185.24 273.76 189.42 1509.96 5 18 90
7 40 600 2182.00 1.32 $411,233.58 283.66 189.42 1509.96 5 18 90
7 41 600 2184.70 1.33 $411,283.12 293.70 189.42 1509.96 5 18 90
7 42 600 2187.47 1.33 $411,333.86 303.90 189.42 1509.96 5 18 90
7 43 600 2605.73 1.58 $493,028.11 292.13 189.42 1509.96 6 18 108
7 44 600 2608.16 1.58 $493,072.55 301.53 189.42 1509.96 6 18 108
7 45 600 2610.63 1.58 $493,117.98 311.05 189.42 1509.96 6 18 108
7 46 600 2613.17 1.59 $493,164.42 320.70 189.42 1509.96 6 18 108
7 47 600 2615.75 1.59 $493,211.86 330.48 189.42 1509.96 6 18 108
7 48 600 2618.40 1.59 $493,260.30 340.39 189.42 1509.96 6 18 108
7 49 600 2621.09 1.59 $493,309.73 350.42 189.42 1509.96 6 18 108

_____________L ____________SSL 600 _______ 2633.84 ___________L52. ____$493.360.17 ________ 222.52 169-42 1509.96 _____________ i ____________is. ___________L2&

Figure H-8.6 Single phase IGBT input converter switch quantity characterization - Sheet 2 for 600 Hz switching frequency and
variable power.



SNUBBER PARAMETERS
dv/dt SNUBBER 
CAPACITOR (uFI

dl/dt SNUBBER 
INDUCTOR luHl

1 ___________ 2J.

ANTI-PARALI.EI 7IODE PARAMETERS
DIODE DIODE DIODE DIODES
VT (VI r (OHMS) Irr IAMPSI PER MODULE

____________LS. 0.00556 ____________ 21 34

INPUT PARAME1rERS CACULATED SWITCH MODULE CURRENTS AND LOSSES BASED ON DESIRED OUTPUT MVA
OUTPUT VOLTAG 

IkVDCI
OUTPUT POWER 

(MW)
SWITCH FREQ 

. (H*l
TOTAL EST 

MOD LOSS IkWI
MODULE PEAK 
CURRENT IAI

MODULE COND 
LOSS IkWI

MODULE SWITCH 
LOSS fkW)

TOTAL MODULE 
LOSS IkWI

ANTI-PARALLEL 
LOSS IkWI

dv/dt SNUBBER 
LOSS IkWI

di/dt SNUBBER 
LOSS IkW)

CONDUCTOR 
LOSS fkW)

7 25 600 3.34 1873.37 1.72 0.12 1.84 1.13 0.08 0.11 0.18
7 26 600 2.37 1461.23 1.14 0.10 1.23 0.65 0.08 0.07 0.14
7 27 GOO 2.49 1517.43 1.21 0.10 1.31 0.89 0.08 0.07 0.14
7 28 600 2.62 1573.63 1.28 0.10 1.39 0.93 0.08 0.08 0.15
7 29 600 2.75 1629.83 1.36 0.11 1.47 0.97 0.08 0.08 0.16
7 30 600 2.88 1686.03 1.44 0.11 1.55 1.00 0.08 ‘0.09 0.16
7 31 800 3.01 1742.23 1.52 0.11 1.64 1.04 0.08 0.09 0.17
7 32 600 3.15 1798.43 1.60 0.12 1.72 1.08 0.08 0.10 0.17
7 33 600 3.29 1854.63 1.69 0.12 1.81 1.12 0.08 0.11 0.18
7 34 600 2.52 1528.67 1.22 0.10 1.33 0.90 0.08 0.07 0.15
7 35 600 2.62 1573.63 1.28 0.10 1.39 0.93 0.08 0.08 0.15
7 36 600 2.72 1618.59 1.35 0.11 1.45 0.96 0.08 0.08 0.15
7 37 600 2.83 1663.55 1.41 0.11 1.52 0.99 0.08 0.09 0.16
7 38 600 2.93 1708.51 1.47 0.11 1.58 1.02 0.08 0.09 0.16
7 39 600 3.04 1753.47 1.54 0.12 1.65 1.05 0.08 0.10 0.17
7 40 600 3.15 1798.43 1.60 0.12 1.72 1.08 0.08 0.10 0.17
7 41 600 3.26 1843.39 1.67 0.12 1.79 i . i i 0.08 0.11 0.18
7 42 600 3.38 1888.35 1.74 0.12 1.87 1.15 0.08 0.11 0.18
7 43 600 2.70 1611.10 1.33 0.11 1.44 0.95 0.08 0.08 0.15
7 44 600 2.79 1648.56 1.39 0.11 1.50 0.98 0.08 0.08 0.16
7 45 600 2.88 1686.03 1.44 0.11 1.55 1.00 0.08 0.09 0.16
7 46 600 2.97 1723.50 1.49 0.11 1.61 1.03 0.08 0.09 0.16
7 47 600 3.06 1760.97 1.55 0.12 1.66 1.06 0.08 0.10 0.17
7 48 600 3.15 1798.43 1,60 0.12 1.72 1.08 0.08 0.10 0.17
7 49 600 3.24 1835.90 1.66 0.12 1.78 1.11 0.08 0.10 0.18
7 _________ £2. ________ £22. ________ LSI ______1SZL21 ________ LZ1 _______ m ________ LSI ________ LIS. 0.08 ________£LLL________2J1

Figure H-8.7 Single phase IGBT input converter switch loss estimation - Sheet 3 for 600 Hz switching frequency and variable 
power.
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___________________________________________ BASIS TRANSFORMER PARAMETERS_____________________________________
MVA RATING M ASS VOLUME FREQUENCY FULL LOAD ESTIMATED

'6 0 %  DUTY CYCL lkg| lm -3 l (Hr) POWER LOSS (kW COST
_________________2. _____________ 2 2 2 1 ____________ L Z i ! ________________22. 3 0 .0 0 ______$ 7 5 .3 9 4 ,0 0

RECTIFICATION 
POWER FACTOR 

IPFI
___________ SUL

IN P U T  P A R A M E T E R S C A C U L A T E D  R E S U L T S
OUTPUT VOLTAG 

(kVDCI
OUTPUT POWER 

(MW)
LINE FREQ

(HD
TOTAL EST
M ASS (ko)

TOTAL EST 
VOLUME (m ‘ 3)

TOTAL EST 
COST

TOTAL EST
LOSS (kW)

TRANSFORMER 
MVA RATING

7 26 6 0 2 4 6 9 7 .6 2 3 4 .3 3 $ 2 6 6 ,6 3 6 .2 8 1 0 6 .6 6 3 2 .1 5
7 26 6 0 2 6 2 8 3 .6 9 3 6 .2 9 $ 2 7 2 ,9 4 2 .6 0 1 0 8 .6 1 3 3 .3 6
7 27 6 0 2 6 0 1 6 .1 3 3 6 .3 1 $ 2 8 0 ,6 6 0 .6 3 1 1 1 .7 5 3 4 .6 6
7 2 8 6 0 2 6 7 4 2 .3 9 3 7 .3 3 $ 2 8 8 ,6 9 0 .6 6 1 1 4 .8 7 3 6 .9 4
7 29 6 0 2 7 4 6 2 .6 6 3 8 .3 3 $ 2 9 6 ,4 6 6 .1 1 1 1 7 .9 7 3 7 .2 4
7 30 6 0 2 8 1 7 7 .2 0 3 9 .3 3 $ 3 0 4 ,1 7 9 .8 1 1 2 1 .0 4 3 6 .6 4
7 31 60 2 8 8 8 6 .2 7 4 0 .3 2 $ 3 1 1 ,8 3 4 .4 3 1 2 4 .0 8 3 9 .8 4
7 3 2 60 2 9 6 9 0 .1 0 4 1 .3 0 $ 3 1 9 ,4 3 2 .4 7 1 2 7 .1 1 4 1 .1 3
7 3 3 6 0 3 0 2 8 8 .9 1 4 2 .2 8 $ 3 2 6 ,9 7 6 .2 3 1 3 0 .1 1 4 2 .4 3
7 34 6 0 3 0 9 2 7 .9 7 4 3 .1 7 $ 3 3 3 ,8 7 6 .0 1 1 3 2 .8 6 4 3 .6 3
7 3 6 6 0 3 1 6 1 4 .2 3 4 4 .1 3 $ 3 4 1 ,2 8 3 .4 6 1 3 6 .8 0 4 4 .9 3
7 3 6 6 0 3 2 2 9 6 .9 7 4 6 .0 8 $ 3 4 8 ,6 4 2 .9 7 1 3 8 .7 3 4 6 .2 2
7 37 6 0 3 2 9 7 3 .3 4 4 6 .0 2 $ 3 6 6 ,9 6 6 .3 6 1 4 1 .6 4 4 7 .6 2
7 30 6 0 3 3 6 4 6 .6 0 4 6 .9 6 $ 3 6 3 ,2 2 2 .2 4 1 4 4 .6 3 4 8 .8 2
7 39 6 0 3 4 3 1 6 .6 9 4 7 .0 0 $ 3 7 0 ,4 4 6 .2 0 1 4 7 .4 0 6 0 .1 2
7 4 0 60 3 4 9 8 0 .7 4 4 8 .8 2 $ 3 7 7 ,6 2 6 .7 2 1 6 0 .2 6 6 1 .4 2
7 41 60 3 6 6 4 2 .0 9 4 9 .7 6 $ 3 8 4 ,7 6 6 .1 8 1 6 3 .1 0 6 2 .7 2
7 4 2 6 0 3 6 2 9 9 .7 6 6 0 .6 7 $ 3 9 1 ,8 6 4 .8 9 1 6 6 .9 3 6 4 .0 2
7 4 3 6 0 3 6 8 9 8 .4 3 6 1 .6 0 $ 3 9 8 ,3 2 7 .6 9 1 6 8 .6 0 6 6 .21
7 4 4 6 0 3 7 6 4 6 .6 4 6 2 .4 1 $ 4 0 6 ,3 2 6 .2 3 1 6 1 .2 8 6 6 .6 1
7 4 6 6 0 3 8 1 9 1 .4 6 6 3 .3 1 $ 4 1 2 ,2 8 6 .2 3 1 6 4 .0 6 6 7 .8 1
7 4 6 60 3 8 8 3 2 .9 9 6 4 .2 0 $ 4 1 9 ,2 1 1 .6 6 1 6 6 .8 1 6 9 .1 0
7 4 7 6 0 3 9 4 7 1 .3 1 6 6 .0 9 $ 4 2 6 ,1 0 2 .4 9 1 6 9 .6 6 6 0 .4 0
7 4 8 6 0 ' 4 0 1 0 6 .6 2 6 6 .9 8 $ 4 3 2 ,9 6 9 .7 3 1 7 2 .2 8 6 1 .7 0
7 4 9 6 0 4 0 7 3 8 .7 0 6 6 .9 6 $ 4 3 9 ,7 8 4 .2 7 1 7 4 .9 9 6 3 .0 0

______________ 2. ________________2 2 . _______________ 2 2 ________4 1 3 6 7 .9 3 __________ 57.71 ____ $ 4 4 6 .5 7 7 .0 1 _________ U 2JS L ____________ 0 4 .3 0

Figure H-8.8 Single phase IGBT input transformer sizing - Sheet 4 for 600 Hz switching frequency and variable power.



INVERTER PARAMETERS
NUMBER OF 

PHASES
NUMBER OF 
SWITCHES

__________ L 4

HEAT EXCHANGER ESTIMATES
FIXED
COST

COST PER 
kW LOSS l$/kWI

PRIME POWER 
IkVA/kW LOSSI

FIXED MASS 
Ikfll

MASS PER kW 
LOSS Ika/kWI

FIXED
VOLUME lm‘ 3l

VOLUME/kW 
LOSS lm‘ 3/kWI

$39,440.00 164.5 ________ 07967 400 _____________ L ___________ ML ________ 0.0131

CONTROl 1 ER
MASS
Ikfll

VOLUME
lm-3)

_____________ L __________ 2*21

BUS WORK & FRAME ESTIMATES
% INCREASE IN 
TOTAL MASS

% INCREASE IN 
TOTAL VOLUME

41.46% ________71-43%

COST ESTIMATE
CONTROLLER 
FIXED COST

CONTROLLER
COST/SWITCH

BUS & FRAME 
% INC IN COST

$3.500.00 ______ 125.22, ________10-00%

LABOR AND SERVICES ESTIMATES 1% OF TOTAL COSTI
MATERIAL FAB LABOR FAB SERVICES TEST LABOR

_______ 11,22ft ________3066% ________13-49% ________14.03%

IN PUT PARAMETERS CACULATED RESULTS
OUTPUT VOLTAG 

IkVDCl
OUTPUT POWER 

IMWI
SWITCH FREQ 

______lUil_____
MASS
(kal

VOLUME
(m‘ 31

COST
($1

CONVERTER
LOSS IkWI

HEAT EX 
POWER tkVAl

CONVERTER
EFFICENCY

TOTAL
EFFICENCY

MAXIMUM 
DUTY CYCLE

MAXIMUM
MW

7 10 100 41105.71 78.92 $4,603,199.89 400.93 319.42 96.15% 93.28% 0.9990 17.81
7 10 150 41157.82 79.16 $4,610,048.45 415.78 331.25 96.01% 93.05% 0.9985 17.80
7 10 200 41209.95 79.40 $4,616,898.15 430.63 343.09 95.87% 92.82% 0.9980 17.79
7 10 250 41262.10 79.64 $4,623,748.99 445.49 354.92 95.74% 92.59% 0.9975 17.78
7 10 300 41314.25 79.88 $4,630,600.97 460.35 366.76 95.60% 92.36% 0.9970 17.77
7 10 350 41366.42 80.12 $4,637,454.08 475.21 378.60 95.46% 92.13% 0.9965 17.76
7 10 400 41418.60 80.36 $4,644,308.35 490.07 390.44 95.33% 91.91% 0.9960 17.75
7 10 450 41470.79 80.60 $4,651,163.76 504.93 402.28 95.19% 91.68% 0.9955 17.75
7 10 500 41523.00 80.84 $4,658,020.32 519.80 414.12 95.06% 91.46% 0.9950 17.74
7 10 550 41575.22 81.08 $4,664,878.04 534.67 425.97 94.92% 91.24% 0.9945 17.73
7 10 600 41627.45 81.33 $4,671,736.92 549.54 437.82 94.79% 91.01% 0.9940 17.72
7 10 650 41679.69 81.57 $4,678,596.95 564.41 449.66 94.66% 90.79% 0.9935 17.71
7 10 700 41731.95 81.81 $4,685,458.15 579.28 461.51 94.52% 90.57% 0.9930 17.65
7 10 750 41784.22 82.05 $4,692,320.52 594.16 473.36 94.39% 90.35% 0.9925 17.29
7 10 800 41836.50 82.29 $4,699,184.06 609.03 485.22 94.26% 90.14% 0.9920 16.93
7 10 850 41888.79 82.53 $4,706,048.77 623.91 497.07 94.13% 89.92% 0.9915 16.59
7 10 900 41941.10 82.77 $4,712,914.66 638.79 508.92 94.00% 89.70% 0.9910 16.26
7 10 950 41993.43 83.01 $4,719,781.72 653.67 520.78 93.86% 89.49% 0.9905 15.94
7 10 1000 42045.76 83.25 $4,726,649.97 668.56 532.64 93.73% 89.28% 0.9900 15.62
7 10 1050 42098.11 83.50 $4,733,519.40 683.44 544.50 93.60% 89.06% 0.9895 15.32
7 10 1100 42150.47 83.74 $4,740,390.02 698.33 556.36 93.47% 88.85% 0.9890 15.02
7 10 1150 42202.85 83.98 $4,747,261.83 713.22 568.22 93.34% 88.64% 0.9885 14.74
7 10 1200 42255.23 84.22 $4,754,134.84 728.11 580.09 93.21% 88.43% 0.9880 14.46
7 10 1250 42307.64 84.46 $4,761,009.05 743.01 591.95 93.08% 88.22% 0.9875 14.19
7 10 1300 42360.05 84.70 $4,767,884.45 757.90 603.82 92.95% 88.01% 0.9870 13.93

_____________ I _________ 12. ________1252 ____ 4211.2.1S _______ 31*21 $4.774.761.06 ________ 772.BQ ________ 615.69 92.83% ______27,21 ft 09965 _______ 1122.

Figure H-9.1 Single phase BJT input converter summary - Sheet 1 for 10 MW output power and variable switching frequency.

II
Vl



BJT PARAMETFRS
VOLTAGE 

RATING IkVI
POWER DISS 
PER BJT IWI

V THRESHOLD 
IVOLTSI

DYNAMIC r 
IOHMSI

INC. SW LOSS 
LOSS PER AMP

FIXED SW 
LOSS

BJTsPER
MODULE

MINIMUM 
OFF TIME

MAXIMUM
Itaa

____________ SL55. 1500 1 _______ 0 0 0 1 8 3 8 0.00275 _______________ 2. _______________ 2. ,________L M i f f i . ____________1222

SWITCH MODULE PARAMETERS
FIXED MASS 

Ikg)
MASS PER SNUB 

LOSS (ka/kWI
FIXED VOL 

lm ‘ 31
VOL PER SNUB 
LOSS (m *3/kW I

___________222 2 . _______________ 2. 0 .04535 _______ 0-002244

BUS WORK & F RAME ESTIMATES
% INCREASE IN 
TOTAL MASS

% INCREASE IN 
TOTAL VOLUME

200.00% 71.43%

COST ESTIMATE*s
FIXED COST 
PER MODULE

COST PER SNUB 
LOSS ($/kW)

DRIVER FIXED 
COST

DRIVER COST 
PER MODULE

BUS & FRAME 
% INC IN COST___§5,232.27. *100-00 _______*1 000-00 ___ —§25.22- _____ 10-00%

IN P U T  P A R A M E 1 rE R S C A C U L A T E D  R E S U L T S
OUTPUT VOLTAG 

(kVDCI
OUTPUT POWER

IMWl
SWITCH FREQ 

IH*I
TOTAL EST 
MASS Ikal

TOTAL EST 
VOLUME lm *3 l

TOTAL EST 
M AT’L COST

TOTAL EST
SW LOSS IkWI

MAXIMUM 
PEAK CURRENT

MAX PHASE CUR 
PARALLEL lArmsI

PARALLEL 
MODULES REQ

SERIES
MODULES REQ

TOTAL
MODULES REQ

7 10 100 4015.46 4.98 $379,117.26 86.89 1000.00 1594.97 2 32 64
7 10 150 4018 .72 4.98 $379,176.94 90.59 1000.00 1594.57 2 32 64
7 10 200 4021.98 4.98 $379,236.66 94.29 1000.00 1594.17 2 32 64
7 10 250 4025 .24 4.99 $379,296.44 97.99 1000.00 1593.77 2 32 64
7 10 300 4028 .50 4.99 $379,356.26 v 101.69 1000.00 1593.37 2 32 64
7 10 350 4031.76 4.99 $379,416.13 105.39 1000.00 1592.97 2 32 64
7 10 400 4035 .03 4.99 $379,476.05 109.09 1000.00 1592.57 2 32 64
7 10 450 4038 .30 4.99 $379,536.03 112.79 1000.00 1592.17 2 32 64
7 10 500 4041.58 5.00 $379,596.05 116.49 1000.00 1591.77 2 32 64
7 10 550 4044.85 5.00 $379,656.11 120.20 1000.00 1591.37 2 32 64
7 10 600 4048.13 5.00 $379,716.23 123.90 1000.00 1590.97 2 32 64
7 10 650 4051 .42 5.00 $379,776.40 127.60 1000.00 1590.57 2 32 64
7 10 700 4054 .70 5 .00 $379,836.62 131.31 997.36 1585.98 2 32 64
7 10 750 4057.99 5.01 $379,896.89 135.01 977.23 1553.57 2 32 64
7 10 800 4061.28 5.01 $379,957.21 138.71 957.69 1522.13 2 32 64
7 10 850 4064 .57 5.01 $380,017.57 142.42 938.75 1491.64 2 32 64
7 10 900 4067 .87 5.01 $380,077.99 146.13 920.36 1462.07 2 32 64
7 10 950 4071.16 5.02 $380,138.46 149.83 902.53 1433.38 2 32 64
7 10 1000 4074.47 5.02 $380,198.98 153.54 885.24 1405.56 2 32 64
7 10 1050 4077.77 5.02 $380,259.55 157.25 868.46 1378.57 2 32 64
7 10 1100 4081.08 5.02 $380,320.16 160.95 852.18 1352.38 2 32 64
7 10 1150 4084.38 5.02 $380,380.83 164.66 836.39 1326.98 2 32 64
7 10 1200 4087 .70 5.03 $380,441.56 168.37 821.06 1302.34 2 32 64
7 10 1250 4091.01 5.03 $380,502.33 172.08 806.19 1278.42 2 32 64
7 10 1300 4094.33 5.03 $380,563.15 175.79 791.75 1255.21 2 32 64

_______________ L ______________ 12. ____________12 5 2 _______ 3 2 2 1 2 5 ____________ L 2 2 . ____ $380.624.02 179-50 __________ 777.74 ________ m m . _______________ 2 . ______________ 22. ______________ 2 1

Figure H-9.2 Single phase BJT input converter switch quantity characterization - Sheet 2 for 10 MW output power and variable
switching frequency.
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SNUBBER PARAMETERS
dv/dt SNUBBER 
CAPACITOR luF)

dl/dt SNUBBER 
INDUCTOR luHl

2.5 _____________ 1 1

ANTI-PARALLEL DIODE PARAMETERS
DIODE DIODE DIODE DIODES
VT IV) r (OHMS) Irr (AMPS) PER MODULE

0.996 0.000265

oo

___________;____l

IN P U T  P A R A M E T E R S C A C U L A T E D  S W IT C H M O D U L E  C U R R E N T S  A N D  L O S S E S  B A S E D  O N  D E S IR E D  O U T P U T  M V A
OUTPUT VOLTAG 

(kVDC)
OUTPUT POWER

(MW)
SWITCH FREQ

_ _ _ _ _ lttij_____
TOTAL EST 

MOD LOSS IkWI
MODULE PEAK
CURRENT (Al

MODULE COND
LOSS (kW)

MODULE SWITCH 
LOSS IkWI

TOTAL MODULE
LOSS (kWI

ANTI-PARALLEL 
LOSS IkWI

dv/dt SNUBBER 
LOSS IkWI

di/dt SNUBBER 
LOSS (kWI

CONDUCTOR 
LOSS (kWI

7 10 100 1.36 1123.12 0.73 0.10 0.82 0.41 0.01 0.01 0.11
7 10 150 1.42 1123.68 0.73 0.15 0.87 0.41 0.01 0.01 0.11
7 10 200 1.47 1124.25 0.73 0.20 0.92 0.41 0.02 0.01 0.11
7 10 250 1.53 1124.81 0.73 0.25 0.97 0.41 0.02 0.02 0.11
7 10 300 1.59 1125.37 0.73 0.29 1.02 0.41 0.03 0.02 0.11
7 10 350 1.65 1125.94 0.73 0.34 1.07 0.41 0.03 0.03 0.11
7 10 400 1.70 1126.50 0.73 0.39 1.12 0.41 0.04 0.03 0.11
7 10 450 1.76 1127.07 0.73 0.44 1.17 0.41 0.04 0.03 0.11
7 10 500 1.82 1127.64 0.73 0.49 1.22 0.41 0.05 0.04 0.11
7 10 550 1.88 1128.20 0.73 0.54 1.27 0.41 0.05 0.04 0.11
7 10 600 1.94 1128.77 0.73 0.59 1.32 0.41 0.06 0.05 0.11
7 10 650 1.99 1129.34 0.73 0.64 1.37 0.41 0.06 0.05 0.11
7 10 700 2.05 1129.91 0.73 0.69 1.42 0.41 0.07 0.05 0.11
7 10 750 2.11 1130.48 0.73 0.74 1.46 0.41 0.07 0.06 0.11
7 10 800 2.17 1131.05 0.73 0.79 1.51 0.41 0.08 0.06 0.11
7 10 850 2.23 1131.62 0.73 0.83 1.56 0.41 0.08 0.06 0.11
7 10 900 2.28 1132.19 0.73 0.88 1.61 0.41 0.09 0.07 0.11
7 10 950 2.34 1132.76 0.73 0.93 1.66 0.41 0.09 0.07 0.11
7 10 1000 2.40 1133.33 0.73 0.98 1.71 0.41 0.09 0.08 0.11
7 10 1050 2.46 1133.90 0.73 1.03 1.76 0.41 0.10 0.08 0.11
7 10 1100 2.51 1134.48 0.73 1.08 1.81 0.41 0.10 0.08 0.11
7 10 1150 2.57 1135.05 0.73 1.13 1.86 0.41 0.11 0.09 0.11
7 10 1200 2.63 1135.62 0.73 1.18 1.91 0.41 0.11 0.09 0.11
7 10 1250 2.69 1136.20 0.73 1.23 1.96 0.41 0.12 0.10 0.11
7 10 1300 2.75 1136.78 0.73 1.28 2.01 0.41 0.12 0.10 0.11

_ _ _ _ _ _ _ _ _ _ _ _ L ______________ 1 1 _ _ _ _ _ _ _ _ _ 1 2 5 2 _________ m _ _ _ _ _ _ _ 1 1 2 L 3 5 . _________ 2 2 1 _________ L 2 1 _________ 1 2 1 _________ 2 2 1 _________ 1 1 1 _ _ _ _ _ _ _ _ _ 1 1 1 _ _ _ _ _ _ _ _ _ 1 1 1

Figure H-9.3 Single phase BJT input converter switch loss estimation - Sheet 3 for 10 MW output power and variable
switching frequency. !
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____________________________________ BASIS TRANSFC3RMER PARAMETERS_______________________________
MVA RATING 

60% DUTY CYCL
MASS 
(ka) _

VOLUME
(m*3)

FREQUENCY
(Hz)

FULL LOAD 
POWER LOSS (kW

ESTIMATED
COST

___________ L_________S2S1 ________ LZ12.__________ 22.________ 22J22._____ W6.394.00

RECTIFICATION 
POWER FACTOR
_____m _____
____________24.

