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 PSMA Power Technology Roadmap:
 High Voltage (HVDC) Distribution & Conversion in Datacenters, Aerospace, Microgrids & Transportation
 Stephen Oliver, VP VI Chip Product Line, Vicor [email protected] July 10th 2014
 mailto:[email protected]
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 HVDC in Datacenters, Aerospace, Microgrids & Transportation
 › Abstract – Power architectures are changing rapidly to HVDC (270-380-600-700V) for high efficiency power distribution.
 New standards and components have simplified the challenge of stepping down from high voltages with high efficiency and in a small space. This seminar will highlight;
 › Technical background behind HVDC distribution › Commercial and Industry factors driving the adoption of HVDC › Example HVDC powerchains, related specifications, infrastructure and practical considerations › High efficiency topologies that enable HVDC › Ensuring legacy and new equipment needs are met
 › Further reading (archived HVDC seminars) http://www.vicorpower.com/powerbench-1/webinars
 Seminar Title Presenter Company 1 High Voltage DC Distribution Achieving Mainstream Industry Adoption Stephen Oliver Vicor 2 Components, techniques and best practices for architecting efficient HVDC systems Stephen Oliver Vicor 3 380V HVDC in the Datacenter David Mohr HP 4 380V HVDC Datacenter Infrastructure: An Engineering Perspective David Geary, BJ Sonnenberg StarLine (Universal), Emerson Network Power 5 380V HVDC in Commercial Buildings and Offices Bernd Wunder Fraunhofer IISB (DCC+G) 6 270V HVDC in Commercial and Defense Aircraft Stephen Oliver Vicor 7 HVDC in Hybrid Automotive, Earth-Moving Equipment and Transportation Applications Stephen Oliver Vicor 8 Next Generation Combat Vehicle HVDC Electrical Power Architecture Development George Hamilton US Army RDECOM-TARDEC
 http://www.vicorpower.com/powerbench-1/webinars
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 19th Century Debate: DC vs. AC
 › Pro DC = Edison – First to market
 – +/- 110V DC easily drove incandescent lamps and (DC) motors
 – Could parallel sources and store energy
 – Major problems with losses
 › Difficult to ‘transform’ up / down
 › High current risks in fault (storm) conditions
 › Pro AC = Tesla (Westinghouse) – Easily transformed (low transmission loss)
 – New motors, lights, etc.
 › Huge, public battle – Technical merit, commercial factors, installed base, political influences
 › All over by mid 1890’s – Germany’s International Electro-Technical Exhibition of 1891 showed that
 3-phase AC was the most economical transmission
 – Emergence of GE & Siemens with a broad range of AC transformers, generators, lights, motors, etc.
 › Anti AC = Topsy – Electrocuted to show that dangers of AC
 Thomas Edison (1847-1931)
 Topsy the Elephant (1867-1903)
 Nikola Tesla (1856-1943)
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 21st Century Catalysts: Why HVDC now?
