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ABSTRACT

This research investigates the distortion on the electrical distribution system for a high voltage
DC Integrated Power System (IPS). The analysis was concentrated on the power supplied to a
propulsion motor driven by an inverter with simulated silicon carbide switches. Theoretically,
silicon carbide switches have the advantage of being able to withstand a very large blocking
voltage and carry very large forward currents. Silicon carbide switches are also very efficient
due to their quick rise and fall times. Since silicon carbide switches can withstand high voltage
differentials and switch faster than silicon switches, the switching effects on the electrical
distribution system were investigated. The current state of silicon carbide power electronics was
also investigated.

This research quantifies the current and voltage distortion over various operating conditions. A
system model was developed using Matlab, Simulink, and SimPowerSystems. The model
consisted of a synchronous generator supplying a rectifier and inverter set driving an induction
motor. This induction motor simulates the propulsion motor for a Navy ship. This model had a
DC link voltage of 10 kV in order to simulate future Navy IPS systems. The current and voltage
distortion were compared to MIL STD 1399 and IEEE STD 519 and 45.

Thesis Supervisor: James L. Kirtley, Jr.
Title: Professor of Electrical Engineering

Thesis Reader: Joel P. Harbour
Title: Associate Professor of the Practice of Naval Construction and Engineering



Page Intentionally Left Blank



TABLE OF CONTENTS

YN ST I = T O TR 3
T ABLE OF CONTENTS teuuteeeteeeeeteaeseeeeeeeeeeeaasseeeeeeee s s aaseeeeeesesensnnaseeeeeseennnnnasssseeeeeennnnnaasseeeereennnnns 5
IS O = T 18] =d TR 7
IS O] = Y = I TR 8
I SR O Y =1 =TT 8
CHAPTER 1: INTRODUGCTION ...ttt teeeeee et e e e e e eeeeee e e e e e eeeeee e eaeeeeeeeeeeeeeeaaeeseeeeeeeenneaseeeereeennnnaaeens 9
BACKGROUND. ...ttt ettt e e e et e e e e e e e e et e e eaeeseeeeeaaa i aaaeeeeeeeeaannaaeseeeeeraannnaaaaess 9
S COPE .ot et e et e e —ee e ———ee e —aee et ———eaa———eaa—————————— 11
CHAPTER 2: IPS BASIC PRINCIPLES ... iiieeeeieettes e e e e ettt sttes st s e e s teeas st ssseesssssssssnnssesssssessssnnnnses 13
TRADITIONAL (NON-IPS) SHIPS......ooitiiiiiiiieiit ettt ettt ettt et 13
TPS SHIPS ..ottt et e e e e e e e e e e e e aeeee e e e e e e aeeseeeeeraaaaaaaeeeeeeraannnaaaas 15
ZONAL DISTRIBUTION AND TERMINOLOGY ..eutettueetntetneeeeeaeeeeeeeeneeeeneeesnaeseenesennesenneeeennessnnesennns 17
CHAPTER 3: SILICON CARBIDE POWER ELECTRONICS ...vvtiiiiiieeiieeeeiieiseeeeeeeeesiinsssesssssesssnnnnns 23
STC BACKGROUND ...ttt et et e e e e et ee e e et e e e ee e e e e e e e e eae e e eeaeaeeeeenaeseeanaeeeaenaeeeennns 24
STC ADVANTAGES .ottt ettt e et eeee e e e e e e e et e aeaaeeeeeeetaanaaaaeseeeeeeeananaasseeeeeensnnnaaaseeeeenes 25
STC DISADVANTAGES ..ottt e e e et ee e e et e e e ee e e e e e e e eeaeaeeeaaeaeeeeenaereeanaeeeaenaeeeennns 27
CURRENT SIC POWER ELECTRONIC DEVICES AND APPLICATIONS ...evvvuuuueeeeeeeeeeeeneeeeeeeeeeeeennnns 27
FUTURE OF STIC DEVICES ..ottt ettt e e e e e e e e e e e e eeaee e e ee e e e e eenaeeeeeeraeeeenaaaaaes 29
STC CONCLUSION ettt et ettt e e e e e ettt eeeeeeeeeeeeeeaanaaeeseeeeeaaanaaaeseeeeeseannnnaasseeeeeensnnnaaaseeeeenes 30
CHAPTER 4> SYSTEM IMODEL .. eiteeeeeeee ettt e e e e e e et e e e e e e e e et e e tee e e e e e e e ee e et e e e eeeeeeeennnaaeens 33
INTRODUGCTION ...ttt e e e e et eeee e e e e e e et e aeeeeeee et aaaaaaeseeeeereannnaaeseeeeereannnnaneees 33
POWER SUPPLY ettt ettt e e e e e e e e et e e e e et e e e e e e e e e e e e e e e eaa e e e e earaeeeeeeaeeeenaaaaaes 33
RECTIFIER ...ttt ettt e e e e et e e e e e e e e e et e aeeee e e e e e e aeeeeeeeeraananaaaseeeeeraannnnanaees 34
DIC LINK FILTER .. oottt e e e e e e e e e e e e e ee e e ee e e e e eeraeeeeeeaeeeanaaaaaes 35
IINWERTER .ottt ettt et e e e e e e et e e e e e e e e e e e e aeeee e e e e e e aaeseeeeeraananaaaeseeeeraannnnaaneas 36
INDUGCTION IMOTOR ...t e e e e e e e e et e e e e e e e e e e aeeeeae e e e eeeaaeeeeeeaeeeennaaaaes 37
IMIEASUREMENTS ...ttt etttetteee e e e eeeeete e eeeeeeeeeetaeasaeeseeeeaeaasnaaaeseeeeeeaasannaaseeeesreannnaasseseeerannnnnannees 39
MISCELLANEOUS CONTROL BLOCKS ..o ettt ettt eee e e e eeeee e e eeeee e e eeraeeeeeenaeaees 39
VALIDATION .. eeeetttteee e e e e e et eeee e e e et eeae e eaaeeeeeeaaaanaaaaseeeeeaasannnaasseeessannnnnaaseeeesannennnnaaeseeeeees 40
CHAPTER 5. SIMULATION RESULTS ettt ettt ettt e e e e e e e e e e e ee e e e e e e e e e e eeneaae s 43
STMULINK SETUP. ettt et eeeeeeeeeeeeeeeeeeeteeeaeeeeseeeeeeeaannaaeeseeseeeaanaaaaeseeseereannnnaasseeeseenssnnaaaesseeeenes 43
DISTORTION LIMITS ..ottt ettt e e e e e et e e e e e e e e e e e e e e e e aeeeeeaaeeeeeaaeeeenenaeeeenaaaaaes 44
STMULATION OUTPUTS ...ttt ettteeteeeeeeeeeeteeeeeeeeeeeeeteeeanaaaeeseeeeeeeanaaaaeseesesseannnaasseeesseasnnnaaesseeeenes 46
SIMULATION 1: IDEAL STEADY STATE UNFILTERED RESULTS ...eeeueeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeennns 47
SIMULATION 2: IDEAL STEADY STATE FILTERED RESULTS .euuueeetteeeeeeeeeeeeeeeeeeeeeeeeeeaeeeeeeennnns 50
SIMULATION 3: IDEAL TRANSIENT UNFILTERED RESULTS «.evuueeeieeeeeeeeee et e e e e eeeeeeeeeennns 54
SIMULATION 4: IDEAL TRANSIENT FILTERED RESULTS ... itttttttieeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeees 56



RECAP OF SIMULATIONS 1 — 4ottt ettt ee e e e e e e et aaaeeaeeeeseeeraaaaanas 59

SIMULATION 5: SIMULATED SIC STEADY STATE UNFILTERED RESULTS ..cevvueeeeieeeeeeieeeeeennnn. 60
SIMULATION 6: SIMULATED SIC STEADY STATE FILTERED RESULTS eeuueeiieeeeeeeeeeeeeeeeeeeeennn. 64
SIMULATION 7: SIMULATED SIC TRANSIENT UNFILTERED RESULTS .cevueieiiieeeeeeeeeeeeeeeeeeennn. 67
SIMULATION 8: SIMULATED SIC TRANSIENT FILTERED RESULTS ...otieiiiiiiieeeeeeeeeevireeeeeeeeeeens 69
RECAP OF SIMULATIONS 5 = 8ottt ettt et e e e e e e ee e e e e e e e e eeeeeeeeaeeeeeaaaaaes 71
SIMULATION 9: SIMULATED SIC STEADY STATE AND TRANSIENT FILTERED RESULTS............. 71
CHAPTER 6: CONCLUSIONS AND FUTURE WORK ... oottt ettt e e e e a e e e e e e e neenann s 77
IMIODEL TESTING .. ttittieiteiteeeeeteeee e eeteeee e ettt e e e etaaesettaaeseetaaasestsansessaansssssaansssssnnnssssranesessrnnneees 77
MITIGATION TECHNIQUES.......iiiiiititteee et eeeeteet e e e e e eeettaaaaeeeeseeeteaaaa e eeeeeetessanaeeseeerersrnnnnnsss 77
FUTURE WORK ....oiiiiiiiiiteeeee ettt ettt eeee e e e e e ettt eeee s e e e e et aaaaaeeseseeetaaaaaaassseeerensaannnes 78
CONCLUSIONS . ettt ettt et e e et e e e et e e e e e e e e e et e e e e e e e e e e e s e e e e eeeaneeeeranaeeenanaeeeennns 79
=== =T T = 1S TR 81
F == = N Y L =5 83
APPENDIX A: HARDWARE TRL DEFINITIONS [14] .eiveeiiiiieiieie s 84
APPENDIX B: MATLAB SYSTEM IMODEL ... iiiieeeeee et eeeteee e e e e e e e eeeaeeaseeeeaeeesnsnnaseeeseeeennnnns 86
APPENDIX C: MATLAB SIMULATION L OUTPUT citttttttiiiieeeeteeitiiiesseeesseessssinsssesssessssssnsseeessessssnn 93
APPENDIX D: MATLAB SIMULATION 2 OUTPUT ettt et eeeeeeeeeeeseeeeaeeeeeseasssseesssesssnnnnsseesssseesnnns 105
APPENDIX E: MATLAB SIMULATION 3 OUTPUT .ittttittiiiiieeeteteettiisseeeeseseessinnsssssssseessssnseeeesses 115
APPENDIX F: MATLAB SIMULATION 4 OUTPUT vttt et e eeeeeeeeee e e e eeeeeeeaeeesssseesseesssnnnsseesssseesnnns 120
APPENDIX G: MATLAB SIMULATION 5 OUTPUT .otititttiiiiieeerteeittiiiisseeeseseessinnssssssssesssssnseeeesees 126
APPENDIX H: MATLAB SIMULATION 6 OUTPUT .ottt eeeeeeeeteee e e e e eeeeeeseiassseeesseesssnnasseessssessnnns 135
APPENDIX |: MATLAB SIMULATION 7 OUTPUT ..cttiteittiiiiite e e ettt s e e e seseesbianssssessseesssnnseeeesees 144
APPENDIX J: MATLAB SIMULATION 8 OUTPUT ovtvtiiiieeeeeeeeeteeeeeeeeeeeeesssasssseesssesssnnnssesssssessnnns 151
APPENDIX K: MATLAB SIMULATION Q OUTPUT oiiivittiiiiieeeeteeitsiissseeesesesssisnsssssssseessssnseeeesees 158