I N P U T  P A R A M E T E R S C A C U L A T E D  R E S U L T S
OUTPUT VOLTAG OUTPUT POWER LINE FREQ TOTAL EST TOTAL EST TOTAL EST TOTAL EST TRANSFORMER

(kVDC) (MW) (Hz) MASS (ka) VOLUME (m*3) COST LOSS (kW) MVA RATING
7 10 60 12426.16 17.34 $134,132.64 63.37 12.93
7 10 60 12438.47 17.36 $134,276.36 63.43 12.96
7 10 60 12461.79 17.38 $134,420.14 63.49 12.97
7 10 60 12466.11 17.40 $134,663.89 63.64 12.99
7 10 60 12478.42 17.42 $134,707.61 63.60 13.01
7 10 60 12491.73 17.44 $134,861.29 63.66 13.03
71 10 60 12606.04 17.46 $134,994.94 63.72 13.06
7 10 60 12618.34 17.47 $136,138.66 63.77 13.06
7 10 60 12631.64 17.49 $136,282.14 63.83 13.08
7 10 60 12644.94 17.61, $136,426.70 63.89 13.10
7 10 60 12668.23 17.63J $136,669.21 63.94 13.12
7 10 60 12671.62 17.66 $136,712.70 64.00 13.14
7 10 60 12684.81 17.67 $136,866.16 64.06 13.16
7 10 60 12698.10 17.68 $136,999.68 64.12 13.18
7 10 60 12611.38 17.60 $136,142.97 64.17 13.19
7 10 60 12624.66 17.62 $136,286.32 64.23 13.21
7 10 60 12637.94 17.64 $136,429.66 64.29 13.23
7 10 60 12661.21 17.66 $136,672.94 64.34 13.26
7 10 60 12664.48 17.68 $136,716.20 64.40 13.27
7 10 * 60 12677.76 17.70 $136,869.43 64.46 13.29
7 10 60 12691.01 17.71 $137,002.63 64.61 13.30
7 10 60 12704.28 17.73 $137,146.79 64.67 13.32
7 10 60 12717.64 17.76 $137,288.93 64.63 13.34
7 10 60 12730.79 17.77 $137,432.03 64.69 13.36
7 10 60 12744.04 17.79 $137,676.10 64.74 13.38
7 ______________12. _____________ 22. _______L2Z&ZJ2. 17.B1 ____ 1137. Z1B.13 __________ ££.22 __________ LL42.

Figure H-9.4 Single phase BJT input transformer sizing - Sheet 4 for 10 MW output power and variable switching frequency.



INVERTER PARAMETERS
NUMBER OF 

PHASES
NUMBER OF 
SWITCHES

__________ L __________i

HEAT EXCHANGER ESTIMATES
FIXED
COST

COST PER
kW  LOSS ($/kW)

PRIME POWER 
IkVA/kW  LOSSI

FIXED MASS 
lkg|

MASS PER kW 
LOSS Ika/kWI

FIXED
VOLUME (m '3 l

VOLUME/kW 
LOSS lm '3 /kW I

_____ $39.440.00 ___________ IS IS , __________9,736? 400 _______________ L ____________U1 __________0 0131

CONTROLLER
MASS

(kg)
VOLUME

(m -3 |
5 ____________ 2 £ L

BUS WORK & FRAME ESTIMATES
% INCREASE IN 
TOTAL MASS

% INCREASE IN 
TOTAL VOLUME

41.46% _________ 23,43%

COST ESTIMATES
CONTROLLER 
FIXED COST

CONTROLLER
COST/SWITCH

BUS & FRAME 
% INC IN COST

$3 500.00 __________$35.00 _________ 1 00 0 %

LABOR AND SERVICES ESTIMATES 1% OF TOTAL COSTI
MATERIAL FAB LABOR 1 FAB SERVICES TEST LABOR

_______ H.62% _______ 30.66%l 13.49% ________L L m .

IN P U T  P A R A M E 1 rE R S C A C U L A T E D  R E S U L T S
OUTPUT VOLTAG 

IkVDCI
OUTPUT POWER

(MW)
SWITCH FREQ

______ likJ______
MASS

(kal
VOLUME

lm '3 )
„ COST

m
CONVERTER 
LOSS IkWI

HEAT EX 
POWER (kVAl

CONVERTER
EFFICENCY

TOTAL
EFFICENCY

MAXIMUM 
DUTY CYCLE

MAXIMUM
MW

7 25 600 72035 .44 141.50 $7,413,041.17 1529.36 1218.44 94.24% 90.10% 0.9940 26.58
7 26 600 73224.39 144.39 $7,467,099.52 1609.13 1282.00 94.17% 89.99% 0.9940 26.58
7 27 600 85438.45 162.30 $9,451,745.54 1553.61 1 237.76 94.56% 90.63% 0.9940 35.44
7 28 600 86587.38 165.04 $9,502,024.16 1625.61 1295.12 94.51% 90.55% 0.9940 35.44
7 29 600 87729.96 167.78 $9,552,619.04 1698.76 1353.40 94.47% 90.48% 0.9940 35.44
7 30 600 88866.57 170.53 $9,603,538.34 1773.08 1412.61 94.42% 90.40% 0.9940 35.44
7 31 600 89997.56 173.28 $9,654,789.60 1848.55 1472.74 94.37% 90.32% 0.9940 35.44
7 32 600 91123.27 176.03 $9,706,379.80 1925.19 1533.80 94.33% 90.25% 0.9940 35.44
7 33 600 92244.01 178.79 $9,758,315.46 2002.99 1595.78 94.28% 90.17% 0.9940 35.44
7 34 600 93360.05 181.55 $9,810,602.63 2081.95 1658.69 94.23% 90.09% 0.9940 35.44
7 35 .600 94471.67 184.32 $9,863,246.95 2162.07 1722.52 94.18% 90.01% 0.9940 35.44
7 36 600 106594.79 201.97 $11,842,386.96 2096.93 1670.63 94.50% 90.53% 0.9940 44.30
7 37 600 107676.61 204.62 $11,892,009.46 2170.73 1729.42 94.46% 90.46% 0.9940 44.30
7 38 600 108754.18 207.27 $11,941,902.33 2245.45 1788.95 94.42% 90.40% 0.9940 44.30
7 39 600 109827.68 209.92 $11,992,069.96 2321.11 1849.23 94.38% 90.34% 0.9940 44.30
7 40 600 110897.33 212.58 $12,042,516.49 2397.69 1910.24 94.34% 90.28% 0.9940 44.30
7 41 600 111963.29 215.24 $1'2.093.245.82 2475.21 1972.00 94.31% 90.21% 0.9940 44.30
7 42 600 113025.76 217.91 $12 ,144,261.64 2553.65 2034.49 94.27% 90.15% 0.9940 44.30
7 43 600 114084.88 220.58 $12,195,567.45 2633.03 2097.73 94.23% 90.09% 0.9940 44.30
7 44 600 115140.83 223.25 $12,247,166.55 2713.34 2161.72 94.19% 90.03% 0.9940 44.30
7 45 600 127200.28 240.73 $14,222,566.62 2641.77 2104.69 94.45% 90.46% 0.9940 53.16
7 46 600 128232.59 243.30 $14,271,650.36 2716.75 2164.43 94.42% 90.41% 0.9940 53.16
7 47 600 129261.79 245.88 $14,320,968.66 2792.50 2224.79 94.39% 90.35% 0.9940 53.16
7 48 600 130287.99 248.47 $14,370,524.22 2869.03 2285.76 94.36% 90.30% 0.9940 53.16
7 49 600 131311.33 251.05 $14,420,319.61 2946.34 2347.35 94.33% 90.25% 0.9940 53.16

_______________ I ______________ £2. _____________£ 2 2 ______ 132331.92 __________253.64 $14 .470.357.30 ________ 3024.42 ________ 2409.56 _________ 94.30% _________90.20% _________ 0.9940 _____52JS.

Figure H-9.5 Single phase BJT input converter summary - Sheet 1 for 600 Hz switching frequency and variable power.
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BJT PARAMETERS
VOLTAGE 

HATING IkVI
POWER DISS 
PER BJT IWI

V THRESHOLD
(VOLTS!

DYNAMIC r 
(OHMS)

INC. SW LOSS 
LOSS PER AMP

FIXED SW 
LOSS

BJTs PER 
MODULE

MINIMUM 
OFF TIME

MAXIMUM
_______Bag_______

____________ & 2 L 1500 _______________ L 0.001838 ________ 0.00275 _______________ 2. _______________ L________ 1-00E-05 ____________ 1£2£

BUS WORK & FRAME ESTIMATES
% INCREASE IN 
TOTAL MASS

% INCREASE IN 
TOTAL VOLUME

________222,22% . _________ 71.43%

SWITCH MODULE PARAMETERS
FIXED MASS 

(kg)
MASS PER SNUB

LOSS Ika/kWI
FIXED VOL 

(m -3 |
VOL PER SNUB
LOSS (m*3/kW )

20.08 _______________ 2. 0.04535 0.002244

C O ST ESTIMATE s
FIXED COST 
PER MODULE

C O ST PER SNUB
LO SS ($/kWI

DRIVER FIXED 
C O ST

DRIVER C O ST 
PER MODULE

BU S & FRAME 
%  INC IN C O ST

_______S5,332,SZ. * 1 0 0 .0 0 ________ * 1 . 0 0 0 . 0 0 $ 3 5 .0 0 ___________ 1 0 .0 0 %

IN P U T  P A R A M E T E R S C A C U L A T E D  R E S U L T S
OUTPUT VOLTAG 

IkVDCI
OUTPUT POWER 

(MWI
SWITCH FREQ 

(Hzl
TOTAL EST 
MASS Ikal

TOTAL EST
VOLUME lm “ 3l

TOTAL EST 
M AT'L COST

TOTAL EST
SW LOSS IkWI

MAXIMUM 
PEAK CURRENT

MAX PHASE CUR 
PARALLEL (Armsl

PARALLEL 
MODULES REQ

SERIES
MODULES REQ

TOTAL
MODULES REQ

7 25 600 6113.94 7.53 $569,789.62 355.39 1000.00 1590.97 3 32 96
7 26 600 6119.19 7.53 $569,885.88 374.51 1000.00 1590.97 3 32 96
7 27 600 8122.23 10.02 $758,808.50 359.92 1000.00 1590.97 4 32 128
7 28 600 8126.53 10.02 $758,887.27 377.12 1000.00 1590.97 4 32 128
7 29 600 8130.97 10.02 $758,968.73 394.62 1000.00 1590.97 4 32 128
7 30 600 8135.56 10.03 $759,052.88 412.41 1000.00 1590.97 4 32 128
7 31 600 8140.30 10.03 $759,139.72 430.50 1000.00 1590.97 4 32 128
7 32 600 8145.18 10.03 $759,229.26 448.88 1000.00 1590.97 4 ’ 32 128
7 33 600 8150.21 10.04 $759,321.48 467.56 1000.00 1590.97 4 32 128
7 34 600 8155.39 10.04 $759,416.40 486.53 1000.00 1590.97 4 32 128
7 35 600 8160.71 10.04 $759,514.00 505.81 1000.00 1590.97 4 32 128
7 36 600 10162.59 12.53 $948,415.28 488.87 1000.00 1590.97 5 32 160
7 37 600 10167.14 12.53 $948,498.62 506.57 1000.00 1590.97 5 32 160
7 38 600 10171.80 12.53 $948,584.12 524.51 1000.00 1590.97 5 32 160
7 39 600 10176.58 12.54 $948,671.77 542.69 1000.00 1590.97 5 32 160
7 40 600 10181.48 12.54 $948,761.57 561.10 1000.00 1590.97 5 32 160
7 41 600 10186.49 12.54 $948,853.53 579.75 1000.00 1590.97 5 32 160
7 42 600 10191.63 12.55 $948,947.63 598.64 1000.00 1590.97 5 32 160
7 43 600 10196.88 12.55 $949,043.89 617.76 1000.00 1590.97 5 32 160
7 44 600 10202.25 12.55 $949,142.31 637.12 1000.00 1590.97 5 32 160
7 45 600 12203.34 15.04 $1,138,029.32 618.61 1000.00 1590.97 6 32 192
7 46 600 1 2208.06 15.04 $1,138,115.72 636.65 1000.00 1590.97 6 32 192
7 47 600 12212.87 15.05 $1,138,203.90 654.89 1000.00 1590.97 6 32 192
7 48 600 12217.78 15.05 $1,138,293.69 673.32 1000.00 1590.97 6 32 192
7 49 600 12222.78 15.05 $1,138,385.66 691.95 1000.00 1590.97 6 32 192
7 50 _____________222. 12227.88 15.06 $1.138.479,23. __________710-78 1000-00 1590.97 _______________ L ______________2 1 _____________ 121

Figure H-9.6 Single phase BJT input converter swith quantity characterization - Sheet 2 for 600 Hz switching frequency and
variable power.
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SNUBBER PARAMETERS
dv/dt SNUBBER 
CAPACITOR luFI

dl/dt SNUBBER 
INDUCTOR lu HI

_____________ 2*2. _____________ 2*1

ANTI-PARALLEI DIODE PARAMETERS
DIODE DIODE DIODE DIODES
VT (V) r 1 OHMS) Irr IAMPSI PER MODULE

0.998 0.000265 100 2

INPUT PARAME1rERS CACULATED SWITCH MODULE CURRENTS AND LOSSES BASED ON DESIRED OUTPUT MVA
OUTPUT VOLTAG OUTPUT POWER SWITCH FREQ TOTAL EST MODULE PEAK MODULE COND MODULE SWITCH TOTAL MODULE ANTI-PARALLEL dv/dt SNUBBER di/dt SNUBBER CONDUCTOR

IkVDCl IMWI <H*I MOD LOSS IkWI CURRENT (A) LOSS IkWI LOSS IkWI LOSS IkWI LOSS IkWI LOSS IkWI LOSS IkWI LOSS IkWI
7 25 600 3.70 1881.28 1.62 0.98 2.61 0.74 0.06 0.12 0.18
7 26 600 3.90 1956.53 1.73 1.02 2.75 0.78 0.06 0.13 0.19
7 27 600 2.81 1523.84 1.16 0.80 1.95 0.58 0.06 0.08 0.14
7 28 600 2.95 1580.28 1.23 0.83 2.05 0.60 0.06 0.08 0.15
7 29 600 3.08 1636.72 1.30 0.85 2.15 0.63 0.06 0.09 0.16
7 30 600 3.22 1693.15 1.37 0.88 2.25 0.65 0.06 0.10 0.16
7 31 600 3.36 1749.59 1.44 0.91 2.36 0.68 0.06 0.10 0.17
7 32 600 3.51 1806.03 1.52 0.94 2.46 0.71 0.06 0.11 0.17
7 33 600 3.65 1862.47 1.60 0.97 2.57 0.73 0.06 0.12 0.18
7 34 600 3.80 1918.91 1.68 1.00 2.68 0.76 0.06 0.12 0.18
7 35 600 3.95 1975.35 1.76 1.03 2.79 0.79 ‘ 0.06 0.13 0.19
7 36 600 3.06 1625.43 1.28 0.85 2.13 0.62 0.06 0.09 0.15
7 37 600 3.17 1670.58 1.34 0.87 2.21 0.64 0.06 0.09 0.16
7 38 600 3.28 1715.73 1.40 0.90 2.29 0.67 0.06 0.10 0.16
7 39 600 3.39 1760.88 1.46 0.92 2.38 0.69 0.06 0.10 0.17
7 40 600 3.51 1806.03 1.52 0.94 2.46 0.71 0.06 0.11 0.17
7 41 600 3.62 1851.18 1.58 0.97 2.55 0.73 0.06 0.11 0.18
7 42 600 3.74 1896.33 1.65 0.99 2.64 0.75 0.06 0.12 0.18
7 43 600 3 .86 1941.48 1.71 1.01 2.72 0.77 ‘ 0.06 0.13 0.18
7 44 600 3.98 1986.64 1.78 1.04 2.81 0.79 0.06 0.13 0.19
7 45 600 3.22 1693.15 1.37 0.88 2.25 0.65 0.06 0.10 0.16
7 46 600 3.32 1730.78 1.42 0.90 2.32 0.67 0.06 0.10 0.16
7 47 600 3.41 1768.41 1.47 0.92 2.39 0.69 0.06 0.10 0.17
7 46 600 3.51 1806.03 1.52 0.94 2.46 0.71 0.06 0.11 0.17
7 49 600 3.60 1843.66 1.57 0.96 2.53 0.72 0.06 0.11 0.18
7 _________ 52.________ 222 ________ 122 1881.28 ____________ L22 ________ 222.________ 2*21 ________ 2*21 0.06 ________2*12. ________2*12

f ' 1 *

Figure H-9.7 Single phase BJT input converter switch loss estimation - Sheet 3 for 600 Hz switching frequency and variable
power.
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___________________________________________ BASIS TRANSF(7RMER PARAMETERS_____________________________________
MVA RATING 

’6 0 %  DUTY CYCL
M ASS

(kfll
VOLUME

(m“3)
FREQUENCY

IHzl
FULL LOAD 

POWER LOSS (kW
ESTIMATED

COST
6 _____________ 2 2 2 1 ____________ 1 2 2 2 . _______________ 2 2 ____________ 2 m ______ * 7 5 .3 9 4 ,0 0

RECTIFICATION 
POWER FACTOR 

LPF) _____0.8

INPUT PARAMETERS CACULATED RESULTS
OUTPUT VOLTAG 

IkVDCI
OUTPUT POWER

(MW)
LINE FREQ 

(Hz)
TOTAL EST
M ASS (ka)

TOTAL EST
VOLUME lm *3)

TOTAL EST 
COST

TOTAL EST 
LOSS IkW)

TRANSFORMER 
MVA RATING

7 26 6 0 2 6 0 9 8 .1 7 3 6 .0 3 $ 2 7 0 ,9 4 0 .9 4 1 0 7 .8 1 3 3 .0 3
7 2 6 6 0 2 6 8 6 1 .2 6 3 6 .1 0 $ 2 7 9 ,1 7 8 .6 7 1 1 1 .0 9 3 4 .3 7
7 27 6 0 2 6 6 2 2 .6 4 3 7 .0 2 $ 2 8 6 ,3 1 8 .4 7 1 1 3 .9 3 3 6 .6 6
7 28 60 2 7 2 6 6 .7 6 3 8 .0 6 $ 2 9 4 ,3 6 1 .3 2 1 1 7 .1 3 3 6 .8 9
7 2 9 60 2 8 0 0 4 .9 7 3 9 .0 9 $ 3 0 2 ,3 2 0 .6 2 1 2 0 .3 0 3 8 .2 2
7 3 0 60 2 8 7 3 7 .6 6 4 0 .1 1 $ 3 1 0 ,2 2 8 .9 9 1 2 3 .4 4 3 9 .6 6
7 31 6 0 2 9 4 6 4 .7 7 4 1 .1 3 $ 3 1 8 ,0 7 9 .4 4 1 2 6 .6 7 4 0 .9 0
7 3 2 60 3 0 1 8 6 .8 4 4 2 .1 3 $ 3 2 6 ,8 7 4 .3 7 1 2 9 .6 7 4 2 .2 4
7 3 3 60 3 0 9 0 3 .9 8 4 3 .1 3 $ 3 3 3 ,6 1 6 .1 3 1 3 2 .7 5 4 3 .6 9
7 34 60 3 1 6 1 6 .4 0 4 4 .1 3 $ 3 4 1 ,3 0 6 .8 7 1 3 6 .8 1 4 4 .9 3
7 3 6 6 0 3 2 3 2 4 .2 9 4 6 .1 2 $ 3 4 8 ,9 4 8 .6 4 1 3 8 .8 6 4 6 .2 8
7 3 6 6 0 3 2 9 3 2 .8 3 4 6 .9 7 $ 3 6 6 ,6 1 8 .0 2 1 4 1 .4 6 4 7 .4 4
7 37 60 3 3 6 2 7 .2 4 4 6 .9 4 $ 3 6 3 ,0 1 4 .3 0 1 4 4 .4 6 4 8 .7 8
7 3 8 6 0 3 4 3 1 7 .6 0 4 7 .9 0 $ 3 7 0 ,4 6 6 .8 8 1 4 7 .4 1 6 0 .1 2
7 3 9 6 0 3 6 0 0 3 .7 7 4 8 .8 6 $ 3 7 7 ,8 7 4 .3 6 1 6 0 .3 6 5 1 .4 6
7 4 0 6 0 3 6 6 8 6 .1 9 4 9 .8 1 $ 3 8 6 ,2 4 1 .1 9 1 6 3 .2 9 6 2 .8 1
7 41 6 0 3 6 3 6 4 .B8 6 0 .7 6 $ 3 9 2 ,6 6 7 .7 9 1 6 6 .2 1 6 4 .1 6
7 4 2 6 0 3 7 0 3 9 .9 6 6 1 .7 0 $ 3 9 9 ,8 6 6 .4 9 1 6 9 .1 1 6 6 .4 9
7 4 3 6 0 3 7 7 1 1 .6 6 6 2 .6 4 $ 4 0 7 ,1 0 6 .6 3 1 6 1 .9 9 6 6 .8 4
7 4 4 6 0 3 8 3 7 9 .7 7 6 3 .6 7 $ 4 1 4 ,3 1 9 .1 0 1 6 4 .8 6 6 8 .1 9
7 4 6 6 0 3 8 9 6 0 .9 7 6 4 .3 7 $ 4 2 0 ,4 8 6 .3 0 1 6 7 .3 2 6 9 .3 4
7 4 6 6 0 3 9 6 0 8 .8 7 6 6 .2 8 $ 4 2 7 ,5 8 7 .6 1 1 7 0 .1 4 6 0 .6 8
7 4 7 6 0 4 0 2 6 3 .6 3 66.20 $ 4 3 4 ,6 6 6 .7 8 1 7 2 .9 6 6 2 .0 2
7 4 8 6 0 4 0 9 1 6 .3 3 6 7 .1 1 $ 4 4 1 ,6 9 1 .1 0 1 7 6 .7 6 6 3 .3 7
7 4 9 60 4 1 6 6 4 .0 7 68.01 $ 4 4 8 ,6 9 4 .3 9 1 7 8 .6 4 6 4 .7 1
7 ________________2 2 . _______________ 2 2 ________& 2 2 1 2 2 ____________ m i ____ $ 4 5 5 .6 6 6 .6 3 ________121.31 ____________ 2222

Figure H-9.8 Single phase BJT input transformer sizing - Sheet 4 for 600 Hz switching frequency and variable power.



INVERTER PARAMETERS
NUMBER OF 

PHASES
NUMBER OF 
SWITCHES

___________ :____l _______________2.

HEAT EXCHANGER ESTIMATES
FIXED COST PER PRIME POWER FIXED MASS MASS PER kW FIXED VOLUME/kW
COST kW  LOSS t$/kW I IkVA/kW  LOSSI _______ (kg) LOSS (ka/kW) VOLUME (m "3 l LOSS lm '3 /kW I

$39,440.00 ___________ 1& L& __________0.7967 _____________m. _______________ L ____________ 121 __________2.2121.

CONTROLLER
MASS

Ikal
VOLUME

lm-31

_______________ 2. ____________ SL2I

BUS WORK & FRAME ESTIMATES
% INCREASE IN 
TOTAL MASS

% INCREASE IN 
TOTAL VOLUME

41.46% _________ 71,42%

COST ESTIMATE
CONTROLLER 
FIXED COST

CONTROLLER
COST/SWITCH

BUS & FRAME 
% INC IN COST

_______$3.500.00 __________1 M $ 00 0 %

LABOR AND SERVICES ESTIMATES <% OF TOTAI COSTI
MATERIAL FAB LABOR FAB SERVICES TEST LABOR

_________41-82% _________ 30.66% _________ 13-49% 14.03%

IN P U T  P A R A M E 1 rE R S cA C U L A T E D  R E S U L T S
OUTPUT VOLTAG

_____ U tfG £l____

OUTPUT POWER 
(MW)

SWITCH FREQ

______ l& l______

MASS
(kq|

VOLUME
(m-31

COST
($1

CONVERTER 
LOSS IkWI

HEAT EX 
POWER IkVAl

CONVERTER
EFFICENCY

TOTAL
EFFICENCY

MAXIMUM 
DUTY CYCLE

MAXIMUM
MW

7 10 100 19974.99 44.24 $1,043,761.15 185.00 147.39 98.18% 96.78% 0.98 15.40
7 10 150 20276.07 44.87 $1,064,115.59 214.56 170.94 97.90% 96.29% 0.97 14.91
7 10 200 20578.13 45.50 $1,084,537.25 244.22 194.57 97.62% 95.80% 0.96 14.44
7 10 250 20881.22 4 6 .14 $1,105,028.73 273.98 218.28 97.33% 95.31% 0.96 13.99
7 10 300 21185.37 46.78 $1,125,592.74 303.84 242.07 97.05% 94.62% 0.95 13.55
7 10 350 21490.63 47.42 $1,146,232.14 333.81 265.95 96.77% 94.34% 0.94 13.13
7 10 400 21797.03 48.07 $1,166,949.92 363.89 289.91 96.49% 93.86% 0.93 12.72
7 10 450 22104.63 48.71 $1,187,749.22 394.10 313.98 96.21% 93.39% 0.92 12.32
7 10 500 22413.47 49.36 $1,208,633.33 424.42 338.14 95.93% 92.91% 0.91 11.94
7 10 550 22723.62 50.01 $1,229,605.72 454.88 362.40 95.65% 92.44% 0.90 11.57
7 10 600 23035.11 50.67 $1,250,670.01 485.47 386.77 95.37% 91.98% 0.89 11.22
7 10 650 23348.01 51.32 $1,271,830.02 516.19 411 .25 95.09% 91.51% 0.88 10.87
7 10 700 23662.38 51.98 $1,293,089.78 547.06 435 .84 94.81 % 91.05% 0.86 10.54
7 10 750 23978.28 52.65 $1,314,453.50 578.08 460.56 94.54% 90.59% 0.87 10.22
7 10 800 29889.66 63.72 $2,082,670.00 974.35 776.26 91.12% 85.10% 0.86 19.82
7 10 850 30454.12 64.90 $2,120,544.50 1028.88 819.71 90.67% 84.40% 0.85 19.22
7 10 900 31019.53 66.07 $2,158,487.41 1083.50 863.23 90.22% 83.70% 0.84 16.64
7 10 950 31585.95 67.25 $2,196,501.66 1138.24 906.83 89.78% 83.02% 0.83 18.08
7 10 1000 32153.42 68.43 $2,234,590.39 1193.08 950.53 89.34% 82.35% 0.82 17.54
7 10 1050 32722.00 69.61 $2,272,756.85 1248.03 994.31 88.90% 81.68% 0.81 17.02
7 10 1100 33291.73 70.79 $2,311,004.52 1303.11 1038.19 88.47% 81.03% 0.81 16.51
7 10 1150 33862.67 71.98 $2,349,337.03 1358.31 1082.16 88.04% 80.38% 0.80 16.02
7 10 1200 34434.89 73.17 $2,387,758.24 1413.63 1126.24 87.61% 79.75% 0.79 15.55
7 10 1250 35008.43 74.36 $2,426,272.23 1469.10 1170.43 87.19% 79.12% 0.78 15.09
7 10 1300 35583.37 75.56 $2,464,883.28 1524.70 1214.73 86.77% 78.50% 0.77 14.65