 › Global warming
 › Governmental / legal requirements – Kyoto Protocol, Copenhagen Accord, European Council 20-20-20
 › Cost of electricity ($/kWHr)
 › Hybrid / alternative fuel transportation
 › Renewable energy sources (DC)
 › Exascale ‘Big Data’ & ‘triple-play’ (voice, video, internet)
 › Enabling high power airborne electronics
 › Standards and system / component availability
 Potsdam Institute for Climate Impacts Research (Germany) based on UN Emissions Scenarios
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 Definition and context: What is High Voltage? No single definition… › IEC 60269-1:2006 /62271-200:2003
 – Low Voltage <1kV – High Voltage 1kV to 52kV
 › NECA/NEMA 600-2003 – Medium voltage 600V to 69kV
 › ANSI C84.1 1995 – Low Voltage: <=1kV
 Medium Voltage: >1kV and <100kV High Voltage: >=100kV and <230kV
 › IEEE 141-1993 – Safety Extra Low Voltage (SELV)) <60V – Low Voltage <=1kV – Medium Voltage >1kV, <=69kV – High Voltage = >69kV
 › For this seminar - referring to local, usually in-building / in-vehicle distribution – use the industry vernacular of ‘high voltage’ to cover the range between 60V and 1kV
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 Benefits of HVDC: The Physics - Joule’s Law
 › In electricity distribution, heat energy (Joules) is generated proportional to the square of the current x the resistance, usually referenced as power loss in Watts (Watts = Joules / second)
 › Applies to DC or AC – For DC, PLOSS = I2 x R – For AC, PAVE = IRMS
 2 x R
 › For the same power (P = V x I), keep the voltage high (so current is low) as far as you can towards the load
 › Also, use the most effective (i.e. efficient) power converters available to minimize energy loss, and minimize the associated cooling challenge
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 Benefits of HVDC: The Finances
 “380V DC Eco-system Development Present Status and Future Challenges”, Geary, Mohr, Owen, Salato, Sonnenberg
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 Benefits of HVDC: The Practical
 › HVDC as a common ‘hub’ – Micro-grids
 › More loads are DC, more sources are DC › 380V DC hub allows multiple energy sources / loads to be
 linked and controlled over time (as load / source levels vary) – Aircraft
 › Electrical power is generated from the jet engines (turbines) – The AC power has a ‘wild’ frequency (350-800Hz) as the jet engine speeds up / slows down (e.g. during take-off, landing, combat) – Engines may turn at different speeds, so potential clash / variation of frequency (or use large, heavy constant speed drives) – So, 3-phase AC is rectified to a common 270V DC
 › The Boeing Dreamliner 787-10 will be 224’ / 68m long – that’s a lot of distance (resistance) for power distribution › High voltage (270VDC) means low current, so less (i.e. lighter) copper in the airframe
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 Increasing rack power density
 Increasing component integration on site
 Modularity & Scalability
 `
 Forces re-evaluation of all available topologies
 Increasing drive for efficiency
 >40kW
 Traditional AC UPS Powered
 Telecom 48V DC Configurations
 New 48V DC Topologies
 New High Efficiency
 Topologies
 < 2 kW
 Future Higher Voltage
 Topologies
 DC Power AC Power
 Data Center Trends
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 300 NEDO PJ. (Sendai)
 380 US DC Demo
 575 [to 48] Validus 428 (192cell)
 Law, Regulation, Code, and Stds.
 Lead Acid Batteries
 (Number of Cells)
 Rating voltage of parts and elements
 Distributed Gen.
 Dis
 tribu
 tion
 effic
 ienc
 y
 Cab
 le D
 ista
 nce
 High
 450
 300
 Reference Sites
 0
 200
 600
 800
 1000
 DC
 Vol
 tage
 311(JPN)
 354(EU)
 373(U.K.)
 320
 405
 350
 Benefit AC ICT input voltages ( Peak )
 Operating bulk - voltage
 380
 Short
 Long
 ETSI & ITU-T Standards
 400
 260
 380
 324V (US
 Low
 Server PS
 378 (168cell)
 321 (144cell)
 600 NEC(U.S.)
 900 BS (U.K.)
 750 Ordinance (JPN)
 1500 IEC
 380V Operating Voltage – Universally Accepted
 Edited from source: NTT FACILITIES, INC.