LIST OF FIGURES

Figure 1: Traditional Propulsion SysStem [3] .....ccceeoiiiriiiiiieiiieiiecie ettt 15
Figure 2: Traditional Ring Electrical Bus [3] .....cccuooiiiiiiiiieiee e 15
Figure 3: IPS Configuration [3]......coooiieriiiiiiie ittt e tee e e e e s e e enaeesnneeens 17
Figure 4: AC ZED System (DDG-79 and LPD-17) [3]..eceoieiiiiieeeieeeeee e 18
Figure 5: AC ZED SySteIM [5] ..ueeeouiiiiiiieiiieeeiie ettt ettt see et e e veeeiaeeeiaeesaaeeennaeesnneeens 18
Figure 6: DC ZED SYStEIM [5] ..euieoiiiiiiiiieeieeitesieeeet ettt sttt st 20
Figure 7: Technology Readiness Levels [7] ...cccevuieiiieriiiiiieeieeieecie ettt 23
Figure 8: System Model POWeEr SUPPLY .....cooueriiniiiiiiiiiiiiiceeeeec e 34
Figure 9: Rectifier and DC RegUIator.........cooiiiiiiiiiiiiiecieeceece et 35
Figure 10: DC LInK FIIEET ..c..coviiiiiiiii ettt s 36
Figure 11: Inverter and Vector CONIrOl .........cccoeviieiiieiiieiieeieeieeeee ettt 37
Figure 12: IndUuction IMOTOT.......coiiiiiiiiiieie ettt ettt ettt et st esaeeeneeas 38
Figure 13: Advanced Induction Motor Configuration [17] ......ccceeeevieiieniieiieniieieeeie e, 39
Figure 14: Transient Analysis BIOCKS........ccoiiiiiiiiiiiic e 40
Figure 15: Complete System Model .........ccuieiiiiiieiiiiiiieiiecieeeee e e 41
Figure 16: Simulation 1 Individual Current Harmonic Distortion.........cccccecuevveveriieneenceienene. 47
Figure 17: Simulation 1 Individual Voltage Harmonic DiStortion.............ccceeeeveevieenieenieenveenen. 48
Figure 18: Simulation 1 Voltage Waveform and FFT ..o 49
Figure 19: Simulation 1 Current Waveform and FFT .........cccooviiiiiiiiiiiiiiieieeeeeeeeee, 50
Figure 20: Simulation 2 Individual Current Harmonic Distortion..........ccccecueveeverieneenennienenn. 51
Figure 21: Simulation 2 Individual Voltage Harmonic Distortion............ccccevveverieneenieeienncnne. 52
Figure 22: Simulation 2 Voltage Waveform and FFT .........ccccooiiiiiiiniiicccce 53
Figure 23: Simulation 2 Current Waveform and FFT .........cccooviiiiiiiiiiiiiieeeeeeeeeee, 53
Figure 24: Simulation 3 Individual Current Harmonic Distortion.........c.cceceeveeverieneencnienene. 54
Figure 25: Simulation 3 Individual Voltage Harmonic DiStortion.............ccceeeveerieerieenieenveenen. 55
Figure 26: Simulation 3 Voltage Waveform and FFT .........ccccooiiiiiiniiiicecce 56
Figure 27: Simulation 4 Individual Current Harmonic DiStortion.............cccceeeveerivenieenieenveennen. 57
Figure 28: Simulation 4 Individual Voltage Harmonic Distortion............cccceeeveriencencnienene. 58
Figure 29: Simulation 4 Voltage Waveform and FFT .........ccccooviiiiiiiiiiiiiiiiecieceece e 59
Figure 30: Simulation 5 Individual Current Harmonic Distortion..........c.cceceeveeveriencencnienene 61
Figure 31: Simulation 5 Individual Voltage Harmonic DiStortion............cccceeeeveevieerieenneenveennen. 62
Figure 32: Simulation 5 Voltage Waveform and FFT .........ccccoooiiiiiiniiiicccce 63
Figure 33: Simulation 5 Current Waveform and FFT .........cccooviiiiiiiiiiiiiieieeeeeee e, 63
Figure 34: Simulation 6 Individual Current Harmonic Distortion.........cccceceeveeverieneeniceienenn. 64
Figure 35: Simulation 6 Individual Voltage Harmonic DiStortion............cccceeeveevieeeieenneenveennen. 65
Figure 36: Simulation 6 Voltage Waveform and FFT .........ccccooiiiiiiiniiiccce 66
Figure 37: Simulation 6 Current Waveform and FFT .........cccooviiiiiiiiiiiiiicccecce e, 66
Figure 38: Simulation 7 Voltage Waveform and FFT .........ccccooiiiiiiniiicce 68
Figure 39: Simulation 7 Current Waveform and FFT .........cccooviiiiiiiiiiiiiiiicceeceeee e 68
Figure 40: Simulation 8 Voltage Waveform and FFT .........ccccooiiiiiiiniiiicccce 70
Figure 41: Simulation 8 Current Waveform and FFT .........cccooviiiiiiiiiiiiiiiieeeeeeeeeeeee 70
Figure 42: Simulation 9 Individual Current Harmonic DisStortion.............ccccueeeeveeecieencveenneeens 73
Figure 43: Simulation 9 Individual Voltage Harmonic Distortion............cccceveeverienveneniennenne. 74
Figure 44: Simulation 9 Voltage Waveform and FFT ..........cccooiiiiiiiiiieeeeeee e 75



LIST OF TABLES

Table 1: Total Installed Power on Selected Ship Classes [2] ....ceevveevireriieniienieeieeiieeieeieeeeens 14
Table 2: Harmonic DiStortion LImitS..........cccuiiiiiieiiiiiiiiieceiie et evee e 46
Table 3: Recap of SIMulations 1-4.........c.cooiiiiiiiiiiiiciece ettt sae e seae e 59
Table 4: Recap of SIMulations 5-8.........cooeiiiiiiiiiiiiiiieee e 71

Table 5: Simulation 9 Results



CHAPTER 1: INTRODUCTION

The purpose of this thesis is to investigate the system wide issues in the electrical
distribution system with having a high voltage DC distribution bus (10 KV), coupled with a
silicon carbide (SiC) based inverter for the electric propulsion motor. A model of a straight-line
electrical distribution system was developed from the power generation to the propulsion motor.
This model was analyzed in order to determine system wide issues to using an electrical

distribution system of this type.

Background

The United States Navy is moving in the direction of utilizing more electrical
applications in the ships of the future. One of the biggest examples is the integrated power
system (IPS), whereby the propulsion system is powered by electric motors, unlike the current
propulsion systems that utilize a direct mechanical link from the engine to the propeller. Combat
systems and weapons of the future will require even greater amounts of power than today while
more equipment is being converted from mechanical (hydraulic, for example) to electrical
applications.

Current ships have over ninety percent of their total power reserved exclusively for the
use by the propulsion system, with only a small percentage of installed power devoted to
electrical power generation. Future ships that utilize an IPS system will be required to produce
approximately 80 MW of power in an electrically usable form in order to propel the ship and to
power the advanced weapon systems. Due to the high power demand of new electronic
weapons, the ship will not be able to power all systems and weapons and maintain a high speed
at the same time, since these systems will obtain their power from the same IPS system.

The IPS arrangement on future ship classes has the following advantages [1]:



e Increased fuel economy due to more efficient operation of the prime mover

e Arrangement flexibility due to the elimination of large mechanical shaft components

and the reduction of total prime movers

e Auvailability of a large amount of electrical power for non-propulsion use

e Ability to accommodate the electrical power needs of future military systems

¢ Reduced manning requirements due to high levels of automation and control

This thesis will investigate the proposed use of using SiC switches in the power
electronic converters within the power distribution system. Although only the effects of an
electric propulsion motor was analyzed, this work can be used in order to assess the issues that
will arise when using the same SiC devices for the combat system and other power systems
throughout the ship.