_______________L_________;_____in_____ 1222 36159.77 ___________2121 12.503.595.95 ________ 1580 45 ____1252.15 86.35% ____77,95%.____________SL21___________LUl

i

Figure H-10.1 Three phase GTO input converter summary - Sheet 1 for 10 MW output power and variable switching frequency.
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GTO ’ARAMETERS
VOLTAGE 

RATING IkVl
POWER DISS 
PER GTO IWI

V THRESHOLD 
(VOLTSI

DYNAMIC r 
IOHMSI

INC. SW LOSS 
PER AMP IJ/AI

FIXED SW 
LOSS IJ)

MINIMUM 
OFF TIME Is)

MAXIMUM 
Itoa IAI

_______________ 2. ___________ 2222. ____________ U I ________ 2,22m . _______ S L222 I21 ____________ L 2 2 . 1.77E-04 ____________2 22 2

SWITCH MODULE PARAMETERS
FIXED MASS

(ka)
MASS PER SNUB 

LOSS Ika/kW)
FIXED VOL 

(m -3)
VOL PER SNUB 
LOSS (m *3/kW I

21.15 2 0.04535 _______ 0 0 0 2 2 4 4

BUS WORK & FRAME ESTIMATES
% INCREASE IN 
TOTAL MASS

% INCREASE IN 
TOTAL VOLUME

200.00% _________71.43%

COST ESTIMATE s
FIXED COST 
PER MODULE

COST PER SNUB 
LOSS ($/kWI

DRIVER FIXED 
COST

DRIVER COST 
PER MODULE

BUS & FRAME 
% INC IN COST

$9.304.40 ________ n  oo.oo ______ *1 o o o o o __________125.92 _________ 12.22%

IN P U T  P A R A M E 1 rE R S C A C U L A T E D  R E S U L T S
OUTPUT VOLTAG 

IkVDCI
OUTPUT POWER 

IMWI
SWITCH FREQ 

<H*I
TOTAL EST 
MASS (ka)

TOTAL EST 
VOLUME lm-31

TOTAL EST 
MAT'L COST

TOTAL EST 
SW LOSS IkWI

MAXIMUM 
PEAK CURRENT

MAX PHASE CUR 
PARALLELIArmsI

PARALLEL 
MODULES REQ

SERIES
MODULES REO

TOTAL
MODULES REO

7 10 100 245.18 0.27 $32,925.32 22.08 2031.19 1606.25 1 3 3
7 10 150 272.73 0.29 $33,430.40 26.98 1984.87 1562.53 1 3 3
7 10 200 300.38 0.30 $33,937.18 31.91 1939.91 1520.18 1 3 3
7 10 250 328.12 0.32 $34,445.72 36.85 1896.29 1479.17 1 3 3
7 10 300 355.95 0.34 $34,956.11 41.81 1853.98 1439.45 1 3 3
7 10 350 383 .90 0.36 S 35.468.40 46.78 1812.95 1401.00 1 3 3
7 10 400 411.95 0.38 $35,982.68 51.78 1773.16 1363.78 1 3 3
7 10 450 440.11 0.39 $36,499.02 56.79 1734.59 1327.74 1 3 3
7 10 500 468.39 0.41 $37,017.51 61.83 1697.19 1292.85 1 3 3
7 10 550 4 96 .80 0.43 $37,538.24 66.88 1660.93 1259.08 1 3 3
7 10 600 525.33 0.45 $38,061.29 71.96 1625.79 1226.38 1 3 3
7 10 650 553.99 0.47 $38,586.77 77.06 1591.72 1194.72 1 3 3
7 10 700 582.79 0.48 $39,114.78 82.19 1558.70 1164.07 1 3 3
7 10 750 611 .74 0.50 $39,645.42 87.34 1526.69 1134.39 1 3 3
7 10 800 1202.79 0.99 $77,811.75 153.13 1495.66 1105.65 2 3 6
7 10 850 1 254.83 1.03 $78,765.78 162.18 1465.57 1077.81 2 3 6
7 10 900 1306.97 1.06 $79,721.59 171.25 1436.41 1050.84 2 3 6
7 10 950 1359.20 1.09 $80,679.25 180.34 1408.12 1024.72 2 3 6
7 10 1000 1411.54 1.13 $81,638.85 189.45 1380.70 999.40 2 3 6
7 10 1050 1464.00 1.16 $82,600.46 198.57 1354.10 974.86 2 3 6
7 10 1100 1516.56 1.19 $83,564.17 207.72 1328.29 951.07 2 3 6
7 10 1150 1569.25 1.23 $84,530.08 216.88 1303.26 928.01 2 3 6
7 10 1200 1622.06 1.26 $85,498.28 226.07 1278.97 905.64 2 3 6
7 10 1250 1675.00 1.30 $86,468.88 235.28 1 255.40 883.94 2 3 6
7 10 1300 1728.08 1.33 $87,441.99 244.51 1232.52 862.88 2 3 6

_______________L ______________ 12. ____________1 252 1781.30 ____________ L 2 2 ______S S M 1 L 7 £ . 253.77 _________ 1 210.31 __________ 842.45 _______________ l_______________ 1 _______________ fi.

Figure H-10.2 Three phase GTO input converter switch quantity characterization - Sheet 2 for 10 MW output power and variable
switching frequency.
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SNUBBER PARAMETERS
dv/dt SNUBBER 
CAPACITOR (uFI

d l/dt SNUBBER 
INDUCTOR luHl

6 _____________ L i

ANTI-PARALLEL DIODE PARAMETERS
DIODE
V T IV I

DIODE 
r (OHMS)

DIODE 
Irr IAMPSI

_____________ L I 0 ,001583 380

INPUT PARAMFrERS CACULATED SWITCH MODULE CUR ^ENTS AND LOSSES BASED ON DESIRED OUTPUT MVA
OUTPUT VOLTAG

frVPCl __
OUTPUT POWER 

IMWI
SWITCH FREQ

____ life)____
TOTAL EST 

MOD 1 OSS IkWI
MODULE PEAK 
CURRENT (A)

MODULE COND 
LOSS IkWI

MODULE SWITCH 
LOSS IkW)

TOTAL MODULE 
LOSS IkWI

ANTI-PARALLEL 
LOSS IkWI

dv/dt SNUBBER 
LOSS IkWI

di/dt SNUBBER 
LOSS IkWI

CONDUCTOR 
1 OSS (IcWl

7 10 100 7.36 1318.92 1.37 0.18 1.55 1.31 2.70 0.35 1.44
7 10 150 8.99 1330.91 1.38 0.27 1.65 1.32 4.05 0.53 1.44
7 10 200 10.64 1343.12 1.38 0.37 1.75 1.33 5.40 0.71 1.44
7 10 250 12.28 1355.55 1.39 0.46 1.85 1.34 6.75 0.90 1.44
7 10 300 13.94 1368.22 1.40 0.55 1.95 1.35 8.10 1.10 1.44
7 10 350 15.59 1381.13 1.40 0.64 2.04 1.36 9.45 1.30 1.44
7 10 400 17.26 1394.29 1.41 0.73 2.14 1.36 10.80 1.51 1.44
7 10 450 18.93 1407.69 1.41 0.82 2.24 1.37 12.15 1.73 1.44
7 10 500 20.61 1421.36 1.42 0.92 2.34 1.38 13.50 1.95 1.44
7 10 550 22.29 1435.30 1.43 1.01 2.44 1.39 14.85 2.17 1.44
7 10 600 23.99 1449.51 1.44 1.10 2.53 1.40 16.20 2.41 1.44
7 10 650 25.69 1464.00 1.44 1.19 2.63 1.41 17.55 2.65 1.44
7 10 700 27.40 1478.79 1.45 1.28 2.73 1.42 18.90 2.90 1.44
7 10 750 29.11 1493.88 1.46 1.37 2.83 1.43 20.25 3.16 1.44
7 10 800 25.52 754.64 0.55 0.94 1.49 0.47 21.60 1.24 0.72
7 10 850 27.03 762.50 0.55 1.00 1.55 0.48 22.95 1.33 0.72
7 10 900 28.54 770.53 0.55 1.06 1.61 0.48 24.30 1.43 0.72
7 10 950 30.06 778.73 0.55 1.12 1.67 0.48 25.65 1.53 0.72
7 10 1000 31.57 787.10 0.56 1.18 1.73 0.48 27.00 1.63 0.72
7 10 1050 33.10 795.66 0.56 1.24 1.80 0.49 28.35 1.74 0.72
7 10 1100 34.62 804.40 0.56 1.30 1.86 0.49 29.70 1.85 0.72
7 10 1150 36.15 813.34 0.56 1.35 1.92 0.49 31.05 1.97 0.72
7 10 1200 37.68 822.48 0.57 1.41 1.98 0.50 32.40 2.08 0.72
7 10 1250 39.21 831.83 0.57 1.47 2.04 0 .50 33.75 2.20 0.72
7 10 1300 40.75 841.39 0.57 1.53 2.10 0.50 35.10 2.33 0.72
7 10 1350 42.29 851.17 ________ 1 S L 1.59 ________ 2J£. ________ m . _______ 2£dL ________U S . ________2 2 1

Figure H -1 0 .3 Three phase GTO input converter sw itch loss estim ation  
switching frequency.

Sheet 3 for 10  M W  output power and variable
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B A S IS  T R A N S F fDRM ER P A R A M E T E a s ________________________________________
M V A  R A T IN G  

• 5 0 %  D U T Y  C Y C L
M A S S

(ka)
V O L U M E

< m *3 )
F R E Q U E N C Y

(H z)
FULL L O A D  

P O W E R  LO S S  (k W
E S T IM A T E D

C O S T
6 6 9 8 4 9 .7 4 8 6 0 3 0 .0 0 $ 7 5 .3 9 4 .0 0

R E C T IF IC A T IO N  

P O W E R  F A C T O R  

(PF)
_____________O.B

I N ? U T  P A R A M E T E R S C A C U L A T E D  R E S U L T S
O U T P U T  V O L T A G  

(k V D C )
O U T P U T  P O W E R  

(M W )
L IN E  FR E Q  

(H z)
T O T A L  E S T  
M A S S  (ka)

T O T A L  E S T  
V O L U M E  ( m * 3 )

T O T A L  E S T  
C O S T

T O T A L  E S T  
LO S S  (kW>

T R A N S F O R M E R  
M V A  R A TIN G

7 1 0 6 0 1 2 2 3 0 .9 4 1 7 .0 7 $ 1 3 2 ,0 3 5 .9 6 5 2 .5 4 1 2 .6 7
7 1 0 6 0 1 2 2 5 7 .5 8 1 7 .1 1 $ 1 3 2 ,3 2 3 .6 2 5 2 .6 5 1 2 .7 0
7 1 0 6 0 1 2 2 8 4 .3 0 1 7 .1 5 $ 1 3 2 ,6 1 2 .0 1 5 2 .7 7 1 2 .7 4
7 1 0 6 0 1 2 3 1 1 .0 8 1 7 .1 8 $ 1 3 2 ,9 0 1 .1 8 . 5 2 .8 8 1 2 .7 8
7 1 0 6 0 1 2 3 3 7 .9 5 1 7 .2 2 $ 1 3 3 ,1 9 1 .1 7 5 3 .0 0 1 2 .8 1
7 1 0 6 0 1 2 3 6 4 .8 9 1 7 .2 6 $ 1 3 3 ,4 8 2 .0 1 5 3 .1 1 1 2 .8 5
7 1 0 6 0 1 2 3 9 1 .9 1 1 7 .3 0 $ 1 3 3 ,7 7 3 .7 4 5 3 .2 3 1 2 .8 9
7 1 0 6 0 1 2 4 1 9 .0 2 1 7 .3 3 $ 1 3 4 ,0 6 6 .4 0 5 3 .3 5 1 2 .9 3
7 1 0 6 0 1 2 4 4 6 .2 2 1 7 .3 7 $ 1 3 4 ,3 6 0 .0 4 ' 5 3 .4 6 1 2 .9 6
7 1 0 6 0 1 2 4 7 3 .5 2 1 7 .4 1 $ 1 3 4 ,6 5 4 .7 0 5 3 .5 8 1 3 .0 0
7 1 0 6 0 1 2 5 0 0 .9 1 1 7 .4 5 $ 1 3 4 ,9 5 0 .4 4 5 3 .7 0 1 3 .0 4
7 1 0 6 0 1 2 5 2 8 .4 1 1 7 .4 9 $ 1 3 5 ,2 4 7 .3 0 5 3 .8 2 1 3 .0 8
7 1 0 6 0 1 2 5 5 6 .0 2 1 7 .5 3 $ 1 3 5 ,5 4 5 .3 3 5 3 .9 3 1 3 .1 2
7 1 0 6 0 1 2 5 8 3 .7 4 1 7 .5 6 $ 1 3 5 ,8 4 4 .6 0 5 4 .0 5 1 3 .1 6
7 1 0 6 0 1 2 9 3 6 .1 2 1 8 .0 6 $ 1 3 9 ,6 4 8 .5 8 5 5 .5 7 1 3 .6 5
7 1 0 6 0 1 2 9 8 4 .3 6 1 8 .1 2 $ 1 4 0 ,1 6 9 .3 1 5 5 .7 7 1 3 .7 2
7 1 0 6 0 1 3 0 3 2 .6 2 1 8 .1 9 $ 1 4 0 ,6 9 0 .3 6 5 5 .9 8 1 3 .7 8
7 1 0 6 0 1 3 0 8 0 .9 2 1 8 .2 6 $ 1 4 1 ,2 1 1 .7 6 5 6 .1 9 1 3 .8 5
7 1 0 6 0 1 3 1 2 9 .2 6 1 8 .3 3 $ 1 4 1 ,7 3 3 .5 6 5 6 .4 0 1 3 .9 2
7 1 0 6 0 1 3 1 7 7 .6 3 1 8 .3 9 $ 1 4 2 ,2 5 5 .8 1 5 6 .6 0 1 3 .9 9
7 1 0 6 0 1 3 2 2 6 .0 6 1 8 .4 6 $ 1 4 2 ,7 7 8 .5 4 5 6 .8 1 1 4 .0 6
7 1 0 6 0 1 3 2 7 4 .5 3 1 8 .5 3 $ 1 4 3 ,3 0 1 .8 2 5 7 .0 2 1 4 .1 3
7 1 0 6 0 1 3 3 2 3 .0 6 1 8 .6 0 $ 1 4 3 ,8 2 5 .6 9 5 7 .2 3 1 4 .2 0
7 1 0 6 0 1 3 3 7 1 .6 5 1 8 .6 6 $ 1 4 4 ,3 5 0 .2 0 5 7 .4 4 1 4 .2 6
7 1 0 6 0 1 3 4 2 0 .3 0 1 8 .7 3 $ 1 4 4 ,8 7 5 .4 2 5 7 .6 5 1 4 .3 3

___________________Z - __________________1 2 . 6 0 1 3 4 6 9 .0 2 1 8 .8 0 $ 1 4 5 ,4 0 1 .4 0 5 7 .8 6 _____________ 1 ± 4 0

Figure H-10.4 Three phase GTO input transformer sizing - Sheet 4 for 10 MW output power and variable switching frequency.
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INVERTER PARAMETERS
NUMBER OF 

PHASES
NUMBER OF 
SWITCHES

_______________ 1 _______________ £.

HEAT EXCHANGFR ESTIMATES
FIXED COST PER PRIME POWER FIXED MASS MASS PER kW FIXED V OLUME/kW
COST kW  LOSS l$/kW> IkVA/kW LOSSI Ikal LOSS Ika/kWI VOLUME lm ~3l LOSS (m *3/kW I

_____ $39.440.00 ___________ m&. __________Q.7957 400 _______________ L ____________ 2JL __________0.0131

CONTROLLER
MASS

(ka)
VOLUME

(m '3 l
_______________ L ____________ 2 £ L

BUS WORK & FRAME ESTIMATES
% INCREASE IN 
TOTAL MASS

% INCREASE IN 
TOTAL VOLUME

41.46% _________ Z U 2 %

COST ESTIMATES
CONTROLLER CONTROLLER BUS & FRAME LABOR AND SERVICES ESTIMATES 1% OF TOTAL COSTI
FIXED COST COST/SWITCH % INC IN COST MATERIAL FAB LABOR FAB SERVICES TEST LABOR

$3,500.00 __________$35.00 _________ 10.00% _________d L B Z ft _________ 30.66%- _________ 13-49% _________ 14.03%

IN 3U T  P A R A M E 1 rE R S C A C U L A T E D  R E S U L T S
OUTPUT VOLT AG 

IkVOCI
OUTPUT POWER 

1MWI
SWITCH FREQ 

•Hzl
MASS

(ka)
VOLUME

lm-31
COST
m

CONVERTER 
LOSS IkWI

HEAT EX 
POWER IkVAl

CONVERTER
EFFICENCY

TOTAL
EFFICENCY

MAXIMUM 
DUTY CYCLE

MAXIMUM
MW

7 25 600 50109.03 100.28 $3,086,620.10 1312.41 1045.59 95.01% 91.38% 0.89 33.65
7 26 600 51203.19 102.31 $3,116,901.36 1332.76 1061.81 95.12% 91.57% 0.89 33.65
7 27 600 52290.11 104.34 $3,147,190.29 1353.47 1078.31 95.23% 91.74% 0.89 33.65
7 28 600 53370.21 106.36 $3,177,495.73 1374.53 1095.08 95.32% 91.69% 0.89 33.65
7 29 600 54443.87 108.37 $3,207,825.85 1395.94 1112.15 95.41% 92.04% 0.89 33.65
7 30 600 55511.44 110.37 $3,238,168.22 1417.71 1129.49 95.49% 92.17% 0.89 . 33.65
7 31 600 56573.27 112.36 $3,268,589.84 1439.84 1147.12 95.56% 92.30% 0.89 33.65
7 32 600 57629.66 114.35 $3,299,037.21 1462.32 1165.03 95.63% 92.41% 0.89 33.65
7 33 600 58680.89 116.33 $3,329,536.41 1485.16 1183.23 95.69% 92.52% 0.89 33.65
7 34 600 64084.69 126.06 $4,024,761.64 1753.33 1396.88 95.10% 91.52% 0.89 44.86
7 35 600 65105.16 127.97 $4,053,540.77 1773.60 1413.03 95.18% 91.66% 0.89 44.86
7 36 600 66120.74 129.88 $4,082,337.36 1794.14 1429.39 95.25% 91.78% 0.89 44.86
7 37 600 67131.67 131.78 $4,111,156.00 1814.94 1445.96 95.32% 91.90% 0.89 44.86
7 38 600 68138.13 133.67 $4,140,001.02 1836.01 1462.75 95.39% 92.01% 0.89 44.86
7 39 600 69140.34 135.55 $4,168,876.48 1857.35 1479.75 95.45% 92.12% 0.89 44.86
7 40 600 70138.45 137.44 $4,197,786.21 1878.95 1496.96 95.51% 92.22% 0.89 44.86
7 41 600 71132.66 139.31 $4,226,733.86 1900.83 1514.39 95.57% 92.31% 0.89 44.86
7 42 600 72123.11 141.19 $4,255,722.86 1922.97 1532.03 95.62% 92.40% 0.89 44.86
7 43 600 73109.97 143.06 $4,284,756.47 1945.39 1549.89 95.67% 92.48% 0.89 44.86
7 44 600 74093.38 144.92 $4,313,837.78 1968.07 1567.96 95.72% 92.56% 0.89 44.86
7 45 600 79398.84 154.46 $5,005,769.06 2233.13 1779.14 95.27% 91.81% 0.89 56.08
7 46 600 80359.25 156.27 $5,033,504.68 2253.75 1795.57 95.33% 91.91% 0.89 56.08
7 47 600 81316.33 158.08 $5,061,266.19 2274.59 1812.17 95.38% 92.00% 0.89 56.08
7 48 600 82270.18 159.68 $5,089,056.10 2295.64 1828.94 95.44% 92.09% 0.89 56.08
7 49 600 83220.93 161.68 $5,116,876.79 2316.91 1845.88 95.49% 92.17% 0.89 56.08
7 _________ 52. 600 84168,68 __________ i m s . $5.144.730.57 _________2338.39 _________1963.00 95.53% ______22.2SB ________2J22. _______5&2S.

XI
03
W

Figure H-10.5 Three phase GTO input converter summary - Sheet 1 for 600 Hz switching frequency and variable power



GTO PARAMETERS
VOLTAGE 

RATING IkV)
POWER DISS 
PER GTO IW)

V THRESHOLD 
IVOLTS)

DYNAMIC r
(OHMS)

INC. SW LOSS 
PER AMP IJ/A1

FIXED SW 
LOSS (J)

MINIMUM 
OFF TIME (s)

MAXIMUM 
Itaq (Al

__________2. _______ im . ________ LZZ. 0.00118 _____2,222121 ________ L22. ________ 1.77E-04 _______ 2222

SWITCH MODUIE PARAMETERS
FIXED MASS 

Ikal
MASS PER SNUB

LOSS (ka/kWI
FIXED VOL 

(m -3 |
VOL PER SNUB 
LOSS lm -3 /kW I

___________2U1 _______________ 2. 0 0 4 5 3 5 0.002244

BUS WORK & FRAME ESTIMATES
% INCREASE IN I % INCREASE IN
TOTAL MASS TOTAL VOLUME

________200 00% I ________ 1 ,4 2 %

COST ESTIMATES
FIXED COST 
PER MODULE

COST PER SNUB
LOSS l$/kW)

DRIVER FIXED 
COST

DRIVER COST 
PER MODULE

BUS & FRAME 
% INC IN COST

$9,304.40 $100.00 ____ {1,222.22 ______ 125,22 ______ 12,22%

INPUT PARAMETERS CACULATED RESULTS
OUTPUT VOLTAG 

IkVDCI
OUTPUT POWER

(MWI
SWITCH FREQ 

IHzl
TOTAL EST 
MASS Ikal

TOTAL EST
VOLUME (m*3)

TOTAL EST 
MAT'L COST

TOTAL EST
SW LOSS IkWI

MAXIMUM 
PEAK CURRENT

MAX PHASE CUR 
PARALLELIArmsl

PARALLEL 
MODULES REQ

SERIES
MODULES REQ

TOTAL
MODULES REO

7 25 600 1543.89 1.32 $111,395.39 200.88 1625.79 1226.38 3 3 9
7 26 600 1549.94 1.33 $111,506.43 203.75 1625.79 1226.38 3 3 9
7 27 600 1556.18 1.33 $111,620.80 206.69 1625.79 1226.38 3 3 9
7 28 600 1562.60 1.34 $111,738.50 209.69 1625.79 1226.38 3 3 9
7 29 600 1569.20 1.34 $111,859.52 212.76 1625.79 1226.38 3 3 9
7 30 600 1575.99 1.34 $111,983.87 215.88 1625.79 1226.38 3 • 3 9
7 31 600 1582.95 1.35 $112,111.56 219.08 1625.79 1226.38 3 3 9
7 32 600 1590.10 1.35 $112,242.57 222.33 1625.79 1226.38 3 3 9
7 33 600 1597.42 1.36 $112,376.90 225.65 1625.79 1226.38 3 3 9
7 34 600 2062.52 1.77 $148,233.99 269.74 1625.79 1226.38 4 3 12
7 35 600 2068.65 1.77 $148,346.28 272.64 1625.79 1226.38 4 3 12
7 36 600 2074.91 1.78 $148,461.06 275.59 1625.79 1226.38 4 3 12
7 37 600 2081.31 1.78 $148,578.35 278.58 1625.79 1226.38 4 3 12
7 38 600 2087.84 1.78 $148,698.12 281.62 1625.79 1226.38 4 3 12
7 39 600 2094.51 1.79 $148,820.40 284.71 1625.79 1226.38 4 3 12
7 40 600 2101.31 1.79 $148,945.17 287.85 1625.79 1226.38 4 3 12
7 41 600 2108.26 1.80 $149,072.43 291.03 1625.79 1226.38 4 3 12
7 42 600 2115.33 1.80 $149,202.19 294.26 1625.79 1226.38 4 3 12
7 43 600 2122.55 1.81 $149,334.45 297.54 1625.79 1226.38 4 3 12
7 44 600 2129.90 1.81 $149,469.21 300.86 1625.79 1226.38 4 3 12
7 45 600 2593.64 2.22 $185,301.33 344.48 1625.79 1226.38 5 3 15
7 46 600 2600.02 2.22 $185,418.36 347.47 1625.79 1226.38 5 3 15
7 47 600 2606.51 2.23 $185,537.39 350.50 1625.79 1226.38 5 3 15
7 48 600 2613.11 2.23 $185,658.42 353.56 1625.79 1226.38 5 3 15
7 49 600 2619.82 2.24 $185,781.44 356.67 1625.79 1226.38 5 3 15

__________L _________ £2. ________ 222 2626 64 ________ 2 J ± ___{125,399,46 359.81 _____ 152LZ2. _____ 122g.» __________ 5.__________ 2._________ 11

Figure H -1 0 .6  Three phase GTO input converter sw itch quantity characterization - Sheet 2 for 6 0 0  Hz switching frequency and 
variable power.
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SNUBBER PARAMETERS
dv/dt SNUBBER 
CAPACITOR (uF)

dl/dt SNUBBER 
INDUCTOR (uH)

_______ :_______ 1 _____________ L i

ANTI-PARALLEL DIODE PARAMETERS
DIODE 

______VT IV)
DIODE 

r IOHMSI
DIODE 

Irr (AMPS)
1.1 _______ 0 001583

oCDCO

INPUT PARAME1rERS CACULATED SWITCH MODULE CURRENTS AND LOSSES BASED ON DESIRED OUTPUT MVA
OUTPUT VOLTAG 

IkVDC)
OUTPUT POWER 

(MWI
SWITCH FREQ 

-  1H*1
TOTAL EST

MOD LOSS IkW)
MODULE PEAK
CURRENT (A)

MODULE COND
LOSS (kW)

MODULE SWITCH 
LOSS IkWI

TOTAL MODULE 
LOSS IkWI

ANTI-PARALLEL 
LOSS IkWI

dv/dt SNUBBER 
LOSS IkWI

di/dt SNUBBER 
LOSS IkWI

CONDUCTOR 
LOSS IkWI

7 25 600 22.32 1207.92 1.10 0.97 2.07 1.04 16.20 1.82 1.20
7 26 600 22.64 1256.24 1.16 0.99 2.16 1.10 16.20 1.93 1.25
7 27 600 22.97 1304.56 1.23 1.02 2.25 1.17 16.20 2.04 1 30
7 28 600 23.30 1352.87 1.30 1.05 2.34 1.25 16.20 2.16 1.35
7 29 600 23.64 1401.19 1.36 1.07 2.44 1.32 16.20 2.28 1 40
7 30 600 23.99 1449.51 1.44 1.10 2.53 1.40 16.20 2.41 1 44
7 31 600 24.34 1497.83 1.51 1.12 2.63 1.48 16.20 2.54 1.49
7 32 600 24.70 1546.14 1.58 1.15 2.73 1.56 16.20 2.67 1 54
7 33 600 25.07 1594.46 1.66 1.18 2.83 1.64 16.20 2.81 1.59
7 34 600 22.48 1232.08 1.13 0.98 2.11 1.07 16.20 1.87 1 23
7 35 600 22.72 1268.32 1.18 1.00 2.18 1.12 16.20 1.96 1.26
7 36 600 22.97 1304.56 1.23 1.02 2.25 1.17 16.20 2.04 1.30
7 37 600 23.21 1340.80 1.26 1.04 2.32 1.23 16.20 2.13 1.34
7 38 600 23.47 1377.03 1.33 1.06 2.39 1.28 16.20 2.22 1.37
7 39 600 23.73 1413.27 1.38 1.08 2.46 1.34 16.20 2.32 1.41
7 40 600 23.99 1449.51 1.44 1.10 2.53 1.40 16.20 2.41 1.44
7 41 600 24.25 1485.75 1.49 1.12 2.61 1.46 16.20 2.51 1.48
7 42 600 24.52 1521.98 1.54 1.14 2.68 1.52 16.20 2.60 1.52
7 43 600 24.79 1558.22 1.60 1.16 2.76 1.58 16.20 2.70 1.55
7 44 600 25.07 1594.46 1.66 1.18 2.83 1.64 16.20 2.81 1.59
7 45 600 22.97 1304.56 1.23 1.02 2.25 1.17 16.20 2.04 1.30
7 46 600 23.16 1333.55 1.27 1.04 2.30 1.22 16.20 2.11 1.33
7 47 600 23.37 1362.54 1.31 1.05 2.36 1.26 16.20 2.19 1.36
7 48 600 23.57 1391.53 1.35 1.07 2.42 1.31 16.20 2.26 1.39
7 49 600 23.78 1420.52 1.39 1.08 2.48 1.35 16.20 2.33 1.41

_______________ L ______________ _____________m. 23.99 _________i m a i ____________ L i l ____________ ________ L52.________ Li£. ___________ 1&22. 2.41 ________ Ldi

. > :
Figure H-10.7 Three phase GTO input converter switch loss estimation - Sheet 3 for 600 Hz switching frequency and variable 

power.
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___________________________________________ BASIS TRANSFORMER PARAMETERS_____________________________________
MVA RATING M ASS VOLUME FREQUENCY FULL LOAD ESTIMATED

’6 0 %  DUTY CYCL Ikal (m ‘ 3l (Hll POWER LOSS IkW COST

_________________t ______ 2224. ______ 2*242._______ 22.______22*22______ $ 7 6 ,3 9 4 .0 0

RECTIFICATION 
POWER FACTOR 

<PF)
_______2&S.