 Endorsed by: • Telecom, datacom – ETSI , EMerge, ITU-T, ATIS (TBD) • Buildings – lighting , other facility loads – EMerge, IEC • Microgrids – Japan, EMerge
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 Agency Status / Standards
 Standardization Work Closely Harmonized to Agree on Aligned Global Standards
 • 400V system standards currently released or under development through international efforts UL (several products listed today) – cover all distribution system components ETSI EN 300 132 -3-0 – power interface standard – RELEASED ETSI EN 301605 – earthing and bonding for 400VDC systems - RELEASED ITU – (ITU-T l.1200) – adopted ETSI voltage levels - RELEASED IEC / IEEE – working group in place – new DC UPS standard
 ATIS – voltage levels standard in development SCTE – committee started NEC – Current edition applies to both AC and DC : Wiring , protection , safety EMerge Alliance - Focus on site and system interfaces – RELEASED YD/T 2378-2011 (China Standard) 240VDC Direct Current Power Supply System for Telecommunications – RELEASED Planned update for 336V (380VDC) mid to late 2014 NEMA / EPRI – work in progress
 • Standards also needed for and driven by renewable resource deployments
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 Global Consensus on Voltage Definition (ETSI EN 300 132-3-0 & EMerge DC-PDS in DTC)

Page 13
                        

13
 Traditional AC UPS
 DC UPS
 Maintenance Bypass
 480V AC
 B B
 MV
 DC/DC PSU
 Rack
 AC/DC DC/AC
 Primary Dist.
 B B AC/DC B
 CDU PSU
 VR
 12V
 PDU
 B
 480V AC
 MV
 PSU B
 B
 CDU
 VR
 12V
 PDU
 B Server
 Rack Server
 380V DC 300-400VDC
 AC/DC
 Rectifier
 AC/DC
 Rectifier
 AC/DC
 Rectifier
 AC/DC
 Rectifier
 Energy Path to Load: Simplified with DC Distribution
 Simplified Architecture and Reduced
 Conversions with 400V DC Distribution vs. AC
 Edited from source - Intel
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 Deployment methods – engineering considerations
 • Permits utilization of existing wiring practices (no change vs AC) • Use existing standards for wire and protection selection • Permits decrease of the circuit size (wire size) vs 208 , 240V , 277VAC • Lower distribution voltage drop than AC • No need for de-rating for phase balancing • No need to adjust (concern?) and studies for harmonic content • Benefits regarding de-rating for # of current carrying conductors • Arc flash exposure as related 480/415/400v AC • No active paralleling/synchronization required to parallel multiple sources • Simplifies wiring, especially at higher power densities Lower currents than at 48Vdc, so smaller physical wires Use fewer natural resources & less energy to process materials Less field connections for system installations – BIG IMPLICATIONS
 • Flexible system architectures – can match existing AC reliability Tier levels with less equipment deployed
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 Growing Interest & Global Standardization Around 400V DC Power
 Renewed interest in higher voltage DC in
 Telecom and Datacom applications
 ITC equipment OEMs begin actively supporting 400V DC
 power supplies
 Interest in 400V DC for Zero Energy Buildings and
 microgrids
 2008 Lawrence Berkeley
 National Labs releases paper illustrating benefits
 of DC power in data centers
 2012 ETSI & ITU-T 400V DC Standards published
 2012 EMerge Telecom & Data
 Center DC Power Distribution standard
 published
 2010 France Telecom 400V DC trials
 2010 Duke Energy / EPRI 400V
 DC Data Center demo
 2012 First cUL/CE approved
 400V DC power system (Emerson)
 Lighting manufactures embrace DC power
 2011 IEC begins
 standardization work on 400V DC
 2012 First megawatt installation of 400V DC (in Switzerland,
 using HP servers)
 400V DC system components widely available (breakers,
 connectors, relays, etc)
 2011 DCC+G project kicks off
 to show buildings energy savings
 possible with DC power
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 The Future of 400V DC Power
 2014/15 10MW+ scale 400V DC installations (China)
 2015 IEC TC64 standard
 published
 2014 DCC+G microgrid demo
 sites operational
 Increasing variety of 400V DC power systems available
 2015 UL 62040-5 DC UPS
 standard
 2013 ETSI grounding
 standard published
 2014 China Mobile begins
 MW-scale 400V DC site
 HP announces release of 400V DC
 servers
 2013 First EMerge Alliance
 Registered power system
 2012 ETSI & ITU-T 400V DC Standards published
 2012 First megawatt installation of 400V DC (in Switzerland,
 using HP servers)
 Commercial availability of 400V DC plugs, power
 strips, and breakers
 Increased Availability of 400V DC ICT

Page 17
                        

380V Eco-system Availability Summary
 DC Power System
 DC Breaker ICT Load Rack
 PDU Connector Rack-mount
 Power Supply
 Emerson
 ABB
 Delta
 Netpower Labs
 Eltek
 Chinese vendors
 Japanese vendors
 Rectifier Technologies Ltd (Australia)
 ABB
 Carling
 Schneider
 Nader
 Siemens
 ServerTech
 API Tech
 Delta
 Fujitsu Comp.