SiC power electronics devices will be able to convert high voltage AC power directly into
high voltage DC power. This is due to SiC’s ability to block high voltages. SiC may also be
able to eliminate electromechanical devices completely from the shipboard electrical distribution
system. The elimination of electromechanical devices would be able to greatly reduce the
weight of the electrical distribution system onboard Navy ships. The application of high voltage

DC power would also be able to reduce the size and weight of the distribution system cabling.
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Scope

The utilization of power electronic components for the transformation of power will have
negative effects on the quality of the electrical distribution system. Due to the switching of the
SiC switches in the power electronic components, the primary distribution bus will be affected
due to the loads not drawing sinusoidal current. The power supplied to the power conversion
components will be analyzed for distortion and recommendations made in order to reduce the

distortion on the supply bus.
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CHAPTER 2: IPS BASIC PRINCIPLES

Traditional (Non-1PS) Ships

Traditional ships do not have integrated power systems. The electric power system on
traditional ships consists only of the ship service electrical distribution system, which accounts
for only a small percent of the total installed power. The remaining installed power is for the
exclusive use of the propulsion system, which is a mechanical system that cannot be utilized for
electrical power generation. Traditional systems have completely separate systems for
propulsion and electric generation.

Table 1 lists a number of ship classes and the percent of power that is available to the
electrical distribution system. This shows that an overwhelming majority of installed power is
fixed to the propulsion system. One exception here is the new amphibious transport dock ship,
LPD-17. Since this ship is new, a higher amount of electrical power was installed onboard in
order to power newer equipment that has higher power demands than older electronic equipment.
This installed power is also to ensure adequate power to the numerous electronic systems
currently installed and to be installed in the future. Installing a surplus of power is referred to as
electrical margin for future growth. Also, being an amphibious ship, the speed requirements of
this ship are smaller than those of a combatant ship, therefore the percent of usable electrical

power for the LPD-17 is significantly higher than the other examples in Table 1.
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Ship Class Ship Service Propulsion Total Installed |Percent Usable As
(MW) (MW) Power (MW) Electrical Power
DDG-51, CG-47 |7.5(2.5x3) 100 (LM2500 x4) |107.5 6.98%
DDG-79 9.0 100 109 8.26%
FFG-47 4 (1.0 x4) 50 (LM2500 x2) |54 7.41%
SSN 688 6 26 32 18.75%
SSBN 726 8 45 53 15.1%
LPD-17 12.5 (2.5 x5) 31 (7.755 x4) 43.5 28.7%

Table 1: Total Installed Power on Selected Ship Classes [2]

The typical installation for a traditional ship consists of the propulsion engines connected
mechanically, sometimes through a reduction gear (depending on the speed of the engine), to the
propulsion shaft and propeller. Most military instances have two engines connected to a single
reduction gear driving a single shaft. This configuration is for redundancy. Figure 1 shows a
typical propulsion system installation with two shafts and four propulsion engines. One of the
issues that are readily apparent from Figure 1 is the restriction placed upon the location of the
engines. This layout is for survivability, but due to the longitudinal separation, a long shaft is
required.

The ship service electrical distribution system consists of three or more generators
connected in a ring bus. Figure 2 shows the typical ring electrical distribution bus with three
ship service generators. One advantage of the ship service system compared to the mechanically
connected propulsion system is that the location of the ship service generators can be placed at

different locations throughout the ship.
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Figure 1: Traditional Propulsion System [3]
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Figure 2: Traditional Ring Electrical Bus [3]
IPS Ships
A ship that has an integrated power system is different from the traditional configuration.

An IPS ship has a combination of the propulsion system and electrical distribution system. This

is accomplished with the use of electric drive propulsion motors, compared to mechanically
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connected propulsion engines. For an IPS system, the propulsion and ship service distribution
loads can be powered from any of the installed engines.

There are numerous advantages to using an IPS system. Some of the advantages with
respect to the naval architecture layout are the following [4]:

*Vertical Stacking of Propulsion Components

*Pods

*Athwart ship Engine Mounting

*Horizontal Engine Foundation

*Engines in Superstructure

*Distributed Propulsion

*Small Engineering Spaces
As was seen in Figure 1, the layout of traditional mechanical drive propulsion systems was based
on shaft alignment to the propellers and survivability. With an IPS system, the alignment of the
shaft with the propellers is not a primary concern and the engines can be placed almost anywhere
on the ship, while also taking ship survivability into account.

Figure 3 shows an IPS configuration. This shows that there is not a “per se’ propulsion
engine or ship service engine. All of the engines can power everything that is connected to the
electrical service bus. An electric drive motor is utilized for the propulsion of the ship, thereby
allowing the propulsion to be powered by any of the installed engines. This specific IPS
configuration has four electrical generating sets, two 30 MW and two 10 MW. This would

provide the ship with 80 MW of total power, approximately the amount of power required to

power ships in the near future.
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Figure 3: IPS Configuration [3]

Zonal Distribution and Terminology

A ZED system divides the electrical distribution system into ‘zones’ in order to
maximize survivability. There are three types of topologies for electrical distribution systems
[3]: AC radial (traditional ship type, see Figure 2), AC zonal, and DC zonal. A ship that utilizes
an IPS with SiC switches would most likely be a DC zonal type system, although an AC zonal
could also be used.

Figure 4 shows an AC zonal electrical distribution system [3]. This type of AC ZED is
installed on the DDG-79 (and newer DDG-51 ships) and LPD-17 class ships. Figure 5 shows
another type of AC ZED system [5]. In this configuration, unlike an AC radial distribution, two
main power buses are utilized and the electrical distribution is divided up into a number of zones
[5]. These main buses (port and starboard) have a two-deck vertical separation with one bus
above the water line in order to maximize survivability. The two main buses are connected to all
zones and the load centers are connected to each main bus. Therefore, if power to one zone or
one main bus is lost, then power can be drawn from the other main bus in order to maintain

power to the load center.
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Figure 4: AC ZED System (DDG-79 and LPD-17) [3]

Zone 1 Zone 2 Zone 3 Zone 4
Load M Load : Load * Load
Center H Center H Center . Center
° M (%) . @
5 . 4 . 2
2 O . o . (0] . 51
g O . g O . g
b= O Loads e o . Q Loads « o
= . 2 ) . E
@ : o | : <
Load . Load . Load . Load
—
Center M Center . Center . Center

Figure 5: AC ZED System [5]
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Figure 6 shows a DC ZED system [5]. This system is similar to the AC ZED system, with
the exception that the two main buses have DC power instead of AC power. One advantage over
the AC ZED system is the removal of the large electromechanical switchgear that is required in
an AC system [5]. This results in a cost savings of the DC ZED over the AC ZED. Instead of
using switchgear in order to limit current during casualties, power electronics can be utilized. In
this DC ZED system, each PCM-1 (Power Conversion Module) reacts to maintain the voltage at
the appropriate level with respect to the other zones on the bus. This allows the system to have
integrated fight through power (IFTP) [5]. This functionality is applicable to AC and DC
systems.

An IFTP system is utilized in order to maximize survivability. For instance, one of the
two main power buses (port or starboard) will be entirely above the waterline. Therefore, if the
ship is damaged and partially flooded, one of the main buses will be able to continue to provide
power to the vital equipment on the ship. All of the load centers are connected to both main
buses and will be able to pull power from either bus, thereby decreasing the probability that vital

equipment will lose power during a casualty.
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Figure 6: DC ZED System [5]

Although both IPS and IFTP relate to the electrical distribution system, their functions
are completely different. An IPS system utilizes power from the electrical distribution system in
order to provide propulsion to the ship by means of an electric motor. An IFTP system divides
the electrical distribution system into zones for the purpose of survivability. IFTP allows
redundant power to be supplied to ship load centers from each main bus. This will insure that

power is maintained to the loads when one main bus losses power in a casualty.
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Figure 6 introduced the PCM-1 with respect to the DC ZED system. This also shows

numerous other modules that pertain to the electrical distribution system. The following are

other modules pertaining to an IPS and ZED system and their descriptions [5]:

Power Generation Module (PGM) — Prime mover and AC power generation
Power Distribution Module (PDM) — Electrical distribution
Power Conversion Module (PCM) [6]
0 PCM -4 AC/DC (medium voltage AC to 1000 VDC)
0 PCM -1 DC/DC (1000 VDC to 375-800 VDC)
0 PCM -2 DC/AC (800 VDC to 450 VAC)
PLM — Power Load Module
0 Propulsion Motor Module (PMM) — Subset of the PLM, the electric motor and
associated power electronics
Power Control (PCON)
Energy Storage Module (ESM)

21



Page Intentionally Left Blank

22



CHAPTER 3: SILICON CARBIDE POWER ELECTRONICS

In a report published six years ago (2001) about future shipboard power systems [7], the
possibility of having a high voltage DC bus (10-15 KV) was a long-term prospect. Although,
since that time, the development of SiC power devices have come a long way towards this goal.
One of the recommendations of this report was to develop “high power, high voltage power
electronics” [7]. SiC power devices may be able to provide the power electronics necessary in
order to advance current shipboard power systems. Figure 7 shows more information on TRL’s

[7] and Appendix A has a more detailed table of TRL levels [14].