INPUT PARAME1rERS CACULATED RESULTS
OUTPUT VOLTAG 

IkVDCI
OUTPUT POWER 

(MWI
LINE FREQ TOTAL EST 

M ASS Ikal
TOTAL EST 

VOLUME (m *3l
TOTAL EST 

COST
TOTAL EST 
LOSS (kWI

TRANSFORMER 
MVA RATING

7 2 6 6 0 2 4 9 4 3 .9 2 3 4 .8 2 $ 2 6 9 ,2 7 6 .7 1 1 0 7 .1 6 3 2 .7 6
7 2 6 6 0 2 6 6 6 6 .6 6 3 6 .8 2 $ 2 7 7 ,0 7 7 .9 4 1 1 0 .2 6 3 4 .0 3
7 27 6 0 2 6 3 8 2 .9 6 3 6 .8 2 $ 2 8 4 ,8 1 0 .4 6 1 1 3 .3 3 3 6 .3 0
7 2 8 6 0 2 7 0 9 3 .0 8 3 7 .8 2 $ 2 9 2 ,4 7 6 .4 9 1 1 6 .3 8 3 6 .6 7
7 2 9 6 0 2 7 7 9 7 .3 2 3 8 .8 0 $ 3 0 0 ,0 7 8 .9 2 1 1 9 .4 0 3 7 .6 6
7 3 0 6 0 2 8 4 9 6 .9 2 3 9 .7 7 $ 3 0 7 ,6 2 0 .4 8 1 2 2 .4 1 3 9 .1 2
7 31 6 0 2 6 1 8 9 .1 1 4 0 .7 4 $ 3 1 6 ,1 0 3 .6 7 1 2 6 .3 8 4 0 .3 9
7 3 2 6 0 2 9 8 7 7 .1 2 4 1 .7 0 $ 3 2 2 ,6 3 0 .8 4 1 2 8 .3 4 4 1 .6 7
7 3 3 6 0 3 0 6 6 0 .1 3 4 2 .6 6 $ 3 2 9 ,9 0 4 .1 6 1 3 1 .2 7 4 2 .9 4
7 34 6 0 3 1 3 9 9 .9 9 4 3 .8 3 $ 3 3 8 ,9 7 0 .6 6 1 3 4 .8 8 4 4 .6 2
7 3 6 6 0 3 2 0 7 0 .2 9 4 4 .7 6 $ 3 4 6 ,2 0 6 .7 0 1 3 7 .7 6 4 6 .7 9
7 3 6 6 0 3 2 7 3 6 .1 4 4 6 .6 9 $ 3 6 3 ,3 9 4 .6 8 1 4 0 .6 2 4 7 .0 7
7 3 7 6 0 3 3 3 9 7 .6 9 4 6 .6 2 $ 3 6 0 ,6 3 6 .2 6 1 4 3 .4 6 4 8 .3 4
7 3 8 6 0 3 4 0 6 6 .0 8 4 7 .6 3 $ 3 6 7 ,6 3 2 .9 6 1 4 6 .2 8 4 9 .6 1
7 3 9 6 0 3 4 7 0 8 .4 6 4 8 .4 4 $ 3 7 4 ,6 8 6 .2 3 1 4 9 .0 9 6 0 .8 9
7 4 0 6 0 3 6 3 6 7 .9 2 4 9 .3 6 $ 3 8 1 ,6 9 7 .4 8 1 6 1 .8 8 6 2 .1 6
7 41 6 0 3 6 0 0 3 .6 3 6 0 .2 6 $ 3 8 8 ,6 6 8 .0 0 1 6 4 .6 6 6 3 .4 3
7 4 2 6 0 3 6 6 4 6 ^ 6 7 6 1 .1 6 $ 3 9 6 ,6 9 9 .0 3 1 6 7 .4 1 6 4 .7 1
7 4 3 6 0 3 7 2 8 4 .1 6 6 2 .0 4 $ 4 0 2 ,4 9 1 .7 3 1 6 0 .1 6 6 6 .9 8
7 4 4 6 0 3 7 9 1 9 .2 1 6 2 .9 3 $ 4 0 9 ,3 4 7 .2 2 1 6 2 .8 8 6 7 .2 6
7 4 6 6 0 3 8 6 9 9 .9 1 6 4 .0 2 $ 4 1 7 ,7 7 6 .0 7 1 6 6 .2 4 6 8 .8 3
7 4 6 6 0 3 9 3 2 6 .9 6 6 4 .8 9 $ 4 2 4 ,6 3 3 .4 6 1 6 8 .9 3 6 0 .11
7 4 7 6 0 3 9 9 4 8 .8 6 6 6 .7 6 $ 4 3 1 ,2 6 7 .6 6 1 7 1 .6 0 6 1 .3 6
7 4 8 6 0 4 0 6 6 8 .6 6 6 6 .6 2 $ 4 3 7 ,9 4 8 .6 7 1 7 4 .2 6 6 2 .6 6
7 4 9 6 0 4 1 1 8 6 .4 6 6 7 .4 9 $ 4 4 4 ,6 0 7 .0 8 1 7 6 .9 1 6 3 .9 2

________ L_______ 22.________________ 2 2 4 1 7 9 9 .3 2 ______68J3 ____ $ 4 5 1 .2 3 3 .9 9 ___________1 7 9 .6 6 ______SIL22.

Figure H-10.8 Three phase GTO input transformer sizing - Sheet 4 for 600 Hz switching frequency and variable power.
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CONVERTER PARAMETERS
NUMBER OF 

PHASES
NUMBER OF 
SWITCHES

3 6

HEAT EXCHANGFR ESTIMATES
FIXED COST PER PRIME POWER FIXED MASS MASS PER kW FIXED VOLUME/kW
COST kW  LOSS 1 $/kWI IkVA/kW LOSSI Iknl LOSS Ika/kWI VOLUME lm ‘ 31 LOSS Im * 3/kWt

_____ ^39 .440 .00 _________  184 ,£ __________0 .7 9 6 1 _____________m. __________ L ---------------------2J I 0.0131

CONTROLLER
MASS

Ikal
VOLUME

(m'31

__________S. ____________

BUS WORK & FRAME ESTIMATES
% INCREASE IN 
TOTAL MASS

% INCREASE IN 
TOTAL VOLUME

_________41 ,4621 _________ 71.43%

COST ESTIMATES
CONTROLLER 
FIXED COST

CONTROLLER
COST/SWITCH

BUS & FRAME 
% INC IN COST

______ » .5 0 0 .0 Q __________$35.00 _________ 1Q-QQ%

LABOR AND SERVICES ESTIMATES 1% OF TOTAL COSTI
MATERIAL FAB LABOR FAB SERVICES TEST LABOR

_________41.82% _________ 3 0 6 6 % _________ 13-49% ----------------n £ 3 %

IN P U T  P A R A M E 1 rE R S C A C U L A T E D  R E S U L T S
OUTPUT VOLTAG 

IkVDCI
OUTPUT POWER

IMWI
SWITCH FREQ 

(HU
MASS
..Ikg> ....

VOLUME 
______ lm ~3l

COST
($1

CONVERTER 
' LOSS IkWI

HEAT EX 
POWER IkVAl

CONVERTER
EFFICENCY

TOTAL
EFFICENCY

MAXIMUM 
DUTY CYCLE

MAXIMUM
MW

7 10 ' 100 21608.75 45.11 $1,859,267.20 251.97 200.75 97.54% 95.67% 0.9997 15.11
7 10 150 21622.95 45.15 $1,860,414.18 253.92 202.29 97.52% 95.64% 0.9996 15.05
7 10 200 21637.15 45.19 $1,861,561.36 255.66 203.84 97.51% 95.61% 0.9994 15.00
7 10 250 21651.36 45.22 $1,862,708.73 257.BO 205.39 97.49% 95.57% 0.9993 14.95
7 10 300 21665.57 45.26 $1,863,856.30 259.74 206.94 97.47% 95.54% 0.9991 14.90
7 10 350 21679.78 45.30 $1,865,004.07 261.60 208.48 97.45% 95.51% 0.9990 14.85
7 10 400 21694.00 45.34 $1,866,152.03 263.63 210.03 97.43% 95.48% 0.9988 14.80
7 10 450 21708.22 45.37 $1,867,300.20 265.57 211.58 97.41% 95.45% 0.9987 14.75
7 10 500 21722.44 45.41 $1,868,448.56 267.51 213.13 97.39% 95.41% 0.9985 14.69
7 10 550 21736.66 45.45 $1,869,597.12 269.46 214.68 97.38% 95.38% 0.9984 14 64
7 10 600 21750.89 45.49 $1,870,745.88 271.40 216.23 97.36% 95.35% 0.9982 14.59
7 10 650 21765.12 45.52 $1,871,894.83 273.35 217.78 97.34% 95.32% 0.9981 14.54
7 10 700 21779.35 45.56 $1,873,043.99 275.29 219.32 97.32% 95.29% 0.9979 14.49
7 10 750 21793.59 45.60 $1,874,193.34 277.24 220.87 97.30% 95.26% 0.9978 14.44
7 10 800 21807.82 45.63 $1,875,342.90 279.18 222.42 97.28% 95.22% 0.9976 14.40
7 10 850 21822.07 45.67 $1,876,492.65 281.13 223.97 97.27% 95.19% 0.9975 14.35
7 10 900 21836.31 45.71 $1,877,642.60 283.07 225.52 97.25% 95.16% 0.9973 14.30
7 10 950 21850.56 45.75 $1,878,792.75 285.02 227.08 97.23% 95.13% 0.9972 14.25
7 10 1000 21864.81 45.78 $1,879,943.10 286.97 228.63 97.21% 95.10% 0.9970 14.20
7 10 1050 21879.06 45.82 $1,881,093.65 288.91 230.18 97.19% 95.07% 0.9969 14.15
7 10 1100 21893.32 45.86 $1,882,244.40 290.86 231.73 97.17% 95.03% 0.9967 14.10
7 10 1150 21907.58 45.90 $1,883,395.35 292.81 233.28 97.16% 95.00%. 0.9966 14.06
7 10 1200 21921.84 45.93 $1,884,546.50 294.75 234.83 97.14% 94.97% 0.9964 14.01
7 10 1250 21936.10 45.97 $1,885,697.85 296.70 236.38 97.12% 94.94% 0.9963 13.96
7 10 1300 21950.37 46.01 $1,886,849.40 298.65 237.94 97.10% 94.91% 0.9961 13.91

_______________ L ______________ 1£ ____________12 52 _______ 21964.64 ___________ 4 ^ 5 . $1.868.001.15 __________300-60 __________ 239.49 _________ 97.08% _________94.88% __________0.9960 ___________ 1 M Z

Figure H-11.1 Three phase IGBT input converter summary - Sheet 1 for 10 MW output power and variable switching frequency.
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IGBT PARAME1 E R S _______________________________________________________________
VOLTAGE 

RATING IkVI
POWER DISS 
PER IGBT IWI

V THRESHOLD 
IVOLTSI

DYNAMIC r 
IOHMS)

INC. SW LOSS 
LOSS PER AMP

FIXED SW
LOSS

IGBTs PER 
MODULE

MINIMUM 
OFF TIME

MAXIMUM
Itaa

i ___________ IS IS . _____________ SJL 0 0^06 0 .000348 _______________ 2. ______________ 12. 3.00E-06 _____________ 2 2 2

SWITCH MODULE PARAMETERS
FIXED MASS  

Ikg)
MASS PER SNUB 

LOSS (ka/kWI
FIXED VOL 

(m *3 l
VOL PER SNUB 
LOSS lm *3 /k W I

____________Z21 ________________ 2. 0 0 0 8 1 9 ________0  0 0 2 2 4 4

BUS WORK & FRAME ESTIMATFS
% INCREASE IN 
TOTAL MASS

% INCREASE IN 
TOTAL VOLUME

________ 2 0 0 0 0 % __________7 1 .4 3 %

COST ESTIMATES
FIXED COST 
PER MODULE

COST PER SNUB 
LOSS IS/kW I

DRIVER FIXED 
COST

DRIVER COST  
PER MODULE

BUS & FRAME 
% INC IN COST

$4 0 9 0 .1 9 _________ * 100 .0 0 *1 .0 0 0 .0 0 ___________*3 5 .0 0 __________ 1 0 .0 0 %

IN P U T  P A R A M E 1 rE R S C A C U L A T E D  R E S U L T S
OUTPUT VOLTAG  

(kVDCI
OUTPUT POWER 

(MW I
SW ITCH FREQ 

IHH
TO TAL EST
M ASS tkal

TO TAL EST
VOLUME fm-31

TOTAL EST 
M A T'L  COST

TOTAL EST
SW  LOSS IkWI

M A XIM U M  
PEAK CURRENT

M A X  PHASE CUR 
PARALLEL lArmsI

PARALLEL 
m o d u l e s  p e q

SERIES
MODULES REQ

TOTAL
MODULES REQ

7 10 1 0 0 4 1 9 .7 3 0 .2 5 $ 8 2 ,8 2 1 .0 2 3 3 .2 0 1 9 5 .7 7 1 5 6 1 .7 9 1 18 18
7 10 1 5 0 4 2 0 .8 8 0 .2 5 $ 8 2 ,8 4 2 .1 6 3 3 .5 2 1 9 5 .1 2 155 6 .51 1 18 18
7 10 2 0 0 4 2 2 .0 3 0 .2 6 $ 8 2 ,8 6 3 .3 0 3 3 .8 4 1 9 4 .4 8 1 5 5 1 .2 5 1 18 18
7 10 25 0 4 2 3 .1 8 0 .2 6 $ 8 2 ,8 8 4 .4 5 3 4 .1 6 1 9 3 .8 4 1546 .01 1 18 18
7 10 3 0 0 ' 4 2 4 .3 4 0 .2 6 $82 ,905 .61 3 4 .4 9 1 9 3 .2 0 1 5 4 0 .8 0 1 18 18
7 10 3 5 0 4 2 5 .4 9 0 .2 6 $ 8 2 ,9 2 6 .7 7 34.81 1 9 2 .5 6 153 5 .61 1 18 18
7 10 4 0 0 4 2 6 .6 5 0 .2 6 $ 8 2 ,9 4 7 .9 3 3 5 .1 3 1 9 1 .9 3 1 5 3 0 .4 3 1 18 18
7 10 4 5 0 4 2 7 .8 0 0 .2 6 $ 8 2 ,9 6 9 .1 0 3 5 .4 5 1 9 1 .3 0 1 5 2 5 .2 8 1 18 18
7 10 5 0 0 4 2 8 .9 6 0 .2 6 $ 8 2 ,9 9 0 .2 7 3 5 .7 8 1 9 0 .6 7 1 5 2 0 .1 6 1 18 18
7 10 5 5 0 4 3 0 .1 1 0 .2 6 $ 8 3 ,0 1 1 .4 5 3 6 .1 0 1 9 0 .0 4 1 5 1 5 .0 5 1 18 18
7 10 6 0 0 4 3 1 .2 7 0 .2 6 $ 8 3 ,0 3 2 .6 4 3 6 .4 2 1 8 9 .4 2 1 5 0 9 .9 6 1 18 18
7 10 6 5 0 4 3 2 .4 2 0 .2 6 $ 8 3 ,0 5 3 .8 3 3 6 .7 4 1 8 8 .8 0 1 5 0 4 .9 0 1 18 18
7 10 7 0 0 4 3 3 .5 8 0 .2 6 $ 8 3 ,0 7 5 .0 2 3 7 .0 7 1 8 8 .1 8 1 4 9 9 .8 6 1 18 18
7 10 7 5 0 4 3 4 .7 4 0 .2 6 $ 8 3 ,0 9 6 .2 2 3 7 .3 9 1 8 7 .5 6 1 4 9 4 .8 4 1 18 18
7 10 8 0 0 4 3 5 .8 9 0 .2 6 , $ 8 3 ,1 1 7 .4 3 37.71 1 8 6 .9 5 1 4 8 9 .8 4 1 18 18
7 10 8 5 0 4 3 7 .0 5 0 .2 7 $ 8 3 ,1 3 8 .6 4 3 8 .0 4 1 8 6 .3 4 1 4 8 4 .8 6 1 18 18
7 10 9 0 0 43 8 .2 1 0 .2 7 $ 8 3 ,1 5 9 .8 5 3 8 .3 6 1 8 5 .7 3 1 4 7 9 .9 0 1 18 18
7 10 95 0 4 3 9 .3 6 0 .2 7 $ 8 3 ,1 8 1 .0 7 3 8 .6 8 1 8 5 .1 2 1 4 7 4 .9 7 1 18 18
7 10 1000 4 4 0 .5 2 0 .2 7 $ 8 3 ,2 0 2 .3 0 39.01 1 8 4 .5 2 1 4 7 0 .0 5 1 18 18
7 10 1 05 0 4 4 1 .6 8 0 .2 7 $ 8 3 ,2 2 3 .5 3 3 9 .3 3 1 8 3 .9 2 1 4 6 5 .1 6 1 18 18
7 10 1 10 0 4 4 2 .8 4 0 .2 7 $ 8 3 ,2 4 4 .7 7 3 9 .6 5 1 8 3 .3 2 1 4 6 0 .2 9 1 18 18
7 10 1 15 0 4 4 4 .0 0 0 .2 7 $ 8 3 ,266 .01 3 9 .9 8 1 8 2 .7 3 1 4 5 5 .4 4 1 18 18
7 10 1 20 0 4 4 5 .1 6 0 .2 7 $ 8 3 ,2 8 7 .2 5 4 0 .3 0 1 8 2 .1 3 1 4 5 0 .6 0 1 18 18
7 10 1 25 0 4 4 6 .3 2 0 .2 7 $ 8 3 ,3 0 8 .5 0 4 0 .6 2 1 8 1 .5 4 1 4 4 5 .8 0 1 18 18
7 10 1 30 0 4 4 7 .4 7 0 .2 7 $ 8 3 ,3 2 9 .7 6 4 0 .9 5 1 8 0 .9 6 1441 .01 1 18 18
7 __________ 12 _________1252 4 4 8 .6 3 ____________ & 2Z . ______*8 3 .3 5 1 .0 2 ___________ I L i l 1 8 0 .3 7 1 4 3 6 .2 4 _______________ L 18 ______________ 11

Figure H-11.2 Three phase IGBT input converter switch quantity characterization 
switching frequency.

Sheet 2 for 10 MW output power and variable
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SNUBBER PARAMETERS
dv/dt SNUBBER 
CAPACITOR luFI

dl/dt SNUBBER 
INDUCTOR luHl

1 ___________ ILL

___________________  ANTI-PARALLEL 7I0DE PARAMETERS
DIODE DIODE DIODE DIODES

_____m y i____ r (OHMS) Irr I AMPS} PER MODULE

___________ L I 0 .0 0 5 5 6 _______________ 2 1 _______________ 2 1

IN PUT PARAME1rERS CACULATED SWITCH MODULE CURRENTS AND LOSSES BASED ON DESIRED OUTPUT MVA
OUTPUT VOLTAG  

IkVDCI
OUTPUT POWER 

IM W I
SW ITCH FREQ 

_______ Itkl_______

TO TAL EST
M OD LOSS IkW l

MODULE PEAK 
CURRENT (Al

MODULE COND 
l o s s  IkWl

MODULE SWITCH  
LOSS IkWl

TOTAL MODULE 
LOSS IkW l

ANTI-PARALLEL 
LOSS IkW l

dv/dt SNUBBER 
LOSS IkWl

di/dt SNUBBER 
LOSS IkWl

CONDUCTOR 
LOSS IkWl

7 10 10 0 1 .8 4 1 2 9 5 .9 6 0 .9 4 0.01 0 .9 5 0 .7 5 0.01 0.01 0 .1 2
7 10 15 0 1 .86 1 2 9 6 .1 5 0 .9 4 0 .0 2 0 .9 6 0 .7 5 0 .0 2 0.01 0 .1 2
7 10 2 0 0 1 .88 1 2 9 6 .3 5 0 .9 4 0 .0 3 0 .9 7 0 .7 5 0 .0 3 0 .0 2 0 .1 2
7 10 2 5 0 1 .9 0 1 2 9 6 .5 4 0 .9 4 0 .0 4 0 .9 7 0 .7 5 0 .0 3 0 .0 2 0 .1 2
7 10 3 0 0 1 .92 1 2 9 6 .7 4 0 .9 4 0 .0 4 0 .9 8 0 .7 5 0 .0 4 0 .0 3 0 .1 2
7 10 3 5 0 1 .93 1 2 9 6 .9 3 0 .9 4 0 .0 5 0 .9 9 0 .7 5 0 .0 4 0 .0 3 0 .1 2
7 10 4 0 0 1 .95 1 2 9 7 .1 3 0 .9 4 0 .0 6 1 .0 0 0 .7 5 0 .0 5 0 .0 4 0 .1 2
7 10 4 5 0 1 .97 1 2 9 7 .3 2 0 .9 4 0 .0 6 1 .0 0 0 .7 5 0 .0 6 0 .0 4 0 .1 2
7 10 5 0 0 1 .99 1 2 9 7 .5 2 0 .9 4 0 .0 7 1.01 0 .7 5 0 .0 6 0 .0 4 0 .1 2
7 10 5 5 0 2.01 129 7 .7 1 0 .9 4 0 .0 8 1 .02 0 .7 5 0 .0 7 0 .05 0 .1 2
7 10 6 0 0 2 .0 2 129 7 .91 0 .9 4 0 .0 9 1 .0 2 0 .7 5 0 .0 8 0 .05 0 .1 2
7 10 6 5 0 2 .0 4 1 2 9 8 .1 0 0 .9 4 0 .0 9 1 .0 3 0 .7 5 0 .0 8 0 .06 0 .1 2
7 10 7 0 0 2 .0 6 1 2 9 8 .3 0 0 .9 4 0 .1 0 1 .0 4 0 .7 5 0 .0 9 0 .0 6 0 .1 2
7 10 7 5 0 2 .08 1 2 9 8 .4 9 0 .9 4 0.11 1 .05 0 .7 5 0 .0 9 0 .0 7 0 .1 2
7 10 8 0 0 2 .1 0 1 2 9 8 .6 9 0 .9 4 0.11 1 .05 0 .7 5 0 .1 0 0 .0 7 0 .1 2
7 10 8 5 0 2.11 1 2 9 8 .8 8 0 .9 4 0 .1 2 1 .06 0 .7 5 0.11 0 .0 8 0 .1 2
7 10 9 0 0 2 .13 1 2 9 9 .0 8 0 .9 4 0 .1 3 1 .07 0 .7 5 0.11 0 .0 8 0 .1 2
7 10 9 5 0 2 .15 1 2 9 9 .2 7 0 .9 4 0 .1 4 1 .07 0 .7 5 0 .1 2 0 .0 8 0 .1 2
7 10 1 0 0 0 2 .17 1 2 9 9 .4 7 0 .9 4 0 .1 4 1 .08 0 .7 5 0 .1 3 0 .0 9 0 .1 2
7 10 1 0 5 0 2 .18 1 2 9 9 .6 6 0 .9 4 0 .1 5 1 .09 0 .7 5 0 .1 3 0 .0 9 0 .1 2
7 10 1 1 0 0 2 .2 0 1 2 9 9 .8 6 0 .9 4 0 .1 6 1 .1 0 0 .7 5 0 .1 4 0 .1 0 0 .1 2
7 10 1 1 5 0 2 .22 1 3 0 0 .0 6 0 .9 4 0 .1 6 1 .1 0 0 .7 5 0 .1 4 0 .1 0 0 .1 2
7 10 1 2 0 0 2 .2 4 1 3 0 0 .2 5 0 .9 4 0 .1 7 1.11 0 .7 5 0 .1 5 0.11 0 .1 2
7 10 1 2 5 0 2 .2 6 1 3 0 0 .4 5 0 .9 4 0 .1 8 1 .12 0 .7 5 0 .1 6 0.11 0 .1 2
7 10 1 3 0 0 2 .2 7 1 3 0 0 .6 4 0 .9 4 0 .1 9 1 .13 0 .7 5 0 .1 6 0 .1 2 0 .1 2
7 _________ 12. ________12S& _____________ U l _________ 1 3 0 0 8 4 ________5L21________2*11 _____________ L l l ________2*21 __________ILLL _____________2J1 0 .1 2