 Echola
 Anderson
 Hubbel
 Rong Feng / Delta
 Fujitsu Components
 Emerson
 Delta
 AcBel
 Others
 HP major platforms available
 IBM
 some X and Z series available
 Juniper products in final evaluation
 NEI
 Commercial products available
 NEC Commercial products available
 Supermicro
 2 trial servers available
 Bus way Power Components
 Vicor Starline
 PDI
 Eaton
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Emerson Network Power 380VDC Systems Roadmap
 84% 86% 88% 90% 92% 94% 96% 98%
 0% 20% 40% 60% 80% 100%
 15KW R400-15000e rectifier efficiency
 •Isolated topology •Supports multiple grounding schemes •Hot pluggable
 1st half 2013q1 2013 AVAILABLE NOW (IN PRODUCTION) Q1 2014 H2 2014
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ABB 380 VDC Architecture Gen II, pictured on ABB USA factory floor Transformer isolated AC/DC conversion DC/DC converter for output bus regulation and short circuit control 250kW modular, scalable design Mid-point grounding, +/- 190VDC output
 Future Architecture, 2014 and beyond Active power factor correction on input Independently operating active rectifier power modules Modular and scalable in increments of 250Kw Regulated, narrow band output voltage Mid-point grounding, +/- 190VDC output
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• 400A BUSWAY DISTRIBUTION COMPARISON • 208V AC @ 400A = 144kVA/130kW (0.9pf) • 415V AC @ 400A = 287kVA/258kW (0.9pf) • 380V DC @ 400A = 152kVA X 2 = 304kVA/Kw (1.0pf)
 Distribution Products UL/CE Listed 400A Bus Way
 Metering Devices
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Rack Distribution – Power Strips
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Connectors and Line Cords • APP Saf-D-Grid connector uses sacrificial contact area to mitigate arc damage • Meets All Applicable Standards • IEC 61984 “Connectors – Safety requirements and tests” • UL 1977 “Component Connectors for Use in Data, Signal, Control and Power Applications” • IEC 60590 & UL 1950 “Information technology equipment – Safety” • IEC 60644 “Insulation coordination for equipment within low-voltage systems”
 Connector
 Plug Inlet
 Receptacle
 Hubbell IEC Platform
 APP
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380V DC CIRCUIT PROTECTION
 Tmax Molded Case
 Emax DC
 380VDC FUSES 20-100 Amp, 700 V dc
 22 X 58 MM
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 Down-conversion:
 Power Component Methodology
 › Optimized, modular building blocks – Isolated, non-isolated – AC-input, DC-input – Regulated, non-regulated – High voltage, low voltage
 › These blocks enable you designs to be: – Leading edge
 › High efficiency › Small size
 – Flexible – Scalable – First to market – Cost effective

Page 28
                        

28
 Sine Amplitude Converter (SAC)
 SAC Control
 PP P
 D
 D
 D D
 D+IN
 -IN
 +OUT
 -OUT
 P=Power TransformerD=Drive Transformer
 Cres
 D
 D
 6123 ChiP (61x23x7.7mm)
 1323 ChiP (13x23x4.7mm)
 › Topology
 – Isolated, fixed-ratio DC-DC Transformer – LC-resonant, fixed-frequency ZVS, ZCS – ~100% duty cycle down to < 0.5V – Cycle-by-cycle transient response – Negligible energy storage – Reversible (step-up, step-down) – 2x transient current capability
 › Product Examples
 – Bus Converter Module (BCM) › Server, Telecom, Industrial markets (HVDC) › 380-48V conversion › 1.75kW (2,700W/in3) density / 97.9% peak efficiency › PMBus control and telemetry (power, voltage, temperature, etc.)