Technology Readiness Levels

_/_“\ TRL 9: Actual system “mission proven” through successful mission operations

System Test & TRL 9 fe =
L rons TRL 8: Actual system completed and “misgion qualified” through test and
— demonstration in an operational environment Fully integraied with operational hardware
and software systems. Most wser documentafion, fraining dosumentation, and mainisnance
TRL B documeniztion complefed. Al funclionaiily tested in simufated and operafionsl scenanos. VAV
System/Subsystem J— complefed
Development . . . S .
top TRL 7 TRL 7: System prototype demonstration in high-fidelity environment Aost
functionaliy svailabie for demonstration and fest. Well infegrafed with operational hardware/sofware
— sysfems. Most software bugs removed. Limited documentafion avaizblie.
Technology TRL 6 TRL. 6: System/zubsystem prototype demonstration in a relevant end-to-end
Demonstration L1 environment Frofofype implemenfations on full scale realistic problems. Parlially infegrated with
- — existing hardwaresoftwars sysfems. Limited documentation avaifable. Epginesring feasibifity fully
demonsfrafed
TRL 5: Module and/or subsystem validation in relevant environment Prototype
Technology implementztions conform fo farget environment / inferfzces. Expenments with reafistic problems
Development Simuwiated inferfaces fo existiing sysfems.
TRL 4: Module and/or subsystem validation in laboratory environment Standalone
profofype implementations. Expenments with full scale problems or data seis.
Research to TRL 3: Analytical and experimental critical function and/or characteristic proof-

Prove Feasibility of-concept Limited functionality implementations. Experiments with small representative dafa sefs.

Sgientific feasibilty fully demonsirated.

TRL 2: Technology concept andior application formulated Easic principles coded
Expenments with synthetic data. Mostly applisd ressarch.

Basic Technology

Research
TRL 1: Basic principles observed and reported Sasic properties of algorithms,
representations & concepls. Mathematical formulations. Mix of basic and applied research.

Figure 7: Technology Readiness Levels [7]
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At the time of this report [7], the technology readiness level (TRL) [14] of a high voltage
DC bus was three. By definition, a TRL of three means that the technology has a proof-of-
concept with limited functionality and small data sets, but it has scientific feasibility fully
demonstrated. The issues at the time with high voltage DC bus were with investments in the
development of SiC and system integration [7]. With new, more advanced SiC diodes and
switches becoming available on a continuing basis, the TRL level would most likely be in the
range of five since technology demonstrations are ongoing with SiC devices. A TRL of five
deals with module and/or subsystem validation in relevant environment, but the engineering

feasibility is not yet fully demonstrated.
SiC Background

SiC is a wide bandgap semiconductor. “A wide bandgap semiconductor is a
semiconductor with an energy band wider than about 2 electron volts (eV)” [15]. Other
materials within the wide bandgap semiconductor area are gallium nitride (GaN) and aluminum
nitride (AIN). In the past, it was thought that SiC would replace silicon entirely in the power
electronic device field [10]. But, at least in the near term, SiC will not entirely replace silicon
devices [9]. Although great advances have been made with regard to SiC properties, there are
still technical difficulties with developing high power devices. Some of the common issues
currently affecting SiC devices are “micropipes” in the wafer. These effectively are holes
through the entire wafer. Some of the problems with SiC have made significant progress with
higher quality substrates and better fabrication technologies [10]. SiC material also comes in
different polytypes, depending on the chemical makeup of the material. These different

polytypes have different energy bands. Some common polytypes of SiC are 3C, 4H, and 6H
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with energy bands of 2.2 eV, 3.25 eV, and 3.0 eV [15], respectively. The most common SiC
polytype currently being used in power electronic devices is 4H.

Even though there are numerous wide bandgap semiconductors, SiC semiconductors
have advantages over other wide bandgap semiconductors. Some of these advantages include
[11]:

Indirect semiconductor ( important for bipolar power electronics)
Doping of both n- and p-type material

Native thermal oxide Silicon Dioxide (Si02)

High quality crystals available

Broad range of applications

SiC Advantages

The benefits of SiC over traditional silicon are numerous. One of the advantages of SiC
is the nearly one hundred percent compatibility with current silicon technology [9]. Some of the
benefits include reduced dependence on temperature, faster switching times, smaller power
electronic devices, lower on-resistance, and fewer components for a given power electronic
circuit.

Another advantage of SiC over silicon is its ability to operate at much higher
temperatures. Therefore, cooling will not be required or less cooling will be required for SiC.
For example, if a SiC power electronic component can operate at junction temperature at 250°C,
ambient cooling, without the use of a dedicated cooling system, may be able to cool this power
electronic component. An example where less cooling would be required would be when the
SiC power electronic component exceeded it’s junction temperature set point. For this example,
the cooling system would only have to reduce the junction temperature to 250°C, unlike a typical
silicon power electronic component which would have to reduce the junction temperature further

to maintain proper operation of the circuit. As far the efficiency of cooling, since an IGBT has a
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junction temperature limitation of 125°C, the difference in temperature (between circuit
temperature and cooling medium temperature) with the cooling system is fairly small and the
efficiency will be lower and the cooling requirements higher. SiC, unlike silicon, can operate, in
theory, at a junction temperature of 300°C. This provides for a very large difference in
temperature (from ambient or cooling medium temperature, depending on operating conditions)
in order to provide a much more efficient cooling scheme compared to silicon [8].

SiC also has the advantage of being able to switch faster than silicon. This is mainly due
to the diode having little or no reverse recovery charge. A SiC Schottky diode can switch in
under 50 nanoseconds, which is a quarter of the time it takes a comparable PiN diode with one
micro-coulomb (nC) of reverse recovery charge (200 ns) [8]. The advantage of having little or
no reverse recovery charge makes the SiC diode very efficient due to a reduction of the
switching loses. Also, with no reverse recovery charge, in some circuit types the snubber circuits
can be removed, therefore resulting in a circuit with fewer components and a higher efficiency
[12]. In addition to having little reverse recovery charge, this charge is independent of
temperature. In contrast, silicon device reverse recovery charge increases significantly with
temperature, thereby further stressing other elements within the power electronic circuit [8].
Therefore, with a higher operating temperature in silicon, the increase in reverse recovery charge
causes the efficiency of the system to further degrade due to temperature increases.

SiC has ten times higher critical electrical field compared to silicon. For this reason, a
4H-SiC MOSFET has the thickness of only 10% and a doping concentration 100 times that
compared to a silicon MOSFET with comparable blocking voltages [8]. This allows SiC to be
ten times thinner [9] and greatly reduces the size of semiconductor circuits. This size reduction

of SiC can be utilized in two ways. Smaller SiC devices can be used in order to reduce the size
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of power electronic circuits, or similar sized devices (compared to silicon) can be used with
higher device ratings thereby providing a similarly sized circuit with a much higher power rating.
Because of the smaller size and higher doping concentration, the SiC majority carrier devices
(for example, holes in p-type material and use only one type of charge carrier) on-resistance
(Ron) can be up to 100 times less than comparable silicon diodes or MOSFETs [10]. For
minority carrier devices (for example, electrons in p-type material), these advantages can result

in a switching speed up to 100 times faster [10].
SiC Disadvantages

Cost is one of the major drivers of the current state of technology compared to silicon
devices. SiC devices are currently more expensive and have not been fully developed to
completely replace silicon devices. Some SiC technologies also have other disadvantages as
compared to conventional power electronic devices. For example, SiC power bipolar junction
transistors (BJT’s) have limited current gain [8] compared to comparable silicon BJT’s. These

devices have ratings of 1400 V and 20 A, but have a current gain of only 14.
Current SiC Power Electronic Devices and applications

As stated earlier, one of the primary advantages of SiC devices is that they can replace
silicon devices nearly 100% of the time due to the similar characteristics between the devices.
Because of this, anywhere that silicon devices are today, SiC devices may be able to be utilized
when the technology becomes available.

One of the devices that have been successfully utilized is the Schottky barrier diode
(SBD). This diode is a unipolar device that can block voltages up to 1700 volts [11]. Since this

diode has zero reverse recovery charge, losses can be reduced and the efficiency of circuits
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increased. An application that can use this type of device is the power factor correction power
electronics. Two disadvantages with Schottky barrier diodes currently are the cost of the diode
compared to silicon and the restricted surge-current handling capability. In order to overcome
the surge-current deficiency, a newer diode that has a bipolar part integrated into the device has
improved the diodes performance [11]. This diode acts like a unipolar device in normal
operation and is able to switch to bipolar operation under surge conditions [11].

Another device that has been successfully developed is a 180 A, 4.5 kV 4H-SiC PiN
diode [13]. This diode had a forward voltage of 3.2 volts at 180 A and less than 0.4 pA reverse
leakage current at 4.5 kV. This device has an advantage over the SBD, which can only block
voltages up to 2.5 kV due to an increase in resistance [13].

One application for SiC device is in the use of high voltage-high frequency conversion
applications. Silicon’s ability to be utilized in this application deteriorates as blocking voltage is
increased, which causes on-resistance to increase and switching frequency to decrease [10]. The
use of SiC devices allows for the conversion of medium voltage applications from 100 volts to
6.6 kilovolts. Utilizing SiC over silicon greatly reduces the losses, and thus greatly increases the
efficiency of the system. Once SiC technology advances further, the use of these devices up to
25 kilovolts may be possible for high voltage-high frequency power conversion applications
[10].

Another application that is directly applicable to an IPS ship is motor control. When SiC
MOSFET’s and SBD’s replace silicon IGBTs and PiN diodes, a reduction of 80% in total losses
(switching and conduction) is achieved when using a three phase pulse width modulated (PWM)
motor controller [12]. This reduction in losses results in an efficiency increase of 4-6% [12].