Figure H-11.3 Three phase IGBT input converter switch loss estimation - Sheet 3 for 10 MW output power and variable switching
frequency.
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B A S IS  T R A N S F O R M E R  P A R A M E T E RS
M V A  R A T IN G  

'5 0 %  D U T Y  C Y C L
M A S S

(kfl)
V O L U M E

( m '3 )
FR E Q U E N C Y

(H z)
FULL LO A D  

P O W E R  LO S S  (k W
E S T IM A T E D

C O S T
6 6 9 8 4 9 .7 4 8 6 0 3 0 .0 0 $ 7 5 ,3 9 4 .0 0

R E C T IF IC A T IO N  

P O W E R  F A C T O R  
(PF)

_________0.8

IN 3UT PARAME-rERS CACULATED RESULTS
O U T P U T  V O L T  A G  

(k V D C )
O U T P U T  P O W E R  

(M W )
L IN E  FR E Q  

(H z)
T O T A L  E S T  
M A S S  (ka)

T O T A L  E S T  
V O L U M E  (m " 3 )

T O T A L  E S T  
C O S T

T O T A L  E S T  
LO S S  (k W )

T R A N S F O R M E R  
M V A  R A T IN G

7 1 0 6 0 1 2 2 9 1 .2 8 1 7 .1 6 $ 1 3 2 ,6 8 7 .4 0 5 2 .8 0 1 2 .7 5
7 1 0 6 0 1 2 2 9 3 .0 3 1 7 .1 6 $ 1 3 2 ,7 0 6 .2 7 5 2 .8 1 1 2 .7 5
7 1 0 6 0 1 2 2 9 4 .7 8 1 7 .1 6 $ 1 3 2 ,7 2 5 .1 4 5 2 .8 1 1 2 .7 5
7 1 0 6 0 1 2 2 9 6 .5 2 1 7 .1 6 $ 1 3 2 ,7 4 4 .0 1 5 2 .8 2 1 2 .7 6
7 1 0 6 0 1 2 2 9 8 .2 7 1 7 .1 7 $ 1 3 2 ,7 6 2 .8 9 5 2 .8 3 1 2 .7 6
7 1 0 6 0 1 2 3 0 0 .0 2 1 7 .1 7 $ 1 3 2 ,7 8 1 .7 7 5 2 .8 4 1 2 .7 6
7 1 0 6 0 1 2 3 0 1 .7 7 1 7 .1 7 $ 1 3 2 ,8 0 0 .6 5 5 2 .8 4 1 2 .7 6
7 1 0 6 0 1 2 3 0 3 .5 2 1 7 .1 7 $ 1 3 2 ,8 1 9 .5 3 5 2 .8 5 1 2 .7 7
7 1 0 6 0 1 2 3 0 5 .2 7 1 7 .1 8 $ 1 3 2 ,8 3 8 .4 2 5 2 .8 6 1 2 .7 7
7 1 0 6 0 1 2 3 0 7 .0 2 1 7 .1 8 $ 1 3 2 ,8 5 7 .3 0 5 2 .8 7 1 2 .7 7
7 1 0 6 0 1 2 3 0 8 .7 7 1 7 .1 8 $ 1 3 2 ,8 7 6 .1 9 5 2 .8 7 1 2 .7 7
7 1 0 6 0 1 2 3 1 0 .5 2 1 7 .1 8 $ 1 3 2 ,8 9 5 .0 8 5 2 .8 8 1 2 .7 8
7 • 1 0 6 0 1 2 3 1 2 .2 7 1 7 .1 8 $ 1 3 2 ,9 1 3 .9 7 5 2 .8 9 1 2 .7 8
7 1 0 6 0 1 2 3 1 4 .0 2 1 7 .1 9 $ 1 3 2 ,9 3 2 .8 7 5 2 .9 0 1 2 .7 8
7 1 0 6 0 1 2 3 1 5 .7 7 1 7 .1 9 $ 1 3 2 ,9 5 1 .7 6 5 2 .9 0 1 2 .7 8
7 1 0 6 0 1 2 3 1 7 .5 2 1 7 .1 9 $ 1 3 2 ,9 7 0 .6 6 5 2 .9 1 1 2 .7 9
7 1 0 6 0 1 2 3 1 9 .2 7 1 7 .1 9 $ 1 3 2 ,9 8 9 .5 6 5 2 .9 2 1 2 .7 9
7 1 0 6 0 1 2 3 2 1 .0 2 1 7 .2 0 $ 1 3 3 ,0 0 8 .4 6 5 2 .9 3 1 2 .7 9
7 1 0 6 0 1 2 3 2 2 .7 7 1 7 .2 0 $ 1 3 3 ,0 2 7 .3 6 5 2 .9 3 1 2 .7 9
7 1 0 6 0 1 2 3 2 4 .5 2 1 7 .2 0 $ 1 3 3 ,0 4 6 .2 7 5 2 .9 4 1 2 .7 9
7 1 0 6 0 1 2 3 2 6 .2 7 1 7 .2 0 $ 1 3 3 ,0 6 5 .1 7 5 2 .9 5 1 2 .8 0
7 1 0 6 0 1 2 3 2 8 .0 3 1 7 .2 1 $ 1 3 3 ,0 8 4 .0 8 5 2 .9 6 1 2 .8 0
7 1 0 6 0 1 2 3 2 9 .7 8 1 7 .2 1 $ 1 3 3 ,1 0 2 .9 9 5 2 .9 6 1 2 .8 0
7 1 0 6 0 1 2 3 3 1 .5 3 1 7 .2 1 $ 1 3 3 ,1 2 1 .9 0 5 2 .9 7 1 2 .8 0
7 1 0 6 0 1 2 3 3 3 .2 8 1 7 .2 1 $ 1 3 3 ,1 4 0 .8 2 5 2 .9 8 1 2 .8 1

___________________L 1 0 6 0 1 2 3 3 5 .0 3 1 7 .2 2 _____ $ 1 3 3 .1 5 9 .7 4 5 2 .9 9 _____________ 12 *8 1

Figure H-11.4 Three phase IGBT input transformer sizing - Sheet 4 for 10 MW output power and variable switching frequency.



CONVERTER PARAMFTFRS
NUMBER OF 

PHASES
NUMBER OF 
SWITCHES

3 ________________ 1

_______________________________________________________ HEAT EXCHANGER ES t im a t e s __________________________
FIXED
COST

COST PER 
k W  LOSS ($/kW )

PRIME POWER 
IkVA /kW  LOSSI

FIXED M ASS  
Ikal

M ASS PER kW  
LOSS Ika/kW I

FIXED
VOLUME lm *3 l

VOLUME/kW  
LOSS (m '3 /k W I

$ 3 9  4 4 0 .0 0 _______ 1 M 0 .7 9 6 7 ______________1 2 2 . 1 ________ Z 1 L __________ 2 *2 1 2 1

CONTROLLER
MASS

(kal
VOLUME

(m-31
5 0.01

BUS WORK & FRAME ESTIMATES
% INCREASE IN 
TOTAL M ASS

% INCREASE IN 
TO TAL VOLUME

4 1 .4 6 % 7 1 .4 3 %

COST ESTIMATE
CONTROLLER 
FIXED COST

CONTROLLER
COST/SW ITCH

BUS & FRAME 
% INC IN COST

$ 3 .5 0 0 .0 0 $ 3 5 .0 0 10.00%

LABOR AND SERVICES ESTIMATES <% OF TOTAI COSTI
MATERIAL FAB LABOR FAB SERVICES TEST LABOR

_________ 4 1 -62% __________3 0 .6 6 % __________ 1 3 .4 9 % 1 4 .0 3 %

INPUT PARAMETERS CACULATED RESULTS
OUTPUT VOLTAG  

IkVDCI_____
OUTPUT POWER 

(MW)
SW ITCH FREQ 

IHH
M ASS

(k a l -
VOLUME 

_______<™~3)
COST
($1

CONVERTER 
LOSS IkWI

HEAT EX 
POWER IkVAl

CONVERTER
EFFICENCY

TOTAL
EFFICENCY

M AXIM UM  
DUTY CYCLE

M AXIM UM
M W

7 25 6 0 0 4 3 1 3 8 .7 7 8 2 .9 5 $ 3 ,6 7 8 ,5 6 1 .2 5 6 9 5 .1 4 5 5 3 .8 2 9 7 .2 9 % 9 5 .2 4 % 0 .9 9 8 2 29 .19
7 26 6 0 0 4 4 2 3 0 .9 2 B 5.19 $ 3 ,7 1 4 ,0 9 8 .8 5 7 3 1 .1 7 5 8 2 .5 2 9 7 .2 6 % 9 5 .1 9 % 0 .9 9 8 2 29 .1 9
7 27 6 0 0 4 5 3 1 4 .9 4 8 7 .4 4 $ 3 ,7 4 9 ,7 5 3 .6 8 7 6 7 .9 2 6 1 1 .8 0 9 7 .2 3 % 9 5 .1 4 % 0 .9 9 8 2 29 .19
7 28 6 0 0 4 6 3 9 1 .2 8 8 9 .6 7 $ 3 ,7 8 5 ,5 3 5 .2 7 805 .4 1 6 4 1 .6 7 9 7 .2 0 % 9 5 .0 9 % 0 .9 9 8 2 29 .19
7 29 6 0 0 4 7 4 6 0 .3 7 9 1 .9 0 $ 3 ,8 2 1 ,4 5 2 .3 8 8 4 3 .6 4 6 7 2 .1 3 9 7 .1 7 % 9 5 .0 3 % 0 .9 9 8 2 29 .19
7 30 6 0 0 5 1 8 5 5 .2 1 9 5 .1 6 $ 5 ,1 0 2 ,5 8 0 .7 0 776 .11 6 1 8 .3 3 9 7 .4 8 % 9 5 .5 6 % 0 .9 9 8 2 4 3 .7 8
7 31 6 0 0 5 2 8 9 1 .8 0 9 7 .2 7 $ 5 ,1 3 5 ,4 4 4 .6 6 8 0 8 .0 5 6 4 3 .7 7 9 7 .4 6 % 9 5 .5 3 % 0 .9 9 8 2 4 3 .7 8
7 32 6 0 0 5 3 9 2 1 .6 2 9 9 .3 7 $ 5 ,1 6 8 ,3 5 8 .1 2 8 4 0 .4 7 6 6 9 .6 0 9 7 .4 4 % 9 5 .4 9 % 0 .9 9 8 2 4 3 .7 8
7 33 6 0 0 5 4 9 4 4 .9 8 1 0 1 .4 7 $ 5 ,2 0 1 ,3 2 7 .5 5 8 7 3 .3 8 6 9 5 .8 2 9 7 .4 2 % 9 5 .4 6 % 0 .9 9 8 2 4 3 .7 8
7 34 6 0 0 5 5 9 6 2 .1 7 1 0 3 .5 6 $ 5 ,2 3 4 ,3 5 8 .9 7 9 0 6 .7 7 7 2 2 .4 3 9 7 .4 0 % 9 5 .4 3 % 0 .9 9 8 2 4 3 .7 8
7 35 6 0 0 5 6 9 7 3 .4 3 1 0 5 .6 5 $ 5 ,2 6 7 ,4 5 8 .0 1 9 4 0 .6 5 7 4 9 .4 2 9 7 .3 8 % 9 5 .3 9 % 0 .9 9 8 2 4 3 .7 8
7 36 6 0 0 5 7 9 7 9 .0 4 1 0 7 .7 3 $ 5 ,3 0 0 ,6 2 9 .9 4 9 7 5 .0 2 7 7 6 .8 0 9 7 .3 6 % 9 5 .3 6 % 0 .9 9 8 2 43 .7 8
7 37 6 0 0 5 8 9 7 9 .2 1 109 .81 $ 5 ,3 3 3 ,8 7 9 .6 8 1 0 0 9 .8 8 8 0 4 .5 7 9 7 .3 4 % 9 5 .3 3 % 0 .9 9 8 2 43 .7 8
7 3B 6 0 0 5 9 9 7 4 .1 7 1 1 1 .8 9 $ 5 ,3 6 7 ,2 1 1 .8 8 1 0 4 5 .2 3 8 3 2 .7 4 9 7 .3 2 % 9 5 .2 9 % 0 .9 9 8 2 4 3 .7 8
7 39 6 0 0 6 0 9 6 4 .1 2 1 1 3 .9 6 $ 5 ,4 0 0 ,6 3 0 .8 9 1 0 8 1 .0 7 8 6 1 .2 9 9 7 .3 0 % 9 5 .2 6 % 0 .9 9 8 2 4 3 .7 8
7 4 0 6 0 0 6 1 9 4 9 .2 5 1 1 6 .0 3 $ 5 ,4 3 4 ,1 4 0 .8 3 1 1 1 7 .4 0 8 9 0 .2 3 9 7 .2 8 % 9 5 .2 2 % 0 .9 9 8 2 4 3 .7 8
7 41 6 0 0 6 2 9 2 9 .7 6 1 1 8 .1 0 $ 5 ,4 6 7 ,7 4 5 .5 6 1 1 5 4 .2 2 9 1 9 .5 7 9 7 .2 6 % 9 5 .1 9 % 0 .9 9 8 2 4 3 .7 8
7 4 2 6 0 0 6 3 9 0 5 .8 0 1 2 0 .1 6 $ 5 ,5 0 1 ,4 4 8 .7 6 1 1 9 1 .5 3 9 4 9 .3 0 9 7 .2 4 % 9 5 .1 5 % 0 .9 9 8 2 4 3 .7 8
7 43 6 0 0 6 4 8 7 7 .5 5 122.22 $ 5 ,5 3 5 ,2 5 3 .8 8 1 2 2 9 .3 4 9 7 9 .4 2 9 7 .2 2 % 9 5 .1 1 % 0 .9 9 8 2 43 .7 8
7 44 6 0 0 6 9 1 6 5 .7 3 1 2 5 .2 0 $ 6 ,8 1 0 ,6 9 4 .7 6 1 1 5 2 .5 2 918 .21 9 7 .4 5 % 9 5 .5 1 % 0 .9 9 8 2 58 .3 8
7 4 5 6 0 0 7 0 1 1 5 .8 6 1 2 7 .1 7 $ 6 ,8 4 2 ,2 8 0 .4 7 1 1 8 5 .6 5 944 .61 9 7 .4 3 % 9 5 .4 8 % 0 .9 9 8 2 58 .3 8
7 4 6 6 0 0 7 1 0 6 1 .8 7 1 2 9 .1 5 $ 6 ,8 7 3 ,9 2 3 .3 7 1 2 1 9 .1 4 9 7 1 .2 9 9 7 .4 2 % 9 5 .4 5 % 0 .9 9 8 2 56 .3 8
7 4 7 6 0 0 7 2 0 0 3 .8 7 1 3 1 .1 2 $ 6 ,9 0 5 ,6 2 6 .2 9 1 2 5 3 .0 0 9 9 8 .2 7 9 7 .4 0 % 9 5 .4 3 % 0 .9 9 8 2 5 8 .3 8
7 4 8 6 0 0 7 2 9 4 2 .0 1 1 3 3 .0 8 $ 6 ,9 3 7 ,3 9 1 .9 2 1 2 8 7 .2 3 1 0 2 5 .5 4 9 7 .3 9 % 9 5 .4 0 % 0 .9 9 8 2 5 8 .3 8
7 4 9 6 0 0 7 3 8 7 6 .4 1 1 3 5 .0 5 $ 6 ,9 6 9 ,2 2 2 .8 2 1 3 2 1 .8 3 1 0 5 3 .1 0 9 7 .3 7 % 9 5 .3 8 % 0 .9 9 8 2 5 8 .3 8
7 _________ 52. 6 0 0 ____ 7422115 ______ 13701 $ 7 .0 0 1 .1 2 1 .4 2 1 3 5 6 .7 9 1 0 8 0 .9 6 9 7 .3 6 % __________9 5 .3 5 % 0 .9 9 8 2 _______£2J£

Figure H-11.5 Three phase IGBT input converter summary - Sheet 1 for 600 Hz switching frequency and variable power.
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0

IGBT PARAME r£RS
VOLTAGE 

RATING IkVI
POWER DISS 
PER IGBT IWI

V THRESHOLD 
IVOLTSI

DYNAMIC r 
(OHMS)

INC. SW LOSS 
LOSS PER AMP

FIXED SW 
LOSS

IGBTs PER 
MODULE

MINIMUM 
OFF TIME

MAXIMUM
Itaa

1 ___________1 £ L L _____________ 0 0 1 0 6 0.000346 _______________ 1 ______________ UL ________ 3-00E-P6 _____________ 2 22

BUS WORK & FRAME ESTIMATES
% INCREASE IN 
TOTAL MASS

% INCREASE IN 
TOTAL VOLUME

________200.00% 71-43%

SWITCH MODULE PARAMETERS
FIXED MASS 

(kg)
MASS PER SNUB 

LOSS Ika/kWI
FIXED VOL 

lm ‘ 31
VOL PER SNUB 
LOSS (m '3 /kW I

7.73 _______________ 2. ________ 0 0 0 6 1 9 _______ 0 0 0 2 2 4 4

COST ESTIMATI s
FIXED COST 
PER MODULE

COST PER SNUB 
LOSS 1 $/kW)

DRIVER FIXED 
COST

DRIVER COST 
PER MODULE

BUS & FRAME 
% INC IN COST

$4.090.19 ________ S i a m «1-000-00 __________ £25.22, 10-00%

INPUT PARAMETERS CACULATED RESULTS
OUTPUT VOLTAG 

IkVDCI
OUTPUT POWER 

(MW)
SWITCH FREQ 

(Hz)
TOTAL EST 
MASS tkol

TOTAL EST
VOLUME (m-31

TOTAL EST 
MAT'L COST

TOTAL EST 
SW LOSS IkWI

MAXIMUM 
PEAK CURRFNT

MAX PHASE CUR 
PARALLEL (Armsl

PARALLEL 
MODULES REQ

SERIES
MODULES REO

TOTAL
MODULES REQ

7 25 600 868.82 0.53 $165,080.46 98.31 189.42 1509.96 2 18 36
7 26 600 870.24 0.53 $165,106.50 103.79 189.42 1509.96 2 18 36
7 27 600 871.71 0.53 $165,133.55 109.39 189.42 1509.96 2 18 36
7 28 600 873.24 0.53 $165,161.59 115.12 189.42 1509.96 2 18 36
7 29 600 874.83 0.53 $165,190.63 1 20.98 189.42 1509.96 2 18 36
7 30 600 1293.80 0.78 $246,897.91 109.26 189.42 1509.96 3 18 54
7 31 600 1294.94 0.79 $246,918.78 114.08 189.42 1509.96 3 18 54
7 32 600 1296.12 0.79 $246,940.32 118.99 189.42 1509.96 3 18 54
7 33 600 1297.33 0.79 $246,962.52 123.98 189.42 1509.96 3 18 54
7 34 600 1298.57 0.79 $246,985.39 129.05 189.42 1509.96 3 18 54
7 35 600 1299.86 0.79 $247,008.93 134.21 189.42 1509.96 3 18 54
7 36 600 1301.18 0.79 $247,033.14 139.45 189.42 1509.96 3 18 54
7 37 600 1302.54 0.79 $247,058.01 144.78 189.42 1509.96 3 18 54
7 38 600 1303.93 0.79 $247,083.55 150.19 189.42 1509.96 3 18 54
7 39 600 1305.36 0 .79 $247,109.76 155.69 189.42 1509.96 3 18 54
7 40 600 1306.82 0.79 $247,136.63 161.27 189.42 1509.96 3 18 54
7 41 600 1308.33 0.79 $247,164.17 166.93 189.42 1509.96 3 18 54
7 42 600 1309.87 0.80 $247,192.38 172.68 189.42 1509.96 3 18 54
7 43 600 1311.44 0 .80 $247,221.26 178.52 189.42 1509.96 3 18 54
7 44 600 1729.77 1.05 $328,916.69 165.30 189.42 1509.96 4 18 72
7 45 600 1731.01 1.05 $328,939.48 170.36 189.42 1509.96 4 18 72
7 46 600 1732.28 1.05 $328,962.77 175.49 189.42 1509.96 4 18 72
7 47 600 1733.58 1.05 $328,986.56 180.68 189.42 1509.96 4 18 72
7 48 600 1734.91 1.05 $329,010.85 185.93 189.42 1509.96 4 18 72
7 49 600 1736.26 1.05 $329,035.64 191.25 189.42 1509.96 4 18 72
7 _________ 52. ________ 222 1737-64 ________ L25. ____ $329.060.93 196.63 169.42 1509-96 __________i _________ lfi.______________12.

Figure H-11.6 Three phase IGBT input switch quantity characterization - Sheet 2 for 600 Hz switching frequency and variable
power.
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ANTI-PARALLEL DIODF PARAMFTFRS
DIODE DIODE DIODE DIODES
VT IV) r (OHMSI Irr (AMPSI PER MODULE

______________L a . ________ 0 0 0 5 5 6 ______________ 2 1 ______________ 2 1

SNUBBER PARAMETERS
dv/dt SNUBBER 
CAPACITOR (uFI

dl/dt SNUBBER 
INDUCTOR luHl

1 _____________ 2 1 .

INPUT PARAMETERS CACULATED SWITCH MODULE CURRENTS AND LOSSES BASED ON DESIRED OUTPUT MVA
OUTPUT VOLTAG 

(kVDCI
OUTPUT POWER

IMWI
SWITCH FREQ 

IH il
TOTAL EST

MOD LOSS IkWI
MODULE PEAK 
CURRENT (Al

MODULE COND 
LOSS (kWI

MODULE SWITCH 
LOSS IkWI

TOTAL MODULE 
LOSS IkWI

ANTI-PARALLEL 
LOSS IkWI

dv/dt SNUBBER 
LOSS (kWI

di/dt SNUBBER 
LOSS. IkWI

CONDUCTOR 
LOSS IkWI

7 25 600 2.73 1622.38 1.35 0.11 1.46 0.96 0.08 0.08 0.15
7 26 600 2.88 1687.28 1.44 0.11 1.55 1.01 0.08 0.09 0.16
7 27 600 3 .04 1752.17 1.54 0.12 1.65 1.05 0.08 0.10 0.17
7 28 600 3.20 1817.07 1.63 0.12 1.75 1.10 0.08 0.10 0.17
7 29 600 3.36 1881.97 1.73 0.12 1.86 1.14 0.08 0.11 0.18
7 30 600 2.02 1297.91 0.94 0.09 1.02 0.75 0.08 0.05 0.12
7 31 600 2.11 1341.17 0.99 0.09 1.08 0.78 0.08 0.06 0.13
7 32 600 2.20 1384.43 1.04 0.09 1.13 0.80 0.08 0.06 0.13
7 33 600 2.30 1427.70 1.09 0.09 1.19 0.83 0.08 0.06 0.14
7 34 600 2.39 1470.96 1.15 0.10 1.25 0.86 0.08 0.07 0.14
7 35 600 2.49 1514.23 1.21 0.10 1.31 0.89 0.08 0.07 0.14
7 36 600 2.58 1557.49 1.26 0.10 1.37 0.92 0.08 0.08 0.15
7 37 600 2.66 1600.75 1.32 0.11 1.43 0.95 0.08 0.08 0.15
7 38 600 2.78 1644.02 1.38 0.11 1.49 0.98 0.08 0.08 0.16
7 39 600 2.88 1687.28 1.44 0.11 1.55 1.01 0.08 0.09 ' 0.16
7 40 600 2.99 1730.54 1.50 0.11 1.62 1.04 0.08 0.09 0.16
7 41 600 3.09 1773.81 1.57 0.12 1.68 1.07 0.08 0.10 0.17
7 42 600 3.20 1817.07 1.63 0.12 1.75 1.10 0.08 0.10 0.17
7 43 600 3.31 1860.33 1.70 0.12 1.82 1.13 0.08 0.11 0.18
7 44 600 2.30 1427.70 1.09 0.09 1.19 0.83 0.08 0.06 0.14
7 45 600 2.37 1460.15 1.14 0.10 1.23 0.85 0.08 0.07 0.14
7 46 600 2.44 1492.59 1.18 0.10 1.28 0.87 0.08 0.07 0.14
7 47 600 2.51 1525.04 1.22 0.10 1.32 0.90 0.08 0.07 0.15
7 48 600 2.58 1557.49 1.26 0.10 1.37 0.92 0.08 0.08 0.15
7 49 600 2.66 1589.94 1.31 0.10 1.41 0.94 0.08 0.08 0.15

__________Z._________ SSL 600 ____________ Z J2 . 1622.38 ________ L22.________211 ____________ U2. ________ 212.________ 212.______ _21L ________212

Figure H-11.7 Three phase IGBT input converter switch loss estimation - Sheet 3 for 600 Hz switching frequency and variable 
power.

i(O(a)



H
-94

____________________________________BASIS TRANSFt3RMER PARAMETERS______________________________
MVA RATING 

'60% DUTY CYCL
MASS

Ika)
VOLUME

("T3)
FREQUENCY

(Hi)
FULL LOAD 

POWER LOSS (kW
ESTIMATED

COST
______________ a. ___________a s s i __________ _____________ as. __________ asiSs. _____$76.394.00

RECTIFICATION 
POWER FACTOR

(PF)________O.B

IN P U T  P A R A M E T E R S C A C U L A T E D  R E S U L T S
OUTPUT VOLTAG 

(kVDC)
OUTPUT POWER 

(MWI -
LINE FREQ 

IHj)
TOTAL EST 
M ASS (ka)

TOTAL EST 
VOLUME lm *3)

TOTAL EST 
COST

TOTAL EST 
LOSS (kW)

TRANSFORMER 
MVA RATING

7 2 5 6 0 2 4 6 0 3 .3 0 3 4 .2 0 $ 2 6 4 ,6 1 9 .1 8 1 0 6 .2 6 3 1 .9 9
7 2 6 6 0 2 6 2 4 1 .3 7 3 6 .2 3 $ 2 7 2 ,4 8 6 .7 7 1 0 8 .4 3 3 3 .2 8
7 27 6 0 2 6 9 7 2 .8 4 3 6 .2 6 $ 2 8 0 ,3 8 3 .2 4 1 1 1 .6 7 3 4 .6 7
7 2 8 6 0 2 6 6 8 8 .0 6 3 7 .2 6 $ 2 8 8 ,2 1 1 .9 9 1 1 4 .6 8 3 6 .8 6
7 2 8 6 0 2 7 4 1 7 .2 7 3 8 .2 7 $ 2 9 6 ,9 7 6 .1 7 1 1 7 .7 7 3 7 .1 6
7 3 0 6 0 2 8 0 6 7 .9 3 3 9 .1 6 $ 3 0 2 ,8 9 2 .2 1 1 2 0 .6 2 3 8 .3 2
7 31 6 0 2 8 7 6 1 .3 0 4 0 .1 4 $ 3 1 0 ,4 8 6 .3 0 1 2 3 .6 6 3 9 .6 1
7 3 2 6 0 2 9 4 6 9 .3 3 4 1 .1 2 $ 3 1 8 ,0 2 0 .6 9 1 2 6 .6 4 4 0 .8 9
7 3 3 6 0 3 0 1 6 2 .2 2 4 2 .0 9 $ 3 2 6 ,6 0 0 .6 9 1 2 9 .6 2 4 2 .1 8
7 3 4 6 0 3 0 8 4 0 .1 9 4 3 .0 6 $ 3 3 2 ,9 2 7 .4 7 1 3 2 .4 8 4 3 .4 7
7 3 6 6 0 3 1 6 2 3 .4 2 4 4 .0 0 $ 3 4 0 ,3 0 3 .0 6 1 3 6 .4 1 4 4 .7 6
7 3 6 6 0 3 2 2 0 2 .0 7 4 4 .9 6 $ 3 4 7 ,6 2 9 .3 1 1 3 8 .3 3 4 6 .0 6
7 37 6 0 3 2 8 7 6 .3 3 4 6 .8 9 $ 3 6 4 ,8 0 8 .0 3 1 4 1 .2 2 4 7 .3 4
7 3 8 6 0 3 3 6 4 6 .3 3 4 6 .8 2 $ 3 6 2 ,1 4 0 .8 7 1 4 4 .1 0 4 8 .6 3
7 3 9 6 0 3 4 2 1 2 .2 2 4 7 .7 6 $ 3 6 9 ,3 2 9 .3 9 1 4 6 .9 6 4 9 .9 2
7 4 0 6 0 3 4 8 7 4 .1 6 < 4 8 .6 8 $ 3 7 6 ,4 7 6 .0 7 1 4 9 .8 0 6 1 .2 1
7 41 6 0 3 6 6 3 2 .2 4 4 9 .6 8 $ 3 8 3 ,6 7 9 .3 0 1 6 2 .6 3 6 2 .6 0
7 4 2 6 0 3 6 1 8 6 .6 1 6 0 .6 1 $ 3 8 0 ,6 4 3 .4 0 1 6 6 .4 4 6 3 .8 0
7 4 3 6 0 3 6 8 3 7 .3 8 6 1 .4 2 $ 3 9 7 ,6 6 8 .6 0 1 6 8 .2 4 6 6 .0 9
7 4 4 6 0 3 7 4 1 3 .0 8 6 2 .2 2 $ 4 0 3 ,8 8 3 .3 7 1 60 .71 6 6 .2 4
7 4 6 6 0 3 8 0 6 3 .8 6 6 3 .1 1 $ 4 1 0 ,8 0 0 .8 2 1 6 3 .4 6 6 7 .6 3
7 4 6 6 0 3 8 6 9 1 .3 1 6 4 .0 0 $ 4 1 7 ,6 8 2 .1 9 1 6 6 .2 0 5 8 .8 2
7 4 7 6 0 3 9 3 2 6 .6 0 6 4 .8 9 $ 4 2 4 ,6 2 8 .4 9 1 6 8 .8 2 6 0 .1 1
7 4 8 6 0 3 9 9 6 6 .6 4 6 6 .7 7 $ 4 3 1 ,3 4 0 .7 0 1 7 1 .6 3 6 1 .3 8
7 4 8 6 0 4 0 6 8 4 .6 1 6 6 .6 6 $ 4 3 8 ,1 1 9 .7 3 1 7 4 .3 3 6 2 .6 8

______________ z. _____________ as. _____________ as ________4 1 2 0 8 .4 8 __________SLSS ____ $ 4 4 4 .8 6 6 .4 6 ___________ 1 7 7 .0 2 __________ a s a i

Figure H-11.8 Three phase IGBT input transformer sizing - Sheet 4 for 600 Hz switching frequency and variable power.

4.



■0

INVFRTFR PARAMETERS
NUMBER OF 

PHASES
NUMBER OF 
SWITCHES

_______________l_,_____ s.
HEAT EXCHANGER ESTIMATES________________

FIXED
COST

COST PER 
kW  LOSS l$/kW I

PRIME POWER 
IkVA/kW  LOSS)

FIXED MASS 
(knl

MASS PER kW 
LOSS Ika/kWI

FIXED
VOLUME lm '31

VOLUME/kW 
LOSS (m *3/kW I

_____ S33-440.00 ___________ 0.7967 400 1 9.77 __ _______0.0131

CONTROLLER
MASS

Ikfll
VOLUME

(m *3|

_______________L ____________ £L2L

BUS WORK & FRAME ESTIMATES
% INCREASE IN 
TOTAL MASS

% INCREASE IN 
TOTAL VOLUME

_________ 41-46% _________

COST ESTIMATES
CONTROLLER 
FIXED COST

CONTROLLER
COST/SWITCH

BUS & FRAME 
% INC IN COST

_______$3.500.00 $35.00 _________ 1000%

__________ LABOR AND SERVICES ESTIMATES (% OF TOTAL COSTI_______
MATERIAL FAB LABOR FAB SERVICES TEST LABOR

_________4 1 8 2 % _________ 30-66% _________ 13.49% _________ 14-03%

INPUT PARAMETERS CACULATED RESULTS
OUTPUT VOLTAG 
______i m 2 ___

OUTPUT POWER
(MW»

SWITCH FREQ 
<H?I______

MASS 
.. .Ika l

VOLUME
lm *3 l

COST
($1

CONVERTER 
LOSS IkWI

HEAT EX
POWER IkVAl

CONVERTER
EFFICENCY

TOTAL
EFFICENCY

MAXIMUM 
DUTY CYCIE

MAXIMUM
MW

7 10 100 35355 .86 69.89 $3,601,467.21 368.64 293.69 96.44% 93.79% 0.9990 15.42
7 10 150 35400.68 70.10 $3,607,378.39 381.48 303.92 96.33% 93.59% 0.9985 15.41
7 10 200 35445 .50 70.31 $3,613,290.73 394.32 314.15 96.21% 93.38% 0.9980 15.41
7 10 250 35490.34 70.51 $3,619,204.22 407.16 324.38 96.09% 93.18% 0.9975 15.40
7 10 300 35535 .20 70.72 $3,625,118.88 420 .00 334.61 95.97% 92.98% 0.9970 15.39
7 10 350 35580.07 70.93 $3,631,034.70 432 .84 344.85 95.85% 92.78% 0.9965 15.38
7 10 400 35624.95 71.14 $3,636,951.69 445.69 355.08 95.73% 92.59% 0.9960 15.38
7 10 450 35669.85 71.35 $3,642,869.84 458 .54 365.32 95.62% 92.39% 0.9955 15.37
7 10 500 35714.76 71.55 $3,648,789.18 471.39 375.56 95.50% 92.19% 0.9950 15.36
7 10 550 35759.69 71.76 $3,654,709.68 484 .24 385.79 95.38% 92.00% 0.9945 15.35
7 10 600 35804.63 71.97 $3,660,631.37 497.09 396.04 95.26% 91.80% 0.9940 15.34
7 10 650 35849.58 72.18 $3,666,554.24 509.95 406.28 95.15% 91.61% 0.9935 15.34
7 10 700 35894.55 72.39 $3,672,478.29 522.81 416.52 95.03% 91.41% 0.9930 15.29
7 10 750 35939.53 72.60 $3,678,403.53 535.67 426.77 94.92% 91.22% 0.9925 14.97
7 10 BOO 35984.53 72.80 $3,684,329.96 548.53 437.01 94.80% 91.03% 0.9920 14.67
7 10 650 36029 .54 73.01 $3,690,257.58 561.39 447 .26 94.68% 90.84% 0.9915 14.37
7 10 900 36074.57 73.22 $3,696,186.40 574.26 457.51 94.57% 90.65% 0.9910 14.08
7 10 950 36119.61 73.43 $3,702,116.42 587.12 467.76 94.45% 90.46% 0.9905 13.80
7 10 1000 36164.66 73.64 $3,708,047.65 599.99 478.01 94.34% 90.27% 0.9900 13.53
7 10 1050 36209.73 73.85 $3,713,980.08 612.86 488.27 94.23% 90.08% 0.9895 13.27
7 10 1100 36254.82 74.05 $3,719,913.71 625.73 498.52 94.11% 89.89% 0.9890 13.01
7 10 1150 36299.92 74.26 $3,725,848.56 638.61 508.78 94.00% 89.71% 0.9885 12.76
7 10 1200 36345.03 74.47 $3,731,784.63 651.48 519.04 93.88% 89.52% 0.9880 12.52
7 10 1250 36390.16 74.68 $3,737,721.91 664.36 529.30 93.77% 89.34% 0.9875 12.29
7 10 1300 36435.31 74.89 $3,743,660.41 677.24 539.56 93.66% 89.15% 0.9870 12.06

_____;____ L ________ 12.___ :___ 1222 _______ 36480.46 ______ 2SJ2 $3.749.600.14 ______m u __________549.82 _____ 22,5*%' _________68.97% _________ 6.9665 ______ LLfli

Figure H-12.1 Three phase BJT input converter summary - Sheet 1 for 10 MW output power and variable switching frequency.
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BJT PARAMETERS
VOLTAGE 

RATING IkVI
POWER DISS 
PER BJT IWI

V THRESHOLD 
IVOLTSI

DYNAMIC r 
IOHMS)

INC. SW LOSS 
LOSS PER AMP

FIXED SW 
LOSS

BJTs PER 
MODULE

MINIMUM 
OFF TIME

MAXIMUM
Itflq

0.55 ____________1S22. _______________ L 0 ,001638 0-QQ275 0 _______________ l 1.00E-05 ____________i m

BUS WORK & F 3AME ESTIMATES
% INCREASE IN 
TOTAL MASS

% INCREASE IN 
TOTAL VOLUME

200.00% — _____ 71.43%

SWITCH MODUI E PARAMETERS
FIXED MASS

Ika)
MASS PER SNUB 

LOSS Ika/kWI
FIXED VOL 

lm -3 )
VOL PER SNUB 
LOSS lm *3 /kW I

___________ 2 2 J 2 . _______________ 1 0 0 4 5 3 5 0 0 0 2 2 4 4

COST ESTIMATES
FIXED COST 
PER MODULE

COST PER SNUB
LOSS l$/kW l

DRIVER FIXED 
COST

DRIVER COST 
PER MODULE

BUS & FRAME 
% INC IN COST

_______S5.222.S1 $100.00 _____j 1.822.28 $35.00 1 00 0 %

INPUT PARAMETERS CACULATED RESULTS
OUTPUT VOLTAG 

IkVDCI
OUTPUT POWER 

(MWI
SWITCH FREQ 

IHN
TOTAL EST
MASS Ikal

TOTAL EST 
VOLUME <m '3l

TOTAL EST 
MAT'L COST

TOTAL EST
SW LOSS IkWI

MAXIMUM 
PEAK CURRENT

MAX PHASE CUR 
PARALLEL (Armsl

PARALLEL 
MODULES REQ

SERIES
MODULES REQ

TOTAL
MODULES REQ

7 10 100 2008.17 2.49 $190,116.64 52.57 1000.00 1594.97 1 32 32
7 10 150 2010.01 2.49 $190,150.50 54.70 1000.00 1594.57 1 32 32
7 10 200 2011.86 2.49 $190,184.39 56.83 1000.00 1594.17 1 32 32
7 10 250 2013.71 2.49 $190,218.31 58.96 1000.00 1593.77 1 32 32
7 10 300 2015.57 2.49 $190,252.26 61.09 1000.00 1593.37 1 32 32
7 10 350 2017.42 2.50 $190,286.24 63.22 1000.00 1592.97 1 32 32
7 10 400 2019.27 2.50 $190,320.26 65.36 1000.00 1592.57 1 32 32
7 10 450 2021.13 2.50 $190,354.31 67.49 1000.00 1592.17 32 32
7 10 500 2022.99 2.50 $190,388.39 69.62 1000.00 1591.77 1 32 32
7 10 550 2024.85 2.50 $190,422.51 71.76 1000.00 1591.37 1 32 32
7 10 600 2026.71 2.50 $190,456.65 73.89 1000.00 1590.97 1 32 32
7 10 650 2028.58 2.50 $190,490.83 76.03 1000.00 1590.57 1 32 32
7 10 700 2030.44 2.50 $190,525.05 78.16 997.36 1585.98 1 32 32
7 10 750 2032.31 2.51 $190,559.29 80.30 977.23 1553.57 1 32 32
7 10 800 2034.18 2.51 $190,593.57 82.43 957.69 1522.13 1 32 32
7 10 850 2036.05 2.51 $190,627.88 84.57 938.75 1491.64 1 32 32
7 10 900 2037.93 2.51 $190,662.23 86.70 920.36 1462.07 1 32 32
7 10 950 2039 .80 2.51 $190,696.60 88.84 902.53 1433.38 1 32 32
7 10 1000 2041.68 2.51 $190,731.01 90.98 885.24 1405.56 1 32 32
7 10 1050 2043.56 2.51 $190,765.46 93.11 868.46 1378.57 1 32 32
7 10 1100 2045.44 2.51 $190,799.93 95.25 852.18 1352.38 1 32 32
7 10 1150 2047.32 2.52 $190,834.45 97.39 836.39 1326.98 1 32 32
7 10 1200 2049.21 2.52 $190,868.99 99.52 821.06 1302.34 1 32 32
7 10 1250 2051.09 2.52 $190,903.57 101.66 806.19 1278.42 1 32 32
7 10 1300 2052.98 2.52 $190,938.18 103.80 791.75 1255.21 1 32 32
7 ______________ UL____________1152. 2054,87 ____________ 1£1 ____ $190.972.82 __________105.94 ______ 777,74 1232.69 __________ L_________ 21_________ 21

Figure H-12.2 Three phase BJT input converter switch quantity characterization - Sheet 2 for 10 MW output power and variable 
switching frequency.
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SNURRFR PARAMFTERS
dy/dt SNUBBER 
CAPACITOR luFI

dl/dt SNUBBER 
INDUCTOR luHl

_____________ IS._____________ £LL

ANTI-PARALLEL DIODE PARAMFTFRS
DIODE DIODE DIODE DIODES
VT (VI r (OHMS) Irr (AMPS) PER MODULE

0.998 _______ 0.000265 _____________122. _______ z

INPUT PARAME1rERS CACULATED SWITCH MODULE CURRENTS AND LOSSES BASED ON DESIRED OUTPUT MVA
OUTPUT VOLTAG OUTPUT POWER 

(MW)
SWITCH FREQ 

(Hz)
TOTAL EST

MOD LOSS (kW)
MODULE PEAK 
CURRENT (Al

MODULE COND 
LOSS (KW)

MODULE SWITCH 
LOSS IkWI

TOTAL MODULE
LOSS (kW)

ANTI-PARALLEL 
LOSS IkWI

dv/dt SNUBBER 
LOSS IkWI

di/dt SNUBBER 
LOSS (kW)

CONDUCTOR 
LOSS IkWI

7 10 100 1.64 1296.87 0.90 0.11 1.02 0.48 0.01 0.01 0.12
7 10 150 1.71 1297.52 0.90 0.17 1.07 0.48 0.01 0.01 0.12
7 10 200 1.78 1298.17 0 .90 0.23 1.13 0.48 0.02 0.02 0.12
7 10 250 1.84 1298.82 0.90 0.28 1.19 0.48 0.02 0.02 0.12
7 10 300 1.91 1299.47 0.90 0.34 1.25 0.48 0.03 0.03 0.12
7 10 350 1.98 1300.12 0.91 0.40 1.30 0.48 0.03 0.03 0.12
7 10 400 2.04 1300.77 0.91 0.45 1.36 0.48 0.04 .0.04 0.12
7 10 450 2.11 1301.43 0.91 0.51 1.42 0.48 0.04 0.04 0.12
7 10 500 2.18 1302.08 0.91 0.57 1.47 0.48 0.05 0.05 0.12
7 10 550 2.24 1302.74 0.91 0.62 1.53 0.48 0.05 0.05 0.12
7 10 600 2.31 1303.39 0.91 0.68 1.59 0.48 0.06 0.06 0.12
7 10 650 2.38 1304.05 0.91 0.74 1.64 0.48 0.06 0.06 0.12
7 10 700 2.44 1304.70 0.91 0.79 1.70 0.48 0.07 0.07 0.12
7 10 750 2.51 1305.36 0.91 0.85 1.76 0.48 0.07 0.07 0.12
7 10 800 2.58 1306.02 0.91 0.91 1.81 0.48 0.08 0.08 0.12
7 10 850 2.64 1306.68 0.91 0.96 1.87 0.48 0.08 0.08 0.12
7 10 900 2.71 1307.34 0.91 1.02 1.93 0.48 0.09 0.09 0.12
7 10 950 2.78 1308.00 0.91 1.08 1.99 0.48 0.09 0.09 0.12
7 10 1000 2.84 1308.66 0.91 1.13 2.04 0.48 0.09 0.10 0.12
7 10 1050 2.91 1309.32 0.91 1.19 2.10 0.48 0.10 0.10 0.12
7 10 uoo 2.98 1309.98 0.91 1.25 2.16 0.48 0.10 0.11 0.12
7 10 1150 3.04 1310.64 0.91 1.30 2.21 0.48 0.11 0.11 0.12
7 10 1200 3.11 1311.31 0.91 1.36 2.27 0.48 0.11 0.12 0.12
7 10 1250 3.18 1311.97 0.91 1.42 2.33 0.48 0.12 0.12 0.12
7 10 1300 3.24 1312.64 0.91 1.47 2.38 0.48 0.12 0.13 0.12

_______________ I _________ 12.________1252 _______- M L ______laia.ag,________2£L ________ L52.________ 1 2 1 . ____________ ________2J1 ____________2 J i ________2JI

Figure H-12.3 Three phase BJT input converter switch loss estimation - Sheet 3 for 10 MW output power and variable switching 
frequency.
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___________________________________________ BASIS TRANSFI3RMER PARAMETE IS_____________________________________
MVA BATING 

•60% DUTY CYCL
M ASS

(ko>
VOLUME

(m "3)
FREQUENCY

IHz)
FULL LOAD 

POWEH LOSS (kW
ESTIMATED

COST
6 6 9 8 4 9 .7 4 8 6 0 3 0 .0 0 ______ $ 7 5 .3 9 4 .0 0

RECTIFICATION 
POWER FACTOR
_____££1_____
__________SL&

I N P U T  P A R A M E 'r E R S C A C U L A T E D  R E S U L T S
OUTPUT VOLT AG OUTPUT POWER LINE FREQ TOTAL EST TOTAL EST TOTAL EST TOTAL EST TRANSFORMER

IkVOCI (MWI •Hit M ASS fkol VOLUME lm -31 COST LO SS IkWI MVA RATING
7 10 6 0 1 2 3 9 6 .1 7 1 7 .3 0 $ 1 3 3 ,8 1 9 .7 2 6 3 .2 6 1 2 .8 9
7 10 6 0 1 2 4 0 7 .6 9 1 7 .3 2 $ 1 3 3 ,9 4 4 .1 2 6 3 .3 0 12.91
7 10 6 0 1 2 4 1 9 .2 2 1 7 .3 3 $ 1 3 4 ,0 6 8 .6 0 6 3 .3 6 1 2 .9 3
7 10 6 0 1 2 4 3 0 .7 4 1 7 .3 6 $ 1 3 4 ,1 9 2 .8 6 6 3 .4 0 1 2 .9 4
7 10 6 0 1 2 4 4 2 .2 6 1 7 .3 7 $ 1 3 4 ,3 1 7 .2 0 6 3 .4 6 1 2 .9 6
7 10 6 0 1 2 4 6 3 .7 7 1 7 .3 8 $ 1 3 4 ,4 4 1 .6 2 6 3 .6 0 1 2 .8 7
7 10 6 0 1 2 4 6 6 .2 9 1 7 .4 0 $ 1 3 4 ,6 6 6 .8 2 6 3 .6 6 1 2 .9 9
7 1 0 6 0 1 2 4 7 6 .8 0 1 7 .4 1 $ 1 3 4 ,6 9 0 .1 0 6 3 .6 9 13.01
7 10 6 0 1 2 4 8 8 .3 1 1 7 .4 3 $ 1 3 4 ,8 1 4 .3 6 6 3 .6 4 1 3 .0 2
7 10 6 0 1 2 4 9 9 .8 2 1 7 .4 6 $ 1 3 4 ,9 3 8 .6 9 6 3 .6 9 1 3 .0 4
7 10 6 0 1 2 6 1 1 .3 2 1 7 .4 6 $ 1 3 6 ,0 6 2 .8 1 6 3 .7 4 1 3 .0 6
7 10 6 0 1 2 6 2 2 .8 3 1 7 .4 8 $ 1 3 6 ,1 8 7 .0 1 6 3 .7 9 1 3 .0 7
7 10 60 1 2 6 3 4 .3 3 1 7 .4 9 $ 1 3 6 ,3 1 1 .1 8 6 3 .8 4 1 3 .0 9
7 10 6 0 1 2 6 4 6 .8 3 1 7 .61 $ 1 3 6 ,4 3 6 .3 4 6 3 .8 9 1 3 .1 0
7 10 6 0 1 2 6 6 7 .3 3 1 7 .6 3 $ 1 3 6 ,6 6 9 .4 8 6 3 .9 4 1 3 .1 2
7 10 6 0 1 2 6 6 8 .6 3 1 7 .6 4 $ 1 3 6 ,6 8 3 .6 9 6 3 .9 9 1 3 .1 3
7 10 6 0 1 2 6 8 0 .3 2 1 7 .6 6 $ 1 3 6 ,8 0 7 .6 9 6 4 .0 4 1 3 .1 6
7 10 6 0 1 2 6 9 1 .8 2 1 7 .6 8 $ 1 3 6 ,9 3 1 .7 6 6 4 .0 9 1 3 .1 7
7 10 6 0 1 2 6 0 3 .3 1 1 7 .6 9 $ 1 3 6 ,0 6 6 .8 2 6 4 .1 4 1 3 .1 8
7 10 6 0 1 2 6 1 4 .8 0 1 7 .61 $ 1 3 6 ,1 7 9 .6 6 6 4 .1 9 1 3 .2 0
7 10 6 0 1 2 6 2 6 .2 9 1 7 .6 2 $ 1 3 6 ,3 0 3 .8 8 6 4 .2 4 13.21
7 10 6 0 1 2 6 3 7 .7 7 1 7 .6 4 $ 1 3 6 ,4 2 7 .8 7 6 4 .2 9 1 3 .2 3
7 10 6 0 1 2 6 4 9 .2 6 1 7 .6 6 $ 1 3 6 ,6 6 1 .8 6 6 4 .3 4 1 3 .2 6
7 10 6 0 1 2 6 6 0 .7 4 1 7 .6 7 $ 1 3 6 ,6 7 6 .8 1 6 4 .3 8 1 3 .2 6
7 10 6 0 1 2 6 7 2 .2 2 1 7 .6 9 $ 1 3 6 ,7 9 9 .7 6 6 4 .4 3 1 3 .2 8

________________2. ________________ lf i . _______________ SSL ________ 1 2 6 8 3 .7 0 ____________ 1 7 .7 0 _____$ 1 3 6 .9 2 3 .6 7 ____________ L u a .

F ig u r e  H - 1 2 . 4  T h r e e  p h a s e  B J T  in p u t  t r a n s f o r m e r  s iz in g  -  S h e e t  4  f o r  1 0  M W  o u t p u t  p o w e r  a n d  v a r ia b le  s w i t c h in g  f r e q u e n c y .
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INVERTER PARAMETERS
NUMBER OF 

PHASES
NUMBER OF 
SWITCHES

________________2. ___________ — 2.

HEAT EXCHANGER ESTIMATES
FIXED
COST

COST PER 
kW  LOSS 14/kWI

PRIME POWER 
IkVA/kW  LOSSI

FIXED MASS 
(kg|

MASS PER kW 
LOSS fka/kWt

FIXED
VOLUME lm '3 l

VOLUME/kW 
LOSS lm "3/kW I

439 440 .00 ___________ 151 5 . 0.7967 400 1 _____ 1ZL __ _______0.0131

CONTROLLER
MASS

Ika)
VOLUME

(m *3l
5 ____________£L2L

BUS WORK & FRAME ESTIMATES
% INCREASE IN 
TOTAL MASS

% INCREASE IN 
TOTAL VOLUME

41.46% _________ 71.43%

COST ESTIMATES
CONTROLLER 
FIXED COST

CONTROLLER
COST/SWITCH

BUS & FRAME 
% INC IN COST

43.500.Q0 _______ - C35.00 „________ 1 0 0 0 %

LABOR AND SERVICFS ES TMATES (% OF TOTAL COSTI
MATERIAL FAB LABOR FAB SERVICES TEST LABOR

---------------4 L 2 2 2 L _________ _________ 13-49% _________ l u a

IN P U T  P A R A M E 1 rE R S C A C U L A T E D  R E S U L T S
OUTPUT VOLTAG 

IkVDCI
OUTPUT POWER 

IMWI
SWITCH FREQ

______ m il______

MASS
tkal

VOLUME 
_ lm -3 )

COST
($1

CONVERTER 
LOSS IkWI

HEAT EX 
POWER IkVAl

CONVERTER
EFFICENCY

TOTAL
EFFICENCY

MAXIMUM 
DUTY CYCIF

MAXIMUM
MW

7 25 600 71451.63 137.79 $7,314,386.21 1283.90 1022.89 95.12% 91.55% 0.9940 30.69
7 26 600 72605.91 140.46 $7,362,065.58 1348.72 1074.53 95.07% 91.47% 0.9940 30.69
7 27 600 73753.01 143.13 $7,410,043.43 1414.69 1127.09 95.02% 91.40% 0.9940 30.69
7 28 600 74893 .36 145.81 $7,458,329.37 1481.82 1180.57 94.97% 91.32% 0:9940 30.69
7 29 600 76027.39 148.48 $7,506,932.20 1550.11 1234.97 94.93% 91.24% 0.9940 30.69
7 30 600 77155 .48 151.16 $7,555,860.07 1619.56 1290.30 94.88% 91.16% 0.9940 30.69
7 31 600 94901.17 176.76 $10,511,871.70 1511.11 1203.90 95.35% 91.95% 0.9940 46.03
7 32 600 95986.83 179.26 $10,556,066.55 1570.42 1251.16 95.32% 91.90% 0.9940 46.03
7 33 600 97066 .62 181.75 $10,600,437.74 1630.50 1299.02 95.29% 91.85% 0.9940 46.03
7 34 600 98140 .83 184.24 $10,644,991.35 1691.35 1347.50 95.26% 91.80% 0.9940 46.03
7 35 600 99209 .74 186.74 $10,689,733.05 1752.97 1396.59 95.23% 91.74% 0.9940 46.03
7 36 600 100273.58 189.23 $10,734,668.13 1815.35 1446.29 95.20% 91.69% 0.9940 46.03
7 37 600 101332.61 191.72 $10,779,801.57 1878.51 1496.61 95.17% 91.64% 0.9940 46.03
7 38 600 102387.03 194.21 $10,825,138.04 1942.44 1547.54 95.14% 91.59% 0.9940 46.03
7 39 600 103437.05 196.71 $10,870,681.94 2007.13 1599.08 95.11% 91.54% 0.9940 46.03
7 40 600 104482.87 199.20 $10,916,437.40 2072.60 1651.24 95.07% 91.48% 0.9940 46.03
7 41 600 105524.67 201.70 $10,962,408.32 2138.84 1704.02 95.04% 91.43% 0.9940 46.03
7 42 600 106562.63 204.20 $11,008,598.39 2205.86 1757.41 95.01% 91.38% 0.9940 46.03
7 43 600 107596.92 206.70 $11,055,011.11 2273.65 1811.42 94.98% 91.32% 0.9940 46.03
7 44 600 108627.68 209.20 $11,101,649.78 2342.21 1866.04 94.95% 91.27% 0.9940 46.03
7 45 600 109655.06 211.70 $11,148,517.54 2411.55 1921.28 94.91% 91.22% 0.9940 46.03
7 46 600 110679.21 214.21 $11,195,617.37 2481.66 1977.14 94.88% 91.16% r 0.9940 46.03
7 47 600 128267.78 239.25 $14,137,737.56 2345.18 1868.40 95.25% 91.77% 0.9940 61.38
7 4B 600 129262.81 241.62 $14,181,251.13 2407.45 1918.02 95.22% 91.73% 0.9940 61.38
7 49 600 130254.55 244.00 $14,224,920.28 2470.31 1968.09 95.20% 91.69% 0.9940 61.38
7 ______________£2. ________ 222. 131243.10 246.37 $14,268,747.49 ________ 2533,74 ________ 2Q18.63 95.18% _____ 21.SE&-______ 2,2242_______2L22.