Since SiC devices also require less cooling due to their ability to operate at higher temperatures,
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the cooling demands of the systems are thus reduced. The most significant problem is the lack of
the required 1200V / 100 A devices. These devices require an increase of die area of 10 times
and a reduction of the density of micropipes in order to be able to obtain the current capacity of

100 A [12].
Future of SiC Devices

The major issue currently facing SiC devices is the cost compared to silicon devices.
Although technological advances are happening continuously in the SiC field, they are not ready
to replace silicon in all applications. SiC devices may be able to replace silicon in some
applications and will be able to be used in applications where silicon cannot be used. The costs
of the new SiC devices are compensated for by the fewer components required and the reduced
size of power electronic circuits [9]. Although the costs of SiC devices are currently higher than
silicon, with more development and the increased production and use of SiC devices, these costs
will begin to become more affordable compared to silicon.

From 1993 until 2005, the status of the SiC wafers has improved from a 1 inch diameter
with >1000 micropipes per cm” to a 3 inch diameter with <10 micropipes per cm? [9]. These
great strides in the development of SiC wafers will likely increase for some time. Therefore, the
use of SiC in applications like high voltage-high frequency power conversion and high power
motor control will be possible in the not too distant future. These devices would make future
shipboard power systems able to operate at several kilovolts and allow for more efficient
operation. Eventually, SiC-based applications will become one of the applications with the

highest power density and efficiency coupled with the lowest volume and weight [9].
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SiC Conclusion

The primary benefit of SiC over silicon power electronic devices is their increased power
density. If SiC and silicon devices are compared at the same power level, the SiC devices will be
much smaller than the silicon devices at the same power level. Also reducing the size of SiC
circuits is the reduced number of components required. For some silicon circuits to get the
required blocking voltage, numerous power devices are required to be placed in series. For the
SiC device, only one device may be necessary for the same circuit. Also reducing circuit size
and complexity, if snubber circuits will not be required for SiC circuit, this further removes
additional components from the circuit.

SiC power devices fit nicely into the future high voltage DC IPS distribution system. The
future system will be able to reduce the size and increase the power density of the system. With
SiC power electronic devices, the HV DC distribution system has the benefit of reducing the
electromechanical components in the system and reducing the amount of cabling installed on the
ship. The amount of cabling required for a DC system is only two-thirds compared to an AC
system with similar power levels. This reduction is due to the DC system have two cables and
the three phase AC system having three cables. SiC will not enable DC voltage systems, but will
enable high voltage DC systems by being able to transform high voltage AC into high voltage

DC without the use of electromechanical components.
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In summary, the advantages that a SiC power electronic system have over the traditional
silicon system are numerous. At the power and voltage level that future shipboard electrical
distribution levels will be operating, SiC provides a power electronic device that will be
unmatched compared to silicon. Therefore, the main benefit of utilizing SiC devices in the
future shipboard power system is that they both seek to decrease the size of the system and

provide a system that is much more power dense than what is currently available.

31



Page Intentionally Left Blank

32



CHAPTER 4: SYSTEM MODEL

Introduction

A model of a high voltage system was developed using Matlab and Simulink. The Sim
Power Systems toolbox for Matlab/Simulink was also utilized in the development of this model.
This system is a straight-line diagram from a three-phase synchronous generator power source to
an induction motor. The induction motor is acting as the propulsion motor. The rectifier and
inverter are power electronic devices composed of either ideal switches or simulated SiC

devices.

Power Supply

The power supply for this model is a three-phase 20 MW synchronous generator. The
voltage for the power supply is set at 6.0 kilovolts (KV) in order to get the required 10 KV on the
DC bus. Figure 8 shows the system model power supply. Because of the downstream power
electronic components, the power supply will be distorted due to the switching of the rectifier
and the inverter. The implementation of a synchronous generator into the model allows for the
interaction between the transients of the power electronic components and the synchronous

generator.
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Figure 8: System Model Power Supply

Rectifier

The rectifier receives the 6.0 kV power from the synchronous generator. The universal
bridge block in Simulink Sim Power Systems toolbox is utilized for the rectifier. Initially, the
simulations were run with only ideal switches for the rectifier. Later simulations used IGBT
devices that were simulated SiC power devices. It was attempted to idealize the rectifier in order
for it to work like a future SiC power device, but some limitations within Simulink prevented
some of the changes to make it more ideal. For example, as stated in chapter 3, the use of SiC
power electronic components has allowed the removal of snubber circuits because of the zero
reverse recovery charge associated with SiC power electronic devices. The snubber circuits in
Simulink could not be removed because this would cause two current sources to be in series.
Simulink models some components as current sources, therefore when the snubber circuit was
removed from the rectifier, it appeared that there were two current sources in series and
prevented the circuit from being simulated. The effect of the snubber circuit was minimized as

much as possible, but it could not be removed entirely due to the Simulink limitations.
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Figure 9 shows the rectifier and associated DC regulator. Because the rectifier is a
controlled device, gating pulses must be produced by a DC regulator in order to regulate the DC
voltage downstream from the rectifier. The DC voltage from the input of the inverter is supplied
to the DC regulator in order to adjust the gate pulses and maintain the output of the rectifier at

the desired voltage level. The control of the DC voltage is obtained by using two proportional-

integral (PI) controllers [16].
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Figure 9: Rectifier and DC Regulator

DC Link Filter

In order to smooth the signal from the rectifier to the inverter, a filter is utilized to filter
out the high frequency components in the signal. The purpose of this filter is to make the DC
link voltage as near to ideal DC voltage as possible for the input to the inverter. This low pass
filter consists of a series inductor and a parallel capacitor. There are also some measurements
taken from this filter, which are the rectifier DC voltage and the inverter DC voltage. Figure 10

shows the DC link filter and associated measurements.
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Figure 10: DC Link Filter

Inverter

In order to convert the DC link voltage to usable alternating current for the induction
motor, an inverter was used. The inverter receives the DC link voltage at 10 KV and generates a
pulse-width modulated (PWM) signal for the induction motor. The universal bridge block in
Simulink Sim Power Systems toolbox was utilized for the inverter. Initially, the simulations
were run with only ideal switches for the rectifier. Later simulations used IGBT devices that
were simulated SiC power devices. Figure 11 shows the inverter and associated control system

for this model.

The inverter is controlled by gate signals from the vector control block, which receives its
inputs (speed and current) from the induction motor. The speed control loop in the vector
control block uses a proportional-integral (PI) controller to produce the quadrature-axis current
reference (iq*) in order to control motor torque by adjusting the gating signals to the inverter.
The motor flux is controlled by the direct-axis current reference (ig*). A transformation block
within the vector control transforms the D- and Q-currents into three-phase currents (i,*, 1,*, and

1.*) for the current regulator [16].
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Induction Motor

For the simulated propulsion motor in the system, an induction motor was utilized from
the Sim Power Systems toolbox. This motor is a squirrel cage induction motor rated at 20 MW.
This motor was used since it is somewhat similar to the current propulsion motor slated for the
DDG-1000 ship, the Advanced Induction Motor (AIM). Although the AIM, with its 15-phase
operation, has a more advanced control system than a typical induction machine, it is assumed
that some of the issues with a simplified system would also be encountered by a system with an
AIM installed. Figure 12 shows the induction motor with other associated inputs for the system

model. The torque input allows the user to change the desired torque of the induction motor.
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Figure 12: Induction Motor

One example where an AIM system may produce worse results is in the distortion of the
main power bus. Since the AIM has 15 phases, with each set of five phases obtaining three-
phase power from the main power bus, this could result in even more distortion than this current
model. This would be due to each set of phases pulling power off the bus at different times.

This configuration is shown in Figure 13 [17]. The AIM system must power three
rectifier/inverter sets, whereas only one rectifier/inverter set for the current model. These three
sets are phase shifted, which is why the power would be pulled off the main bus at three different
times. This current model could also produce worse distortion as compared to the AIM. Since
the AIM’s total power is distributed across three sets of rectifier/inverters, the power that each
set requires will be less than if all of the power was pulled off of the bus at the same time. Since
the three sets will not be pulling power off the main bus at the same time, this could result in less

distortion to the main bus.
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Figure 13: Advanced Induction Motor Configuration [17]

Measurements

Measurements are taken throughout the model in order to analyze the simulation results.
The measure block consolidates numerous measurements for associated functions across the
entire model. This block also has numerous scopes set up in order to capture the results of the
simulations. This block also contains the measurement blocks for the Fourier transform in order
to calculate the current and voltage individual harmonic distortions. These values are sent to the

Matlab workspace for further analysis.

Miscellaneous Control Blocks

Figure 14 shows a set of simulink blocks that were used in the transient analysis of this
model. There are two sets of these blocks, one for the speed control and another for the torque

control. These blocks are simply timing blocks in order to increase the speed and torque of the
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induction motor after a preset time. This allows for the system to reach steady state before

transients are imposed on the system.
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Figure 14: Transient Analysis Blocks

Validation

Since no system currently exists at this voltage level, coupled with the fact that current
SiC devices cannot operate at this voltage and current level, this model cannot be compared to an
existing model. Therefore, this model cannot be verified by analyzing it next to another model
that is either already simulated or built. Every effort was made in order to ensure that a system
that would utilized SiC power electronic components would closely resemble the system model

in this thesis. Figure 15 shows the complete top-level model of this system.
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41



Page Intentionally Left Blank

42



CHAPTER 5: SIMULATION RESULTS
Simulink Setup

The Matlab/Simulink model discussed in the previous chapter was utilized for the
simulation. This model was adjusted in order to ascertain different operating conditions. The
model was simulated with and without an input filter to the rectifier in order to assess the impact
of the filter on the system. The model was also simulated during a transient from low power
steady state to an increased power level.