Figure H-12.5 Three phase BJT input converter summary - Sheet 1 for 600 Hz switching frequency and variable power.
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BJT PARAMETERS
VOLTAGE 

RATING IkVI
POWER DISS 
PER BJT IWI

V THRESHOLD 
IVOLTSI

DYNAMIC r 
IOHMSI

INC. SW LOSS 
LOSS PER AMP

FIXED SW
LOSS

BJTs PER 
MODULE

MINIMUM 
OFF TIME

MAXIMUM
Itoa

____________ 1500 _________________ L _______ 0,001838 ________ 0 00275 _______________ 2. _______________ L ________ L f io & f iS . ____________1222.

SWITCH MODULE PARAMETERS
FIXED MASS 

(knl
MASS PER SNUB 

LOSS Ika/kW)
FIXED VOL 

lm-31
VOL PER SNUB 
LOSS (m *3/kW I

20.88 _______________ 2. 0.04535 _______ 0 0 0 2 2 4 4

BUS WORK & F TAME ESTIMATES
% INCREASE IN 
TOTAL MASS

% INCREASE IN 
TOTAL VOLUME

200.00% _________71-43%

COST ESTIMATE*S
FIXED COST 
PER MODULE

COST PER SNUB 
LOSS l$/kWI

DRIVER FIXED 
COST

DRIVER COST 
PER MODULE

BUS & FRAME 
% INC IN COST

_______SS.222.B7 _________1122.22. S I.000.00 __________ $35.00- - _______ 10-00%

IN P U T  P A R A M E 1rE R S C A C U L A T E D  R E S U L T S
OUTPUT VOLTAG

(kVDCI
OUTPUT POWER 

IMWI
SWITCH FREQ 

(Hi)
TOTAL EST 
MASS fkal

TOTAL EST
VOLUME lm~3l

TOTAL EST
MAT'L COST

TOTAL EST 
SW LOSS (kWI

MAXIMUM 
PEAK CURRENT

MAX PHASE CUR 
PARALLEL (Arrml

PARALLEL 
MODULES REO

SERIES
MODULES REQ

TOTAL
MODULES REQ

7 25 600 4065 .19 5.01 $380,028.89 196.14 1000.00 1590.97 2 32 64
7 26 600 4067 .83 5.01 $380,077.39 206.40 1000.00 1590.97 2 32 64
7 27 600 4070 .58 5.02 $380,127.68 216.86 1000.00 1590.97 2 32 64
7 28 600 4073 .42 5.02 $380,179.77 227.52 1000.00 1590.97 2 32 64
7 29 600 4076 .36 5.02 $380,233.65 238.38 1000.00 1590.97 2 32 64
7 30 600 4079 .39 5.02 $380,289.33 249.43 1000.00 1590.97 2 32 64
7 31 600 6082.28 7.51 $569,209.19 230.92 1000.00 1590.97 3 32 96
7 32 600 6084 .49 7.51 $569,249.62 240.30 1000.00 1590.97 3 32 96
7 33 600 6086.76 7.51 $569,291.24 249.80 1000.00 1590.97 3 32 96
7 34 600 6089.09 7.51 $569,334.06 259.44 1000.00 1590.97 3 32 96
7 35 600 6091.49 7.51 $569,378.07 269.21 1000.00 1590.97 3 32 96
7 36 600 6093.96 7.52 $569,423.28 279.11 1000.00 1590.97 3 32 96
7 37 600 6096.49 7.52 $569,469.69 289.15 1000.00 1590.97 3 32 96
7 38 600 6099.09 7.52 $569,517.29 299.31 1000.00 1590.97 3 32 96
7 39 600 6101.75 7.52 $569,566.09 309.61 1000.00 1590.97 3 32 96
7 40 600 6104.48 7.52 $569,616.08 320.03 1000.00 1590.97 3 32 96
7 41 600 6107.27 7.52 $569,667.27 330.59 1000.00 1590.97 3 32 96
7 42 600 6110.13 7.53 $569,719.66 341.28 1000.00 1590.97 3 32 96
7 43 600 6113.05 7.53 $569,773.24 352.10 1000.00 1590.97 3 32 96
7 44 600 6116.04 7.53 $569,828.02 363.06 1000.00 1590.97 3 32 96
7 45 600 6119.09 7.53 $569,883.99 374.14 1000.00 1590.97 3 32 96
7 46 600 6122.21 7.53 $569,941.16 385.36 1000.00 1590.97 3 32 96
7 47 600 8122.81 10.02 $758,819.02 362.23 1000.00 1590.97 4 32 128
7 48 600 8125.28 10.02 $758,064.38 372.15 1000.00 1590.97 4 32 128
7 49 600 8127 .80 10.02 $758,910.63 382.17 1000.00 1590.97 4 32 128

_______________ L

!

CJ1 O 600 ________ 6130,38. ___________ I M i . ____ $758.957.79 __________392,28 _________1000.0Q ________ 1590.97 _______________ 1 ______________U. ______________ 122.

Figure H-12.6 Three phase BJT input converter switch quantity characterization - Sheet 2 for 600 Hz switching frequency and
variable power.
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SNUBBER PARAMETERS
dv/dt SNUBBER 
CAPACITOR (uFI

dl/dt SNUBBER 
INDUCTOR luHl

________ Li _________2J.

____________________ANTIPARALLEL 7ICDE PARAMETERS
DIODE DIODE DIODE DIODES

______V T !V )_____ r (OHMSI Irr IAMPSI PER MODULE
0.998 0 0 0 0 2 6 5 100 2

IN P U T  P A R A M E T E R S C A C U L A T E D  S W IT C H M O D U L E  C U R  = tE N T S  A N D  L O S S E S  B A S E D  O N  D E S IR E D  O U T P U T  M V A
OUTPUT VOLTAG 

IkVDCI
OUTPUT POWER

IMW)
SWITCH FREQ 

(H*)
TOTAL EST

MOD LOSS IkWI
MODULE PEAK 
CURRENT IAI

MODULE COND 
LOSS IkWI

MODULE SWITCH 
LOSS IkWI

TOTAL MODULE 
LOSS IkWI

ANTI-PARALLEL 
LOSS IkWI

dv/dt SNUBBER 
LOSS IkWI

di/dt SNUBBER 
LOSS (kWI

CONDUCTOR 
1 OSS IkWI

7 25 600 3.06 1629.24 1.29 0.85 2.14 0.63 0.06 0.09 0 15
7 26 600 3.23 1694.41 1.37 0.88 2.26 0.66 0.06 0.10 0 16
7 27 600 3.39 1759.58 1.46 0.92 2.38 0.69 0.06 0.10 0.17
7 26 600 3.56 1824.75 1.55 0.95 2.50 0.72 0.06 0.11 0.17
7 29 600 3.72 1889.92 1.64 0.99 2.62 0.75 0.06 0.12 0.18
7 30 600 3.90 1955.09 1.73 1.02 2.75 0.78 0.06 0.13 0  19

. 7 31 600 2.41 1346.84 0.95 0 .70 1.66 0.50 0.06 0.06 0 13
7 32 600 2.50 1390.28 1.00 0.73 1.73 0.52 0.06 0.07 0.13
7 33 600 2.60 1433.73 1.05 0.75 1.80 0.54 0.06 0.07 0.14
7 34 600 2.70 1477.18 1.10 0.77 1.87 0.56 0.06 0.07 0.14
7 35 600 2.80 1520.62 1.15 0.79 1.95 0.58 0.06 0.08 0 14
7 36 600 2.91 1564.07 1.21 0.82 2.02 0.60 0.06 0.08 0.15
7 37 600 3.01 1607.52 1.26 0.84 2.10 0.62 0.06 0.09 0.15
7 38 600 3.12 1650.96 1.31 0.86 2.18 0.64 0.06 0.09 0.16
7 39 600 3.23 1694.41 1.37 0.88 2.26 0.66 0.06 0.10 0.16
7 40 600 3.33 1737.86 1.43 0.91 2.34 0.68 0.06 0.10 0.16
7 41 600 3.44 1781.30 1.49 0.93 2.42 0.70 0.06 0.11 0.17
7 42 600 3.56 1824.75 1.55 0.95 2.50 0.72 0.06 0.11 0.17
7 43 600 3.67 1868.19 1.61 0.98 2.58 0.74 0.06 0.12 0 18
7 44 600 3.78 1911.64 1.67 1.00 2.67 0.76 0.06 0.12 0 18
7 45 600 3.90 1955.09 1.73 1.02 2.75 0.78 0.06 0.13 0 19
7 46 600 4.01 1998.53 1.79 1.04 2.84 0.80 0.06 0.13 0.19
7 47 600 2.83 1531.48 1.17 0.80 1.97 0.58 0.06 0.08 0.15
7 48 600 2.91 1564.07 1.21 0.82 2.02 0.60 0.06 0.08 0.15
7 49 600 2.99 1596.65 1.25 0.83 2.08 0.61 0.06. 0.09 0.15_________ _L 50 _____________Sii ________L22. _______ -1 6 2 9 .2 4 ________U2. ____________m ____________ L H ____________ LSI ____________ Lii.________L22.________2JS.
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0
2

____________________________________ BASIS TRANSFC3RMER PARAMETERS_______________________________
MVA RATING 

•60% DUTY CYCL
MASS

(kfl)
VOLUME FREQUENCY

IN?)
FULL LOAD 

POWER LOSS (kW
ESTIMATED

COST
_________ ____ L ___________ 2281 8 748 _____________ £2- __________ mm._____

RECTIFICATION 
POWER FACTOR
_____|P£1_____0.8

INPUT PARAMETERS CACULATED RESULTS
OUTPUT VOLTAG

(kVDC)
OUTPUT POWER 

(MW)
LINE FREQ 

(Hz)
TOTAL EST 
MASS (ko)

TOTAL EST 
VOLUME (m“ 3)

TOTAL EST
COST

TOTAL EST
_ _ LOSS (kW)

TRANSFORMER
MVA RATING

7 26 60 24923.63 34.79 $269,066.71 107.06 32.72
7 26 60 26677.91 36.84 $277,199.41 110.30 34.06
7 27 60 26426.71 36.88 $286,272.09 113.61 36.38
7 28 60 27167.34 37.92 $293,278.17 116.70 36.71
7 29 60 27903.10 38.96 $301,220.83 119.86 38.04
7 30 60 28633.26 39.97 $309,102.99 123.00 39.37
7 31 60 29237.26 40.81 $316,623.27 126.69 40.48
7 32 60 29949.66 41.80 $323,312.76 128.66 41.80
7 33 60 30666.77 42.79 $330,947.42 131.69 43.12
7 34 60 31369.12 43.77 $338,629.46 134.70 44.46
7 36 60 32066.78 44.74 $346,060.88 137.70 46.77
7 36 60 32749.93 46.71 $363,643.61 140.68 47.09
7 37 60 33438.74 46.67 $360,979.42 143.64 48.42
7 38 60 34123.36 47.63 $368,370.00 146.68 49.74
7 39 60 34803.92 48.68 $376,716.92 149.60 61.07
7 40 60 36480.69 49.62 $383,021.66 162.41 62.40
7 41 60 36163.47 60.46 $390,286.61 166.30 63.73
7 42 60 36822.70 61.40 $397,610.12 168.17 66.06
7 43 60 37488.39 62.32 $404,696.42 161.03 66.39
7 44 60 38160.66 63.26 $411,846.71 163.88 67.72
7 46 60 38809.69 64.17 $418,969.12 166.71 69.06
7 46 60 39466.31 66.08 $426,037.70 169.62 60.39
7 47 60 39991.80 66.82 $431,721.31 171.79 61.47
7 48 60 40636.33 66.72 $438,679.20 174.66 62.79
7 49 60 41277.83 67.61 $446,604.36 177.31 64.12

____________ L ___________ HL ___________ SO. _____ m i m 68.61 ________iaa.25„ 66.44

F ig u r e  H -1  2 . 8 T h r e e  p h a s e  B J T  in p u t  t r a n s f o r m e r  s iz in g  - S h e e t  4  f o r  6 0 0  H z  s w i t c h in g  f r e q u e n c y  a n d  v a r ia b le  p o w e r .



HEAT EXCHANGER ESTIMATES
FIXED COST PER PRIME POWER FIXED MASS MASS PER kW FIXED VQLUME/kW
COST kW  LOSS l$/kW) IkVA/kW  LOSSI Iknl LOSS Ika/kWI VOLUME lm ‘ 31 LOSS lm '3 /kW I

$39 ,440.00 164.5 __________9,7227 400 1 ____________ UL 001 3 1

CONTROLLER
MASS

(kal
VOLUME

lm "3 l

_______________ 2. ____________ 2 £ L

BUS WORK & FRAME ESTIMATES
% INCREASE IN 
TOTAL MASS

% INCREASE IN 
TOTAL VOLUME

41.46% 7 1 4 3 %

COST ESTIMATES
CONTROLLER BUS & FRAME ___________LABOR AND SERVICES ESTIMATES (% OF TOTAL COST!_______
FIXED COST % INC IN COST MATERIAL FAB LABOR FAB SERVICES TEST LABOR

$1.500.00 10.00% _________u m L _________ 30-66% _________ 13.49% _________ 14.03%

IN 3U T  P A R A M E T E R S C A C U L A T E D  R E S U L T S
INPUT VOLTAGE 

IkVDCI
BRAKING 

POWER IMWI
SWITCH FREQ 

IH*I
MASS VOLUME

(m-31
COST

($1
INVERTER 
LOSS IkWI

HEAT EX 
POWER IkVAl

INVERTER
EFFICENCY

TOTAL
EFFICENCY

MAXIMUM 
DUTY CYCLE

MAXIMUM
MW

7 8.5 100 1130.63 11.24 $284,495.40 41.49 33.06 99.51% 99.13% 0.98 12.20
7 8.5 150 1211.73 11.42 $290,597.71 50.79 40.46 99.41% 98.94% 0.97 11.44
7 8.5 200 1292.87 11.60 $296,704.84 60.08 47.87 99.30% 98.75% 0.96 10.73
7 8.5 250 1374.06 11.77 $302,816.87 69.39 55.29 99.19% 98.55% 0.96 10.06
7 8.5 300 1455.30 11.95 $308,933.94 78.71 62.71 99.08% 98.36% 0.95 9.43
7 8.5 350 1536.58 12.13 $315,056.17 88.04 70.14 98.97% 98.17% 0.94 8.83
7 8.5 400 1617.91 12.31 $321,183.67 97.38 77.58 98.87% 97.98% 0.93 8.27
7 8.5 450 2311.88 13.59 $432,887.79 142.36 113.42 98.35% 97.08% 0.92 11.61
7 8.5 500 2431.65 13.85 $441,834.83 155.90 124.20 98.20% 96.81% 0.91 10.87
7 8.5 550 2551.45 14.11 $450,786.85 169.45 135.00 98.05% 96.54% 0.90 10.17
7 8.5 600 2671.30 14.37 $459,743.97 183.01 145.80 97.89% 96.28% 0.89 9.51
7 8.5 650 2791.19 14.63 $468,706.31 196.58 156.61 97.^4% 96.01% 0.88 8.89
7 8.5 700 2911.13 14.89 $477,674.01 210.16 167.43 97.59% 95.75% 0.88 8.31
7 8.5 750 3878.18 16.77 $609,720.68 285.85 227.74 96.75% 94.30% 0.87 10.35
7 8.5 800 4036 .76 17.11 $621,523.81 303.66 241.93 96.55% 93.97% 0.86 9.67
7 8.5 850 4195 .39 17.45 $633,332.30 321.48 256.12 96.36% 93.64% 0.85 9.03
7 8.5 900 4354 .06 17.80 $645,146.30 339.30 270.32 96.16% 93.31% 0.84 8.43
7 8.5 950 4512 .78 18.14 $656,965.93 357.14 284.54 95.97% 92.98% 0.83 7.86
7 8.5 1000 5713 .72 20.52 $806,289.00 458.73 365.47 94.88% 91.16% 0.82 9.16
7 8.5 1050 5911 .18 20.94 $820,951.44 480.81 383.06 94.65% 90.77% 0.81 8.54
7 8.5 1100 6108.68 21.37 $835,619.70 502.90 400.66 94.41 % 90.39% 0.81 7.95
7 8.5 1150 7465.73 24.08 $996,451.18 621.70 495.31 93.18% 88.39% 0.80 8.88
7 8.5 1200 7702.03 24.58 $1,013,966.50 648.04 516.29 92.92% 87.95% 0.79 8.26
7 8.5 1250 7938.37 25.09 $1,031,487.91 674.38 537.28 92.65% 87.52% 0.78 7.67
7 8.5 1300 9451 .27 28.13 $1,203,781.10 810.30 645.57 91.30% 85.38% 0.77 8.31
7 ____;_________ SLL 1350 9726,44 ___________ 2M2. $1.224.152.43 840.90 669.94 91.00% _________ B 1 S 1 3 L ____________ SLZ£. ____________ L Z l

F ig u r e  H - 1 3 . 1  G T O  b r a k in g  c h o p p e r  s u m m a r y  -  S h e e t  1 f o r  8 . 5  M W  b r a k in g  p o w e r  a n d  v a r ia b le  s w i t c h in g  f r e q u e n c y .
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GTO PARAMETFRS
VOLTAGE 

RATING (kV)
POWER OISS 
PER GTO (W)

V THRESHOLD 
IVOLTSI

DYNAMIC r 
(OHMS)

INC. SW LOSS 
PER AMP IJ/A)

FIXED SW 
LOSS (J)

MINIMUM 
OFF TIME (s)

MAXIMUM 
Itnq (A)

_______________2. 2900 1.77 0.00118 _______ 0 003167 ________L25._____ LZZL21 _______ 2222

SWITCH MODULE PARAMETERS
FIXED MASS 

(kg|
MASS PER SNUB 

LOSS Ika/kWI
FIXED VOL 

(m-31
VOL PER SNUB 
LOSS fm ‘ 3/kW>

___________ 2 m _______________ L 0.04535 0.002244

BUS WORK & FRAME ESTIMATES
% INCREASE IN 1 % INCREASE IN
TOTAL MASS TOTAL VOLUME

200.00%  1 71.43%

COST ESTIMATES
FIXED COST 
PER MODULE

COST PER SNUB 
LOSS ($/kW)

DRIVER FIXED 
COST

DRIVER COST 
PER MODULE

BUS & FRAME 
% INC IN COST

$9.304.40 $100.00 $1.000.00 __________ s a ta a . 10-00%

INPUT PARAMETERS CACULATED RESULTS
INPUT VOLTAGE

(kVDC)
BRAKING 

POWER (MW)
SWITCH FREQ 

IHzl
TOTAL EST
MASS (kal

TOTAL EST 
VOLUME tm *3 l

TOTAL EST
MAT’L COST

TOTAL EST
SW LOSS (kWt

MAXIMUM 
PEAK CURRENT

M AX CURRENT/ 
PARALLEL (Armsl

PARALLEL
MODULES REQ

SERIES
MODULES REQ

TOTAL
MODULES REQ

7 8.5 100 482.16 0.53 $64,600.07 41.49 894.74 886.79 2 3 6
7 8.5 150 532.92 0.56 $65,530.74 50.79 851.02 839.65 2 3 6
7 8.5 200 583.71 0.60 $66,461.86 60.08 809.17 794.71 2 3 6
7 8.5 250 634.52 0.63 $67,393.45 69.39 769.14 751.93 2 3 6
7 8.5 300 685.36 0.66 $68,325.51 78.71 730.90 711.23 2 3 6
7 8.5 350 736.23 0.69 $69,258.06 88.04 694.39 672.54 2 3 6
7 8.5 400 787.12 0.73 $70,191.11 97.38 659.58 635.80 2 3 6
7 8.5 450 1245.90 1.13 $105,932.34 142.36 626.38 600.92 3 3 9
7 8.5 500 1320.99 1.18 $107,308.99 155.90 594.76 567.83 3 3 9
7 8.5 550 1396.10 1.23 $108,686.06 169.45 564.64 536.45 3 3 9
7 8.5 600 1471.24 1.28 $110,063.58 183.01 535.95 506.69 3 3 9
7 8.5 650 1546.40 1.33 $111,441.54 196.58 508 .64 478.48 3 3 9
7 8.5 *700 1621.59 1.37 $112,819.96 210.16 482.63 451.74 3 3 9
7 8.5 750 2251.70 1.89 $151,702.19 285.85 457 .86 426.39 4 3 12
7 8.5 800 2351.21 1.95 $153,526.66 303.66 434 .28 402.36 4 3 12
7 8.5 850 2450.75 2.02 $155,351.57 321.48 411.81 379.57 4 3 12
7 8.5 900 2550.32 2.08 $157,176.92 339.30 390.41 357.96 4 3 12
7 8.5 950 2649.91 2.14 $159,002.74 357.14 370.00 337.46 4 3 12
7 8.5 1000 3427.06 2.75 $200,580.74 458.73 350.55 318.02 5 3 15
7 8.5 1050 3551.04 2.83 $202,853.69 480.81 331.99 299.56 5 3 15
7 8.5 1100 3675 .04 2.91 $205,127.08 502.90 314.28 282.03 5 3 15
7 8.5 1150 4550 .37 3.58 $248,505.12 621.70 297.37 265.39 6 3 18
7 8.5 1200 4698 .80 3.68 $251,226.26 648.04 281.22 249.57 6 3 18
7 8.5 1250 4847 .25 3.77 $253,947.85 674.38 265.78 234.54 6 3 18
7 8.5 1300 5820.65 4.51 $299,123.79 810.30 251.02 220.25 7 3 21
7 _____________ § £ _________ 1252 5993.54 ____________±21 ____ 1122.222,51 840.90 236.89 ________225,§6 7 ____________2. ___________ 21

Figure H-13.2 GTO braking chopper switch quantity characterization - Sheet 2 for 8.5 MW braking power and variable switching
frequency.
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SNUBBER PARAMETERS
dv/dt SNUBBER 
CAPACITOR iuF)

dl/dt SNUBBER 
INDUCTOR (uHl

_______________ & 2.4

ANTI'PARAI LEL DIODF PARAMETERS
DIODE 
VT IV)

DIODE 
r (OHMS)

DIODE 
Irr (AMPS)

_____________ L L 0.001583 380

IN P U T  P A R A M E 1 rE R S C A C U L A T E D  S W IT C H  M O D U L E  C U R R E N T S  A N D  L O S S E S  B A S E D  O N  D E S IR E D  O U T P U T  M V A
INPUT VOLTAGE

IkVDCI
BRAKING 

POWER (MW)
SWITCH FREQ 

IH lI
TOTAL EST

MOD LOSS IkW)
MODULE PEAK 
CURRENT (A)

MODULE COND 
LOSS IkWI

MODULE SWITCH 
LOSS (kW)

TOTAL MODULE 
LOSS IkWI

ANTIPARALLEL 
LOSS IkWI

dv/dt SNUBBER 
LOSS IkWI

di/dt SNUBBER 
LOSS IkWI

CONDUCTOR
LOSS IkWI

7 8.5 100 6.92 612.59 1.50 0.30 1.80 1.25 2.70 0.12 1.05
7 8.5 150 8.46 615.37 1.50 0.45 1.95 1.24 4.05 0.18 1.05
7 8.5 200 10.01 618.18 1.49 0.60 2.09 1.24 5.40 0.24 1.04
7 8.5 250 11.57 621.04 1.49 0.75 2.24 1.24 6.75 0.30 1.04
7 8.5 300 13.12 623.93 1.48 0.91 2.39 1.23 8.10 0.36 1.03
7 8.5 350 14.67 626.87 1.48 1.06 2.54 1.23 9.45 0.43 1.03
7 8.5 400 16.23 629.85 1.47 1.22 2.69 1.23 10.80 0.49 1.02
7 8.5 450 15.82 421.91 0.88 1.07 1.95 0.69 12.15 0.35 0.68
7 8.5 500 17.32 423.96 0.88 1.20 2.07 0.68 13.50 0.39 0.68
7 8.5 550 18.83 426 .03 0.87 1.32 2.19 0.68 14.85 0.43 0.67
7 8.5 600 20.33 428.13 0.87 1.44 2.31 0.68 16.20 0.47 0.67
7 8.5 650 21.84 430 .27 0.87 1.57 2.44 0.68 17.55 0.51 0.67
7 8.5 700 23.35 432.44 0.86 1.69 2.56 0.68 18.90 0.55 0.66
7 8.5 750 23.82 325.98 0.61 1.56 2.17 0.46 20.25 0.45 0.49
7 8.5 800 25.30 327.65 0.61 1.67 2.28 0.46 21.60 0.48 0.49
7 8.5 850 26.79 329.36 0.60 1.78 2.38 0.45 22.95 0.51 0.49
7 8.5 900 28.28 331.09 0.60 1.89 2.49 0.45 24.30 0.55 0.49
7 8.5 950 29.76 332.84 0.60 2.00 2.60 0.45 25.65 0.58 0.48
7 8.5 1000 30.58 267.70 0.46 1.90 2.36 0.34 27.00 0.50 0.39
7 8.5 1050 32.05 269.15 0.46 2.00 2.45 0.33 28.35 0.53 0.38
7 8.5 1100 33.53 270.63 0.46 2.10 2.55 0.33 29.70 0.56 0.38
7 8.5 1150 34.54 226.77 0.37 2.03 2.40 0.26 31.05 0.51 0.32
7 8.5 1200 36.00 228.04 0.37 2.13 2.49 0.26 32.40 0.53 0.31
7 8.5 1250 37.47 229.34 0.36 2.22 2.58 0.26 33.75 0.56 0.31
7 8.5 1300 38.59 197.70 0.30 2.18 2.48 0.22 35.10 0.52 0.27

_______________ L _____________ L S . ____________im. 40.04 __________ 138 SS ____________ JL22. ____________ Ul ____________ 2 JLL ____________ ___________ 2 M L 0.54 ____________& &
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HEAT EXCHANGER ESTIMATES
FIXED COST PER PRIME POWER FIXED MASS MASS PER kW FIXED VOLUME/kW
COST kW  LOSS f$/kW) IkVA/kW LOSS) ___ 1 Ikfll_______ LOSS Ika/kWI VOLUME lm “ 3l LOSS lm *3/kW )

$39 ,440.00 _________ISIS. 0-7967

oo

_ __________ L __________M L _______ 2.Q12L

BUS WORK & FRAME ESTIMATES
% INCREASE IN 
TOTAL MASS

% INCREASE IN 
TOTAL VOLUME

41.46% _________ 71-43%

CONTROLLER
MASS

(La)
■VOLUME

lm -3)
____________ s. __________2J2L

COST ESTIMATES
CONTROLLER 
FIXED COST

BUS & FRAME 
% INC IN COST

$1 500.00 10.00%

LABOR AND SERVICES ESTIMATES (% OF TOTAL COST)
MATERIAL FAB LABOR FAB SERVICES TEST LABOR

41.82% _________ 22,S fi& . _________ 13.49% 14.03%

IN P U T  P A R A M E T E R S C A C U L A T E D  R E S U L T S
INPUT VOLTAGE 

IkVDCI •
BRAKING

POWER IMW)
SWITCH FREQ 

(Hi)
MASS

(kal
VOLUME

lrrT3)
COST

l$ l
INVERTER 
LOSS IkWI

HEAT EX 
POWER IkVAl

INVERTER
EFFICENCY

TOTAL
EFFICENCY

MAXIMUM 
DUTY CYCLE

MAXIMUM
MW

7 0.5 600 1144.99 11.20 $216,996.60 52.35 41.71 90.52% 84.17% 0.89 3.17
7 1 600 1148.01 11.22 $217,694.00 54.00 43.02 94.88% 91.16% 0.89 3.17
7 1.5 600 1151.35 11.24 $218,441.52 55.77 44.43 96.42% 93.74% 0.89 3.17
7 2 600 1155.01 11.27 $219,239.13 57.64 45.92 97.20% 95.08% 0.89 3.17
7 2.5 600 1158.99 11.30 $220,086.86 59.62 47.50 97.67% 95.89% 0.89 3.17
7 3 600 1163.28 11.33 $220,984.68 61.71 49.17 97.98% 96.44% 0.89 3.17
7 3.5 600 1899.21 12.72 $336,520.35 113.38 90.33 96.86% 94.50% 0.89 6.34
7 4 600 1902.95 12.75 $337,330.49 115.28 91.84 97.20% 95.08% 0.89 6.34
7 4.5 600 19C6.85 12.78 $338,165.69 117.23 93.40 97.46% 95.53% 0.89 6.34
7 5 600 1910.90 12.81 $339,025.93 119.24 95.00 97.67% 95.89% 0.89 6.34
7 5.5 600 1915.12 12.83 $339,911.24 121.31 96.64 97.84% 96.19% 0.89 6.34
7 6 600 1913.49 12.86 $340,821.59 123.42 98.33 97.98% 96.44% 0.89 6.34
7 6.5 600 1924.03 12.89 $341,757.00 125.60 100.06 98.10% 96.64% 0.89 6.34
7 7 600 2658.73 14.29 $457,100.59 176.84 140.89 97.54% 95.66% 0.89 9.51
7 7.5 600 2662.82 14.32 $457,965.01 178.86 142.50 97.67% 95.89% 0.89 9.51
7 8 600 2667.01 14.34 $458,846.14 180.92 144.14 97.79% . 96.10% 0.89 9.51
7 8.5 600 2671.30 14.37 $459,743.97 183.01 145.80 97.89% 96.28% 0.89 9.51
7 9 600 2675.70 14.40 $460,658.50 185.14 147.50 97.98% 96.44% 0.89 9.51
7 9.5 600 2680.21 14.43 $461,589.73 187.30 149.22 98.07% 96.58% 0.89 9.51
7 10 600 2584.82 14.46 $462,537.66 189.50 150.98 98.14% 96.71% 0.89 9.51
7 10.5 600 3418. S1 15.85 $577,783.13 240.53 191.63 97.76% 96.05% 0.89 12.68
7 i i 600 3423.16 15.88 $578,674.70 242.61 193.29 97.84% 96.19% 0.89 12.68
7 11.5 600 3427 .50 15.91 $579,578.79 244.72 194.97 97.92% 96.32% 0.89 12.68
7 12 600 3431.91 15.94 $580,495.40 246.85 196.66 97.98% 96.44% 0.89 12.68
7 12.5 600 3436.41 15.97 $581,424.55 249.01 198.39 98.05% 96.54% 0.89 12.68
7 ______________ 12. _____________£ 2 2 3440.98 ___________ 1 L 2 2 . $582,366.22 __________2 IL 2 2 . __________200-13 98-10% _________ 96.64% ____________ 2 J 9 ___________l i £ £
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GTO PARAMETERS
VOLTAGE 

RATING (kV)
POWER DISS 
PER GTO <W)

V THRESHOLD 
(VOLTS!

DYNAMIC r 
IOHMS!

INC. SW LOSS 
PER AMP IJ/AI

FIXED SW 
LOSS (Jl

MINIMUM 
OFF TIME (si

MAXIMUM 
Itaa (A)_______ s.___________ 2222. ____________ L IZ . ________ 9,22112 _______ 0 0 0 3 1 6 7 _______ ;_____L2S . 1.77E-04 ____________2 22 2

SWITCH MODULE PARAMETERS
FIXED MASS 

(kal
MASS PER SNUB 

LOSS Ika/kWI
FIXED VOL 

lm *3 l
VOL PER SNUB 
LOSS fm “ 3/kWI

___________ 2 U 5 . _______________ 2. 0.04535 0.002244

BUS WORK & F TAME ESTIMATES
% INCREASE IN 
TOTAL MASS

% INCREASE IN 
TOTAL VOLUME

________2 0000% 71-43%

COST ESTIMATES
FIXED COST 
PER MODULE

COST PER SNUB 
LOSS i$/kW)

DRIVER FIXED 
COST

DRIVER COST 
PER MODULE

BUS &  FRAME 
% INC IN COST .

______ 18.204.30 $100 00 _______11.099,09 ____  $35.00 _________ 1 0 0 0 %

I N P U T  P A R A M E T E R S C A C U L A T E D  R E S U L T S
INPUT VOLTAGE 

(kVDCI
BRAKING 

POWER (MW)
SWITCH FREQ 

IHZ|
TOTAL EST 
MASS (kal

TOTAL EST 
VOLUME lm*31

TOTAL EST
M AT'L COST

TOTAL EST
SW LOSS (kWI

MAXIMUM 
PEAK CURRENT

MAX CURRENT/ 
PARALLEL (Arms!

PARALLEL 
MODULES REQ

SERIES
MODULES REQ

TOTAL
MODULES RFO

7 0.5 600 484 .64 0 .42 $37,315.33 52.35 535.95 506.69 i 3 3
7 i 600 485.61 0.42 $37,333.04 54.00 535.95 506.69 1 3 3
7 1.5 600 486 .72 0.42 $37,353.47 55.77 535.95 506.69 1 3 3
7 2 600 487 .98 0.42 $37,376.60 57.64 535.95 506.69 i 3 3
7 2.5 600 489 .38 0 .42 ; $37,402.45 59.62 535.95 506.69 i 3 3
7 3 600 490.95 0 .43 $37,431.01 61.71 535.95 506.69 1 3 3
7 3.5 600 974.66 0 .85 $73,629.39 113.38 535.95 506.69 2 3 6
7 4 600 975196 ; 0 .85 $73,653.20 115.28 535.95 506.69 2 3 6
7 4.5 600 977.34 0.85 $73,678.38 117.23 535.95 506.69 2 3 6
7 5 600 978.78 0.85 $73,704.90 119.24 535.95 506.69 2 3 $ 6
7 5.5 600 980.30 0.85 $73,732.79 121.31 535.95 506.69 2 3 6
7 6 600 981.90 0.85 $73,762.03 123.42 535.95 506.69 2 3 6
7 6.5 600 983.57 0.85 $73,792.62 125.60 535.95 506.69 2 3 6
7 7 600 1466.72 1,27 - $109,980.60 176.84 535.95 506.69 3 3 9
7 7.5 600 1468.18 1.27 $110,007.36 178.86 535.95 506.69 3 3 9
7 8 600 1469.68 1.28 $110,035.01 180.92 535.95 506.69 3 3 9
7 8.5 600 1471.24 1.28 $110,063.58 183.01 535 .95 506.69 3 3 9
7 9 600 1472.85 1.28 $110,093.04 185.14 535.95 506.69 3 3 9
7 9.5 600 1474.51 1.28 $110,123.41 187.30 535.95 506.69 3 3 9
7 10 600 1476.21 1.28 $110,154.69 189.50 535.95 506.69 3 3 9
7 10.5 600 1959.07 1.70 $146,337.35 240.53 535.95 506.69 4 3 12
7 11 600 1960.61 1.70 $146,365.58 242.61 535.95 506.69 4 3 12
7 11.5 600 1962.19 1.70 $146,394.48 244.72 535.95 506.69 4 3 12
7 12 600 1963.80 1.70 $146,424.06 246.85 535.95 506.69 4 3 12
7 12.5 600 1965.45 1.70 $146,454.31 249.01 535.95 506.69 4 3 12
7 ______________ 1 2 _____________2 2 2 196714 ______________ L I L ____ $146.485.25 __________251.20 __________£35,25 506.69 _______________ 1 3 ______________ 1 1
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SNUBBER PARAMETERS
dv/dt SNUBBER 
CAPACITOR (uFI

dl/dt SNUBBER 
INDUCTOR luH)

6 _____________ L I

ANTI-PARAI LEL DIODE PARAMETERS
DIODE . . 
VT IV)

DIODE 
r (OHMS)

DIODE 
Irr (AMPS)

_____________ 1.1 0 .001583 380

_ L i
IN P U T  P A R A M E T E R S C A G U L A T E D  S W IT C H  M O D U L E  C U R R E N T S  A N D  L O S S E S  B A S E D  O N  D E S IR E D  O U T P U T  M V A

INPUT VOLTAGE
(kVDC)

BRAKING 
POWER (MW)

SWITCH FREO 
IH j)

TOTAL EST i ;
MOD LOSS'IkW)

MODULE PEAK1 
CURRENT- IA) i

. MODULE COND
. LOSS'IkW)

MODULE SWITCH 
LOSS IkW)

TOTAL MODULE
LOSS IkW)

ANTI-PARALLEL
LOSS (kW)

dv/dt SNUBBER 
LOSS IkW)

di/dt SNUBBER
LOSS IkW)

CONDUCTOR
LOSS IkW)

7 0.5 600 - 17.45 75:55 0.13 0.77 0.90 0.08 16.20 0.15 0.12
7 1 600 ''1 8 .0 0 151.11 '  0.26 0.92 1.18 0.18 16.20 0.20 0.24
7 1.5 600 ‘ 18.59 226166 0.41 1.06 1.47 0.30 16.20 0.26 0.35
7 2 600 19:21 302‘.21 0.57 1.20 1.78 0.43 16.20 0.34 0.47
7 2.5 600 19:87 377:77 0.75 1.35 2.10 0.57 16.20 0.41 0.59
7 3 600 20.57 453132 . . 0 i93 1.49 2.43 0.74 16.20 0.50 0.71
7 3.5 600 • >18.90 264.44 0.49 1.13 1.62 0.36 16.20 0.30 0.41
7 4 600 1 9 .2 t 302:21 ■ 0.57 1.20 1.78 0.43 16.20 0.34 0.47
7 4.5 600 '19.54 339.99 _ ; ' 0.66 1.28 1.94 0.50 16.20 0.37 0.53
7 5 600 ' >19.87 377.77 V  0.75 1.35 2.10 0.57 16.20 0.41 0.59
7 5.5 600 20,22 415 .54 '  0.84 1.42 2.26 0.65 16.20 0.46 0.65
7 6 600 20:57 453 .32 0.93 1.49 2.43 0.74 16.20 0.50 0.71
7 6.5 600 20;93l . . . . .  491 .09 1.03 1.56 2.59 0.82 16.20 0.55 0.77
7 7 600 ‘ 19.65 352.58 0.69 1.30 1.99 0.52 16.20 0.39 0.55
7 7.5 600 .19.87 ... . 377.77 0.75 1.35 2.10 0.57 16.20 0.41 0.59
7 8 600 20.10 402.95 0.81 1.40 2.20 0.63 16.20 0.44 0.63
7 8.5 600 20:33 428 .13 0.87 1.44 2.31 0.68 16.20 0.47 0.67
7 9 600 20.57 453 .32 0.93 1.49 2.43 0.74 V6.20 0.50 0.71
7 9.5 600 20.81 478 .50 1.00 1.54 2.54 0.79 16.20 0.53 0.75
7 10 600 21.06 503.69 1.06 1.59 2.65 0.85 16.20 0.56 0.79
7 10.5 600 20.04 396.65. 0.79 1.38 2.18 0.61 16.20 0.43 0.62
7 11 600 20.22 415.54! 0.84 1.42 2.26 0.65 16.20 0.46 0.65
7 11.5 600 20.39 434.43 0.89 1.46 2.34 0.69 16.20 0.48 0.68
7 12 600 20.57 453 .32 0.93 1.49 2.43 0.74 16.20 0.50 0.71
7 12.5 600 20.75 472.21 0.98 1.53 2.51 0.78 16.20 0.52 0.74

_______________ L 13 _____________£22. ____  20-93 ' 491 .09 1.03 ____________ L 5 2 . ____________ L 5 2 . ____________ L £ L 18.20 ____________L £ L ____________ L IZ .

Figure H-13.6 GTO braking chopper switch loss estimation - Sheet 3 for 600 Hz switching frequency and variable braking power.
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HEAT EXCHANGER ESTIMATES
FIXED COST PER PRIME POWER FIXED MASS MASS PER kW FIXED VOLUME/kW
COST kW LOSS f$/kW) IkVA/kW  LOSSI (kg) LOSS Ika/kWI VOLUME fm-31 LOSS (m~3/kWI
$5 900.00 _______________ 2.__________0.7967 _____________ 2 2 £ _______________ 2. _____________ 2JL _______________ 2.

CONTROLLER/RECTIFIER BUS WORK & FRAME ESTIMATES
MASS

Ikfll
VOLUME

lm '3 |
% INCREASE IN 
TOTAL MASS

% INCREASE IN 
TOTAL VOLUME

10 0.02 '4 1 .4 6 % ___ _____ 71.43%

1 r  * i !

••• '< ’ O”  '

‘

COST ESTIMATES
CONTROL/RECT 

FIXED COST
BUS & FRAME 
% INC IN COST

LABOR AND SERVICES ESTIMATES (% OF TOTAL COST)
MATERIAL FAB LABOR FAB SERVICES TEST LABOR

_______$3 000.00 _______  10.00% ' 41.82% _________ 30.66% _________ 13.49% 14.03%

IN P U T  P A R A M E 1 rE R S . V- in !  ' C A C U L A T E D  R E S U L T S
INPUT VOLTAGE 

(kVDCI
CHARGING 

POWER (MW)
SWITCH FREQ

______ Itiz l_____ _
MASS i ■

_______IKfll___
VOLUME 

i (m“ 31
COST

($1
INVERTER 
LOSS IkWI

HEAT EX 
POWER IkVAl

INVERTER
EFFICENCY

TOTAL
EFFICENCY

MAXIMUM 
DUTY CYCLE

MAXIMUM
MW

0.28 0.1 O j 291.49 i 0:75 . S57.805.93 2.20 1.76 97.84% 96.19% 1.00 0.27
0.28 0.1 1 h  291.49 l 0:75 $57,806.08 2.21 1.76 97.84% 96.18% 1.00 0.27
0.28 0.1 2 l 291.50 I ! 0.75 $57,806.22 2.21 1.76 97.84% 96.18% 1.00 0.27
0.28 . 0.1 3 1 291.5 0 : ; 0:75 $57,806.37 2.21 1.76 97.83% 96.18% 1.00 0.27
0.28 0.1 4 291.50 1 ’  0.75 $57,806:52 2.22 1.77 97.83% 96.17% 1.00 0.27
0.28 0.1 --5 ' 29115! i . 0.75 1 $57,806.66 2.22 1.77 97.83% 96.17% 1.00 0.27
0.28 0.1 6 •- 291:51 ! - 0.75 $57,806:81 2.22 1.77 97.83% 96.16% 1.00 0.27
0.28 0.1 7 . 291:51 : 0.75 I $57,606.95 2.22 1.77 97.82% 96.16% 1.00 0.27
0.28 0.1 8 • 291:52 : ....... *6.75 i $57,807.10 2.23 1.77 97.82% 96.15% 1.00 0.27
0.28 0.1 9 1 291.52 ~H 0.75 $57,807:25 2.23 1.78 97.82% 96.15% 1.00 0.27
0.28 0.1 10 291 :5 2 ‘ '0 .7 ^ ' $57,807.39 2.23 1.78 97.82% 96.14% 1.00 0.27
0.28 0.1 11 291153' i . ‘ 0.76 1 $57,807.54 2.24 1.78 97.81% 96.14% 1.00 0.27
0.28 0.1 12 » 291.53 J _______ __ 0.7.5. - .-$57 ,807 ,69 2.24 1.78 97.81% 96.13% 1.00 0.27
0.28 0.1 13 i *■' ' 291.53 ■ • ‘ " • " ‘ •D.75 $57,807.83 2.24 1.79 97.81% 96.13% 1.00 0.27
0.28 0.1 1’4 t • " ! '  23V.54. . L..„!Tk 'UL“  „ t t7 5 : l J . '  $57:807.98 2.24 1.79 97.80% 96.12% 1.00 0.27
0.28 0.1 15 291.54 ■ . ' O'75 ' 1 ' $57.308.13 2.25 1.79 97.80% 96.12% 1.00 0.27
0.28 0.1 16 291.54 0:75 $57,808.27 2.25 1.79 97.80% 96.11% 1.00 0.27
0.28 0.1 17 291.55 0.75 $57,808.42 2.25 1.79 97.80% 96.11% 1.00 0.27
0.28 0.1 18 291.55 0.75 $57,808.57 2.26 1.80 97.79% 96.11% 1.00 0.27
0.28 0.1 19 291.55 0.75 $57,808.71 2.26 1.80 97.79% 96.10% 1.00 0.27
0.28 0.1 20 291.56 0.75 $57,808.86 2.26 1.80 97.79% 96.10% 1.00 0.27
0.28 0.1 21 291.56 ■* 0.75 $57,809.01 2.26 1.80 97.79% 96.09% 1.00 0.27
0.28 0.1 22 291.56 : . 0.75 $57,809:15 2.27 1 1.81 97.78% 96.09% 1.00 0.27
0.28 0.1 23 231.57 - 0 .75 i; $57,809.30 2.27 1.81 97.78% 96.08% 1.00 0.26
0.28 0.1 24 291.57 ■ r  0:75 :$57.809.44 2.27 1.81 97.78% 96.08% 1.00 0.26
0.28 _____________ IL L _________ 25.______ 22L5L _______ 0 7 5 ____*57.222,52.____________ US.________L2L _________31,7§%._________9?,27ft 1.00 J ___________

I I
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Figure H-14.1 IGBT Superconducting coil converter summary - Sheet 1.



GTO PARAMETERS
VOLTAGE 

RATING (kV)
POWER DISS 

PER IGBT MOO (W
V THRESHOLD 

(VOLTS!
DYNAMIC r 

(OHMS)
INC. SW LOSS 
PER AMP (J/A)

FIXED SW 
LOSS (Jl

MINIMUM 
OFF TIME Is)

MAXIMUM 
ItOQ (A)

1 1875 _____________ 2*2. ________ 2,22122 0.00346 _______________ 2. 3.00E-06 ____________2 22 2

SWITCH MODULE PARAMETERS . S 1 BUS WORK & FRAME ESTIMATES
FIXED MASS 

(knl
MASS PER SNUB 

LOSS Ika/kWI
FIXED VOL 

___ lm-3)
VOL PER SNUB 
LOSS lm-3/kWI 1 < • 1 % INCREASE IN 

• TOTAL MASS
% INCREASE IN 

. TOTAL VOLUME
_ _ _ _ _ _ _ L23 _ _ _ _ _ _ _ _ 2. 3J00OOo 0.0022441? . . . . . . l !  41:46% 1 1 71.43%

; - i-
!  i :; '

COST FSTJMATES • - •• "v
FIXED COST 
PER MODULE

COST PER SNUB 
LOSS IS/kWI

DRIVER FJXED; ' 
COST - *

. DRIVER COST,’ ,' 
l .  PER MODULE.U

BUS & FRAME,
% INC IN COST:’,,

_ _ _ _ $4.090.19 _ _ _ _ _ $100.00 _ _ _ _ _ _ ikfiCL -’ - ■ ' : $35:00'.
\  t ' s '

a- t, .. l * f : :_ •" : : •__ __ •— ~-r_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _
I N P U T  P A R A M E 1 r E R S s it  ■ : i ' > ‘ 1 C A C U L A T E D  R E S U L T S

INPUT VOLTAGE 
(kVDCI

BRAKING 
POWER (MWI

SWITCH FREQ1;
IH/I >

: TOTAL E9‘5?|.:, 
[ i  MASS (kali

TOTAL'EST,
VOLUMEflr¥i*3|.

TOTAL ESJ ; 
MAT'»VC0fet:

TOTAL EST
SW LOSS IkWI

MAXIMUM 
PEAK CURRENT

MAX CURRENT/ 
PARALLEL lArmsI

PARALLEL 
MODULES REQ

SERIES
MODULES REQ

TOTAL
MODULES REQ0.28 0.1 , .0 1- • 10.33 • ?-iO.Dl- . $4,537.71 1.10 971.57 971.57 1 1 10.28 0.1 , .1. < " 10/94. - ■ ■ 10.01 • •' •W.-B37..M 1.10 970.44 970.44 1 1 i0.28 0.1 2 ‘ " VjO’94 ' > 0i0 t $4,537v75 1.11 969.30 969.30 1 1 10.28 0.1 ; ’ 3 . • 10.94 ■ 1 <Mof $4:537.76 1.11 968.17 968.17 1 1 10.28 0.1 i 4; tO.94 . ' ; !0.0T $4,537.78 1.11 967.05 967.04 1 1 10.28 O.l ■ • ’ - ? J0.94 ■■! "  - ; ; ;o.ov ? $4,537.80 1.11 965.92 965.91 1 1 10.28 0.1 ■ '6j ' 10.84 i : ' 0.01 : :$4,53;\82 1.11 964.79 964.78 1 1 , ]

0.28 0.1 I 7 5;' . /ifo.SA :  l l r ' o m .''$4,537,04 1.11 963.67 963.66 1 1 10.28 0.1 - - -  -10.34 • ' ! 0,i0.01. $4,537.86 1.11 962.55 962.54 1 1 i0.28 0.1 9 ! "  ‘ 10.34 f.-  ..... i i-;,/o.oi ■ :$4-:537.88 1.12 961.43 961.41 1 1 10.28 0.1 , 101”  l :  V." • 10.34 " ' S ' : !  0.01.1 -,--:‘-$4.537.e9 1.12 960.31 960.29 1 1 10.28 0.1 11?.. .T0.-S4 - -  - ■ - 0.01 :  : $4,537.91 1.12 959.19 959.18 1 1 10.28 0.1 12 I  Q 94 i 6*01 , $4,537:53- 1.12 958.08 958.06 1 1 10.28 0.1 •=13 '■ - i ! .  -10.94 ' -  0.01 ’ ' ; •'-$'4':537.95 1.12 956.96 956.95 1 1 10.28 0.1 14 10.94 : - .. 0*01, $4,537.97 1.12 955.85 955.83 1 1 10.28 0.1 -15 ; ■ ' 10.94 ; . . . . . . . . . . 0:0i $4,537.99 1.12 954.74 954.72 1 1 10.28 0.1 >i16 -  10.94 0.01 $4,538.01 1.12 953.63 953.61 1 1 i0.28 0.1 17 , 10.94 0,01 $4,538.02 1.13 952.53 952.50 1 1 1
0.28 0.1 - -13 • J-10.94 -r-.o.oi $4,538.04 1.13 951.42 951.40 1 1 10.28 0.1 19 - 10.94 ■ 0.01 $4,538.06 1.13 950.32 950.29 1 1 1
0.28 0.1 20 • - «; -10.94 ‘ - i  o.ot i l - - '  $4,538.08 1.13 949.22 949.19 1 1 1
0.28 0.1 21 ■ 10-94 ■ h i r r c . ^ S J Ji\ ? $4,538.10 1.13 948.12 948.09 1 1 1
0.28 0.1 22 10.95 * — ■ $4,538.12 1.13 947.02 946.99 1 1 i
0.28 0.1 23 10.95 - ;i. • • 0.01. ■ $4,538.14 1.13 945.92 945.89 1 1 1
0.28 0.1 24 10.35 0.01 $4,538.15 1.14 944.83 944.79 1 1 i

_ _ _ _ _ _ _ 2*22. _ _ _ _ _ _ _ 2* 1 _ _ _ _ _ _ _ _ 25. 10.95 P.Qi $4-538.17 1.14 943.74 _ _ _ _ _ 943.70 _ _ _ _ _ _ _ _ _ L _ _ _ _ _ _ _ _ L _ _ _ _ _ _ _ _ L

Figure H-14.2 IGBT Module switch quantity characterization - Sheet 2 for superocnducting coil.
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Figure H-14.3 IGBT Module switch loss estimation - Sheet 3 for superconducting coil.
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