The simulation was conducted in discrete time steps of 1 micro-second (1 ps). This time
step was recommended in the software documentation [22]. This small time step allowed for
increased precision of the output, although this resulted in increased computing times on a
standard laptop. A 3 second run of this model took approximately 90 minutes. Due to the time
intense operations of this simulation, a limited number of simulations were run.

The output that was obtained from these simulations was the current and voltage
distortion on the main supply bus (60 Hz) to the rectifier. The individual harmonic distortion for
the Oth, Sth, and 7™ harmonics for the current and voltage were obtained. Also, the total harmonic
distortion was also calculated with the simulink toolbox powergui. The figures in the proceeding
sections differ in the analysis type. The plots with only the 0™, 5™, and 7™ harmonics are plots
that were generated by calculating the harmonics over a running window of one cycle of the
fundamental frequency. The frequency plots that contain a range of frequencies (for example, 0
to 3000 hertz) are calculated over a specific period of time and number of cycles (normally 20
cycles). For this reason, these plots cover a wide range of frequencies compared to the

aforementioned plots.

43



Distortion Limits

The requirements for the current and voltage individual harmonic and total harmonic
distortion (THD) was investigated to determine the limits for an IPS system with SiC power
electronic components. The following standards were examined for applicable setpoints:
Military Standard 1399 (MIL STD 1399), IEEE Standard 519-1998, and IEEE Standard 45-
2002. MIL STD 1399 is the interface standard for shipboard systems (Section 300A, electric
power, alternating current) [23]. IEEE STD 519 is the IEEE Recommended Practices and
Requirements for Harmonic Control in Electrical Power Systems [24]. IEEE Standard 45-2002

is the IEEE Recommended Practice for Electrical Installations on Shipboard [25].

MIL STD 1399

Limits for the input current waveform “shall have the minimum harmonic distortion
effect on the electric system” [23]. The individual harmonic currents shall not be greater than
3%. This value is the ratio between the harmonic and the fundamental component. The total
harmonic distortion for voltage shall be less than 5% and individual harmonic distortion <3%.
These limits seem to imply that they are intended for extremely sensitive systems. Sensitive
systems (communications, weapons control, radar) onboard ships are always separated from the
main bus by either a separate power generation system or high fidelity conversion equipment to
insure that main bus fluctuations do not interfere with vital operations on board the ship.
Therefore, these limits may be too strict for a large electrical load similar to a propulsion motor
being simulated here. The requirements as set forth in this standard are for systems of greater

than 1 kVA and frequency of 60 hertz.
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IEEE Standards

IEEE 519 requirements for the current and voltage individual harmonic distortion are the
same as MIL STD 1399. These requirements are applicable to general systems. This standard
also has a voltage THD limit of 10% for dedicated systems. For IEEE 519, a dedicated system is
“exclusively dedicated to the converter load.” Therefore, the current Simulink model could be
viewed as a dedicated system since it is dedicated to one converter load.

Since IEEE 45 has been recently updated, it specifically looks at IPS systems (integrated
electrical propulsion plants). The requirements for voltage THD in IEEE 45 are 8% for a
dedicated system. Non-dedicated buses should not exceed the same limits as set forth in the

previous standards, 5% voltage THD and 3% for all individual harmonic distortions.

Limits Utilized

Since the standards had conflicting information, the requirements for the Land Based
Engineering Site (LBES) in Philadelphia were obtained [26]. This site has the full set up for the
next generation propulsion plant for the DDG-1000 ship class. This system is similar to the
Simulink model here, with some differences. Although they are different, the harmonic limits
utilized for the LBES can be used as limits for this analysis. For the LBES, the limits for the 5"
and 7™ individual current harmonic distortion were 9% and 8%, respectively. These values will

be used in analyzing the simulated system here. Table 2 shows the limits used in this analysis.
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Parameter Limit
Voltage Individual Harmonic Distortion 3%
Voltage Total Harmonic Distortion 8%
5™ Harmonic Current Individual Harmonic Distortion 9%
7™ Harmonic Current Individual Harmonic Distortion 8%

Table 2: Harmonic Distortion Limits
Simulation Outputs

The simulations were conducted for 3 seconds with a time step of 1 microsecond. The
fundamental, Oth (DC component), 5" and 7™ harmonics were calculated with the use of a
Fourier block within Simulink. These results were sent to the Matlab workspace for further
analysis after the completion of the simulation. The 0™, 5™, and 7™ individual harmonic
distortions were then calculated within Matlab. These results were plotted on a scale of percent
of fundamental versus time. This shows the individual harmonic distortion of these components
at all times during the simulation. These figures then allowed for quick analysis in determining
if the individual harmonic distortion signals were within the above harmonic distortion limits.

Within Simulink, the main bus supply voltage and current were also analyzed with an
FFT and the THD calculated. These outputs were also compared to the limits in order to
determine the performance of the simulated system.

The simulations were run with and without a simple input filter to the rectifier. These
were also run in steady state and transient conditions. The first four simulations were run using

an ideal switch-based rectifier and inverter. The final simulations were run with an IGBT-based
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rectifier and inverter. These IGBT’s were used in order to simulate a SiC-based rectifier and

inverter on the performance of the system.

Simulation 1: ldeal Steady State Unfiltered Results

The first simulation was an unfiltered steady state run using ideal switches in the rectifier
and inverter. The 5" individual current harmonic distortion averaged 16% of the fundamental
component, with numerous points above 20%. The 7" individual current harmonic distortion
averaged 7% of the fundamental component, with numerous points above 10%. Figure 16 shows
the plot of the individual current harmonic distortion percentage versus time. All plots obtained

from Matlab/Simulink for this simulation are located in Appendix C.
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Figure 16: Simulation 1 Individual Current Harmonic Distortion
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The individual voltage harmonic distortion was also analyzed for compliance with the
above requirements. The 5" individual voltage harmonic distortion averaged 3% of the
fundamental component, with numerous points above 6% during the starting transient. The 7"
individual voltage harmonic distortion averaged 2% of the fundamental component, with
numerous points above 5% during the starting transient. Figure 17 shows the plot of the

individual voltage harmonic distortion percentage versus time.
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Figure 17: Simulation 1 Individual VVoltage Harmonic Distortion
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Next the FFT of the voltage and current waveforms were analyzed. The voltage THD
was within the requirement of 8% for all calculations except for the analysis conducted between
DC and 3000 Hz. The voltage THD for this calculation was 17%. Figure 18 shows the plot and
FFT analysis of the voltage waveform. Figure 19 shows the plot and FFT of the current
waveform. The THD of this current waveform is 28%. On these two plots, numerous harmonics

are shown that are above the individual harmonic maximum limit of 3%.
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Figure 18: Simulation 1 Voltage Waveform and FFT
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Simulation 2: ldeal Steady State Filtered Results

The next simulation conducted was with the same model as simulation 1, except for a
simple input filter at the input of the rectifier. This was done in order to ascertain the
effectiveness of a simple input filter on the operation of the model. The 5™ individual current
harmonic distortion averaged 11% of the fundamental component, with increasing distortion at
the end of the simulation. This is an improvement of 5% over the unfiltered model. The 7"
individual current harmonic distortion averaged 4% of the fundamental component. This is an
improvement of 3% over the unfiltered model. Figure 20 shows the plot of the individual current

harmonic distortion percentage versus time. All plots obtained from Matlab/Simulink for this

simulation are located in Appendix D.
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Figure 20: Simulation 2 Individual Current Harmonic Distortion

The improvement of the individual voltage harmonics were then analyzed. The 5™
individual voltage harmonic distortion averaged 2% of the fundamental component. The 7"
individual voltage harmonic distortion averaged 1% of the fundamental component. These two
results showed a slight improvement over the un-filtered simulation. Figure 21 shows the plot of

the individual voltage harmonic distortion percentage versus time.
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Figure 21: Simulation 2 Individual Voltage Harmonic Distortion

The FFT of the voltage and current waveforms were then analyzed and compared to the
un-filtered results of simulation 1. The voltage THD was very near the requirement of 8% for all
calculations. Figure 22 shows the plot and FFT analysis of the voltage waveform. Figure 23
shows the plot and FFT of the current waveform. The THD of this current waveform is 9%. On

these two plots, numerous harmonics are shown that are above the individual harmonic

maximum limit of 3%.
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Figure 23: Simulation 2 Current Waveform and FFT
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Simulation 3: ldeal Transient Unfiltered Results

The next simulation used the same unfiltered model of simulation 1. The simulation was
conducted during a transient from low power steady state to a higher power level. The 5™
individual current harmonic distortion averaged 20% of the fundamental component, slightly
higher than the steady state results from simulation 1. The 7™ individual current harmonic
distortion averaged 6% of the fundamental component, the same level as simulation 1. Figure 24
shows the plot of the individual current harmonic distortion percentage versus time. This plot
(and some future plots) has a different time range. This is due to allowing the model to come to
steady state before initiating a transient on the system. All plots obtained from Matlab/Simulink
for this simulation are located in Appendix E.
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Figure 24: Simulation 3 Individual Current Harmonic Distortion
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The individual voltage harmonic distortions were also compared to the results for
simulation 1. The 5™ individual voltage harmonic distortion averaged 4% of the fundamental
component. The 7" individual voltage harmonic distortion averaged 2% of the fundamental
component. These values were approximately the same as simulation 1. Figure 25 shows the

plot of the individual voltage harmonic distortion percentage versus time.
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Figure 25: Simulation 3 Individual Voltage Harmonic Distortion

Next the voltage THD was compared to the steady state results. The voltage THD was
less than 7%. Again, numerous individual voltage harmonics around the fundatmental
component were above the individual limit of 3%. Figure 26 shows the plot and FFT analysis of

the voltage waveform.

55



> =10 FFT window: 20 of 130 cycles of selected sigral
T T T T T T

i) 1 i 1 1 1 1 1
258 255 2B 285 2.7 25 28
Tirme (s]

Fundamenial G0Hz) = 1255 , THD= 6.63%
T T T T T T T T T

May (3 of Fundameantal)

TN S AP U | R ITTRYIRTRT TN PO P e
0 2 1 5 B [ 12 i) &
Harmanic order

Figure 26: Simulation 3 Voltage Waveform and FFT

Simulation 4: ldeal Transient Filtered Results

For simulation 4, the same model was utilized with an input filter to the rectifier during a
transient condition. The 5" individual current harmonic distortion averaged 4% of the
fundamental component, 16% lower than the unfiltered transient response of simulation 3. The
7™ individual current harmonic distortion averaged 2% of the fundamental component, 4% lower
than the unfiltered transient response of simulation 3. Figure 24 shows the plot of the individual
current harmonic distortion percentage versus time. All plots obtained from Matlab/Simulink for

this simulation are located in Appendix F.
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Figure 27: Simulation 4 Individual Current Harmonic Distortion
The 5™ individual voltage harmonic distortion averaged 1% of the fundamental
component. The 7" individual voltage harmonic distortion averaged <1% of the fundamental

component. Figure 28 shows the plot of the individual voltage harmonic distortion percentage

versus time.
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Figure 28: Simulation 4 Individual Voltage Harmonic Distortion

The voltage THD was less than 12%. Again, numerous individual voltage harmonics
around the fundatmental component were above the individual limit of 3%. Figure 26 shows the

plot and FFT analysis of the voltage waveform.
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Figure 29: Simulation 4 Voltage Waveform and FFT

Recap of Simulations 1 -4

The first four simulations utilized ideal switches in the rectifier and the inverter. This
was completed in order to get results from a system with ideal switches operating at 10 kV. A
summary of these results are shown in Table 3. As can be seen in Table 3, improvements to the

individual current harmonic distortion were made with the input filter.

| ndvidut ot | otuge i
1: Ideal Steady State Unfiltered ;: 1760;? 8%
2: Ideal Steady State Filtered ;i 1410;? 8%
3: Ideal Transient Unfiltered ;i 269’;? 7%
4: Ideal Transient Filtered gi g;ﬁ 12%

Table 3: Recap of Simulations 1-4
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Simulation 5: Simulated SiC Steady State Unfiltered Results

The following simulations were conducted with simulated SiC power electronic switches.
The Simulink IBGT’s were utilized to simulate a SiC device. Since the rise and fall times of SiC
power devices are faster than silicon devices, the fall time of the simulated SiC device was
adjusted in Simulink. The fall time was adjusted from the default value of 1 microsecond to 50
nanoseconds. Simulink does not allow the setting for rise time, therefore it was not adjusted.

The 5™ individual current harmonic distortion averaged 33% of the fundamental
component, with numerous points above 70%. The 7™ individual current harmonic distortion
averaged 13% of the fundamental component, with numerous points above 30%. Figure 30
shows the plot of the individual current harmonic distortion percentage versus time. The steady
state values were taken from the plot between the time period of 1.5 seconds to 2 seconds. All

plots obtained from Matlab/Simulink for this simulation are located in Appendix G.
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Figure 30: Simulation 5 Individual Current Harmonic Distortion

The 5™ individual voltage harmonic distortion averaged 4% of the fundamental
component. The 7" individual voltage harmonic distortion averaged 3% of the fundamental
component. Figure 31 shows the plot of the individual voltage harmonic distortion percentage
versus time. The steady state values were taken from the plot between the time period of 1.5

seconds to 2 seconds.
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Figure 31: Simulation 5 Individual Voltage Harmonic Distortion

Next the FFT of the voltage and current waveforms were analyzed. The voltage THD
was 5.7%. Figure 32 shows the plot and FFT analysis of the voltage waveform. Figure 33
shows the plot and FFT of the current waveform. The THD of this current waveform is 22%.
On these two plots, numerous harmonics are shown that are above the individual harmonic

maximum limit of 3%.
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Figure 33: Simulation 5 Current Waveform and FFT
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Simulation 6: Simulated SiC Steady State Filtered Results

The 5™ individual current harmonic distortion averaged 23% of the fundamental
component, with numerous points above 50%. The 7™ individual current harmonic distortion
averaged 17% of the fundamental component, with numerous points above 30%. Figure 34
shows the plot of the individual current harmonic distortion percentage versus time. The steady
state values were taken from the plot between the time period of 1.5 seconds to 2 seconds. All

plots obtained from Matlab/Simulink for this simulation are located in Appendix H.
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Figure 34: Simulation 6 Individual Current Harmonic Distortion

The 5™ individual voltage harmonic distortion averaged 1% of the fundamental

component. The 7™ individual voltage harmonic distortion averaged <1% of the fundamental
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component. Figure 35 shows the plot of the individual voltage harmonic distortion percentage
versus time. The steady state values were taken from the plot between the time period of 1.5
seconds to 2 seconds.
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Figure 35: Simulation 6 Individual VVoltage Harmonic Distortion

The FFT of the voltage and current waveforms were then analyzed. The voltage THD
was 8.4%. Figure 36 shows the plot and FFT analysis of the voltage waveform. Figure 37
shows the plot and FFT of the current waveform. The THD of this current waveform is 7%. On

these two plots, numerous harmonics are shown that are above the individual harmonic

maximum limit of 3%.
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Figure 36: Simulation 6 VVoltage Waveform and FFT
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Figure 37: Simulation 6 Current Waveform and FFT
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Simulation 7: Simulated SiC Transient Unfiltered Results

The 5™ individual current harmonic distortion averaged 50% of the fundamental
component, with numerous points above 70%. The 7™ individual current harmonic distortion
averaged 31% of the fundamental component, with numerous points above 30%. Figure 30
shows the plot of the individual current harmonic distortion percentage versus time. The
transient values were taken from the plot between the time period of 2 seconds to 3 seconds. All
plots obtained from Matlab/Simulink for this simulation are located in Appendix I.

The 5™ individual voltage harmonic distortion averaged 3% of the fundamental
component. The 7" individual voltage harmonic distortion averaged approximately 2% of the
fundamental component. Figure 31 shows the plot of the individual voltage harmonic distortion
percentage versus time. The transient values were taken from the plot between the time period
of 2 seconds to 3 seconds.

Next the FFT of the voltage and current waveforms were analyzed. The voltage THD
was 15%. Figure 40 shows the plot and FFT analysis of the voltage waveform. Figure 41 shows
the plot and FFT of the current waveform. The THD of this current waveform is 106%. On
these two plots, numerous harmonics are shown that are above the individual harmonic

maximum limit of 3%.
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Figure 38: Simulation 7 VVoltage Waveform and FFT
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Simulation 8: Simulated SiC Transient Filtered Results

The 5™ individual current harmonic distortion averaged 16% of the fundamental
component. The 7" individual current harmonic distortion averaged 15% of the fundamental
component. Figure 34 shows the plot of the individual current harmonic distortion percentage
versus time. The transient values were taken from the plot between the time period of 2 seconds
to 3 seconds. All plots obtained from Matlab/Simulink for this simulation are located in
Appendix J.

The 5™ individual voltage harmonic distortion averaged 1% of the fundamental
component. The 7™ individual voltage harmonic distortion averaged 1% of the fundamental
component. Figure 35 shows the plot of the individual voltage harmonic distortion percentage
versus time. The transient values were taken from the plot between the time period of 2 seconds
to 3 seconds.

Next the FFT of the voltage and current waveforms were analyzed. The voltage THD
was 4.3%. Figure 40 shows the plot and FFT analysis of the voltage waveform. Figure 41
shows the plot and FFT of the current waveform. The THD of this current waveform is 12%.
On these two plots, numerous harmonics are shown that are above the individual harmonic

maximum limit of 3%.
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Figure 40: Simulation 8 VVoltage Waveform and FFT
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Recap of Simulations 5 -8

The last four simulations utilized simulated SiC switches in the rectifier and the inverter.
This was completed in order to get results from a system without ideal switches operating at 10
kV. A summary of these results are shown in Table 4. As can be seen in Table 4, the model
with simulated SiC devices performed worse than the model with ideal switches. Although these
simulations performed worse, the filter was effective at reducing the distortion in the voltage and

current, albeit not improving the signal to within the harmonic distortion limits.

. . Current Individual Current
Simulation Harmonic Harmonic Distortion Voltage THD

th 0

5: SiC Steady State Unfiltered ;th 'SQ 5.7%
th 0

6: SiC Steady State Filtered ;th %;Q 8.4%
h o

7: SiC Transient Unfiltered ;th ;?Q 15%

. - 5 16%
: T Fil 4.39
8: SiC Transient Filtered -t 15% 3%

Table 4: Recap of Simulations 5-8

Simulation 9: Simulated SiC Steady State and Transient Filtered Results

Simulation 9 was conducted as a kind of validation for some of the earlier results. The
precision of the preceding simulations hinged on the value of the time step of the Simulink
simulation. All of the previous simulations were set at 1 microsecond. The smaller the time
step, the more accurate the results will be. Although the most accurate would be a continuous
run, it was not possible. For simulation 9, the time step was reduced to 0.1 microseconds. This
simulation took 20 hours on a standard laptop. In order to obtain approximately the same
amount of data as the previous simulations, a decimation factor of 10 (only saves 1 of every 10

points) was utilized. This was to prevent the computer from running out of memory. The
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computer did run out of memory, but this occurred at 2.8 seconds, therefore enough data was
obtained to perform some analysis.

Simulation 9 was conducted with the same model as simulations 6 and 8 (Table 4) with
the only exception being the time step. The results are shown in Table 5. These results show
that simulation 9 was very close to the results from simulations 6 and 8. Therefore, the precision
utilized in simulations 1 through 8 should not deviate too much from simulations with a more
precise time step. Figure 42 shows the plot of the individual current harmonic distortion
percentage versus time. Figure 43 shows the plot of the individual voltage harmonic distortion
percentage versus time. Figure 44 shows the plot and FFT analysis of the voltage waveform.

All plots obtained from Matlab/Simulink for this simulation are located in Appendix K.

. . Current Individual Current
Simulation Harmonic Harmonic Distortion Voltage THD
T o
9: SiC Steady State Filtered ;th } ;,//" 3.4%
th 0
9: SiC Transient Filtered ;th 1(2)‘2 4.0%

Table 5: Simulation 9 Results
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Figure 42: Simulation 9 Individual Current Harmonic Distortion
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CHAPTER 6: CONCLUSIONS AND FUTURE WORK

As the U. S. Navy continues toward ships with IPS systems installed, the requirement for
more power dense ships will continue to increase. The requirement to maintain the lowest
possible distortion necessary will require that systems have harmonic mitigation systems
installed in order to prevent distortion from impacting the ship’s systems negatively. When SiC
power electronic technology becomes available for use in high power applications, the need for

high power mitigation techniques will also grow.

Model Testing

The need for accurate model testing is required to accurately simulate these high power
systems prior to large scale developmental testing. The results herein have shown that more
accurate models of SiC power electronic devices need to be developed for use in simulation
programs. This research used ideal switches and modified silicon IGBT’s in order to evaluate
the impact of SiC on an IPS system. The difference between the ideal and IGBT system
performance in harmonic distortion was significant. Also, the IGBT model was a simple
approximation of a SiC IGBT, therefore if a reliable model of a SiC IGBT was available, the
results may have been more accurate. The use of Simulink in this model was a very slow
process. Most simulation runs lasting upwards of three hours, with a more accurate simulation
requiring 20 hours. Other software programs designed specifically for power systems analysis

may allow for more simulations to be completed in a more expeditious manner.

Mitigation Techniques

Even though this analysis examined only one very simple method of reducing the voltage
total harmonic distortion and the individual current harmonics, it was successful in reducing

these harmonic distortions. Although it was successful, the amount of distortion when utilizing a
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simulated SiC device was very large. New mitigation techniques may have to be developed in
order to handle distortion at this power level and within the requirements for use onboard U. S.
Navy ships. Since these systems deliver power to very sensitive equipment, even though they

may be fairly well insulated from the main power bus, the effects of large distortion on the

supply bus may impact these sensitive systems.

Future Work

More complex, accurate, and dynamic simulations need to be pursued in order to fully
understand the impact of operating SiC power devices at voltages upward of 10 kV DC. In
addition to this testing, more advanced mitigation techniques may be required in order to reduce
the distortion in order to prevent disruptions to vital shipboard systems.

Although this research only analyzed the impact of SiC devices on the distortion of the
main supply bus, the impact on the downstream loads also needs to be taken into account. For
example, the effects of utilizing SiC devices on the insulation of the propulsion motor need to be
investigated in order to insure that the propulsion motor will not be damaged due to the transients

of the rectifier and inverter.
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Conclusions

The importance of SiC power electronic devices compared to silicon can be shown for a
power converter introduced in chapter 4 (Figure 13). This silicon-based power converter
requires 512 silicon IGBT's for each H-bridge in order to meet the blocking voltage and current
carrying capacity. If SiC power electronic devices continue to advance, this silicon H-bridge
would be able to be replaced with 4 SiC devices. Therefore, for a 15 phase motor converter
(Figure 13), 60 SiC IGBT's would be able to replace 7,680 silicon IGBT's.

Although it is a relatively new technology, silicon carbide power electronic components
may be able to replace standard silicon power electronic components in the near future. If this
comes to fruition, then high voltage DC buses at or above 10 kV will become possible onboard
U. S. Navy ships. This may allow for the removal of transformers onboard ship, which will
result in a large savings with respect to weight and volume. The ability to transform high voltage
AC power directly to high voltage DC power for use with the propulsion system will have

numerous advantages for the U. S. Navy ships of the future.
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APPENDIX A: HARDWARE TRL DEFINITIONS [14]

Table 3-1. Hardware TRL Definltlons, Descriptions, and Supporting Information
(Source: Defense Acgulisition Guldebook)

TRL

Definition

Description

Supporting Information

Basic principles
ohsemved and
reported.

Lowest level of technology readi-
ness. Scientific research bagins
to ba translated into applied

research and development (R&D).

Examplas might include papser
studies of a technology's basic
proparties.

Fublishad research that identifias the prin-
ciples that underlie this technology. Refer-
ences to who, whare, whan.

2 Technology con- Inveniion begins. Onca basic Fublications ar other references that out-
cept andfor appli- | principles are observed, practical line the application being considerad and
cation formulated. | applications can be inventad. that provide analysis to support the

Applications are speculative, and concept.
thare may be no proof or datailed

analysis to support the assump-

tions. Examples are limited to

analytic studies.

3 Analytical and Active RED is initiatad. This Results of laboratory tests performed to
exparimanial includes analytical studies and measure paramesters of interest and com-
critical function laboratory studies to physically parison to analytical predictions for critical
andfor charactar- | validate the analytical predictions subsystems. References to who, where,
istic proof of of separate glemanis of the tech- and when these tests and comparisons
concept. nology. Examples include were performed.

componenis that are not yet inte-
grated or representative.

4 Component Basic technological componants Systam concepts that have been consid-
andfor bread- are intagrated to establish that erad and results from testing laboratory-
board validation they will work togethear. This is scale breadboard(s). References to who
in a laboratory relatively “low fidelty” compared did this work and whan. Provide an esti-
environment. with the evantual system. Exam- mate of how breadooard hardware and

ples includs intagration of “ad test results differ from the expected system
hoc” hardware in the laboratory. goals.

B Component and/ Fidelity of breadboard technology | Results from testing a laboratory bread-

or breadboard
validation in a
relevant
environmeant.

increases significantly. The basic
technological components are
integrated with reasonably realis-
tic supporting elements so they
can be tested in a simulated envi-
ronment. Examples includs “high-
fidelity” laboratory integration of
componsnis.

board system are intagrated with othar
supporting elemeants in a simulated opera-
fional environment. How does the “relevant
environment” differ from the expactad
opearational environment? How do the test
resulis compars with expactations? What
problems, if any, were encountered? Was
the breadboard system rafined to more
nearly match the expected system goals?
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Table 3-1. Hardware TRL Definltlons, Descriptions, and Supporting Information
(Source: Defense Acquisition Guldebook) (Contlnued)

TRL Definition Description Supporting Information

il System/isubsystem model or | Representative model or proto- Results from laboratory testing
prototype demonstration in a | twpe system, which is wall be- of a prototype system that is
relevant environment. yvond that of TRL 5, is tested ina | near the desired configuration

relevant environmant. Repra- in terms of performance,

sants a major step up in a tech- weight, and volums. How did

nology's demonstrated the test environment differ from

readiness. Examples include the operational environment?

testing a prototype in a high- Who performed the tests? How

fidelity laboratory environmeant did the t2st compare with

or in a simulated operational expectations? What problems,

environment. if any, were encountered?
What are/were the plans,
options, or actions fo resolve
problems bafore moving fo the
next leveal?

7 System prototype demon- Prototype near or at plannad Results from testing a proto-
stration in an operational operational system. Represents twpe system in an operational
gnvironment. a major step up from THL & by gnvirenmant. Who performad

requiring demonstration of an the tests? How did the test
actual system prototype in an compare with expectations?
operational environment {(g.g., in | What problems, if any, ware

an aircraft, in a vehicle, or in encountered? What arafwers
space). Examples includs the plans, options, ar actions {o
tasting the prototype in a test resolve problems before

bed aircraft. maving to the next level?

8 Actual system complatad Technology has been proven to Results of testing the systam in
and qualified through test wark in its final form and under its final configuration under the
and demaonstration. expected conditions. In almost expected range of environ-

all cases, this THL represants mental conditions in which it
the end of true system develop- | will be expecied to operate.
ment. Examples include devel- Assassment of wheather it will
opmental test and evaluation of meet its operational require-
the system in its intended wea- ments. What problems, if any,
pon sysiem io determine if it werz encounisred? What are/
maets design specifications. were the plans, opfions, or
actions to rasolve problems
before finalizing the design?
a Actual system proven Actual application of the tech- COT&E reports.

through successful mission
operations.

nology in its final form and under
mission conditions, such as
those encounterad in opera-
tional test and evaluation
(OT&E). Examplas include using
the system under operational
mission conditions.
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