 – Voltage Transformation Module (VTM) › Server, Telecom markets (VR12.0, VR13.0, POWER, etc.) › 48V to 1.0V @107A conversion › 230A/in2 area consumption / >94% peak efficiency › 1323 ChiP Package (13x23x4.7 mm)
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 HVDC Heritage (2010) = IBM Performance › Power density
 – 350V to 44V at 1,000W/in3
 – 48V to 1.2V at 130A/in2
 – 48V ORing at 135A/in2 › Enabled tessellated packing of processors &
 memory for fastest communication – Planar, liquid-cooled, “no air-con” design
 › Minimizes – TCO (reduced kWHr $)
 › Maximizes – TFLOPS, MFLOPS/W
 “HV DC Converter” 350:48V VI Chips, 20 kW per board
 “Node” (top side) Processors, Memory, Optical I/O
 “Node” (bottom side) 48:1V VI Chips: 20 kA per board
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 ZVS Regulator › Topology
 – Isolated, fixed-ratio DC-DC Transformer – LC-resonant, fixed-frequency ZVS, ZCS – ~100% duty cycle down to < 0.5V – Cycle-by-cycle transient response – Negligible energy storage
 › Product Examples – Cool-Power ZVS Buck Regulators
 › World’s first and only Zero-Voltage-Switching (ZVS) buck regulator › Best in class efficiency
 –48VIN to 12VOUT at >96% peak efficiency –24VIN to 5VOUT at >95% peak efficiency
 › 12VIN, 24VIN, 48VIN nominal regulators
 – Cool-Power ZVS Buck-Boost Regulators › Up to 98% efficiency at 2.5 MHz › Wide input voltage range of 38 V to 60 V › Up to 384 W peak output power
 – Pre-Regulator Module (PRM) › 24, 28, 36, 48VIN ZVS buck-boost modules › Up to 98% efficiency › Up to 600 W continuous (Parallelable) in full VI Chip & 250 W continuous in half VI Chip
 ZVS B-BControl
 IL
 +IN
 GND GND
 +OUT
 Cool-Power ZVS Buck PI3301-01 delivers 3.3V at 15A from 12V or 24VIN
 Pre-Regulator Modules in Full & Half VI Chips
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 New Distribution, Old Loads?
 › Legacy Systems – New 380VDC distribution but a lot of legacy loads, e.g. routers, switches at 48V
 – How to maintain a stable 48V output if the HV input varies?
 – Under normal operation (380V), simply transform (K=1/8) from 380V to 48V (and bypass the buck-boost regulator for high efficiency)
 – Under full service range (260-400V), bring in the buck-boost regulator to maintain stable voltage
 ETS
 I Ope
 ratin
 g V
 olta
 ge
 E
 N 3
 00 1
 32-3
 -1
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 48V-Processor, Memory: x86, GPU, POWER, DDR3,4 Sandy Bridge VR12.0
 (1.2V, 130W) Haswell VR12.5
 (1.8V, 145W)
 Xeon Phi VR12.0 (Knights Landing)
 (0.95V, 250W)
 IBM POWER8 (0.9V, 200A)
 › Direct 48V-to-load – World’s first for Intel and IBM processors
 › Smallest footprint › Highest efficiency › No bulk caps › Adjacent to socket (min I2R loss) › Processor, memory, auxiliary rails
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 Hybrid Transportation:
 Eco-system › Energy sources › Energy storage › Energy loads › Infrastructure › Levelling demand › Communications
 Sour
 ce: T
 oyot
 a ht
 tp://
 ww
 w.to
 yota
 -glo
 bal.c
 om/in
 nova
 tion/
 smar
 t_gr
 id/
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 Batteries:
 Technology Battery Technology Lead-Acid Nickel Metal Hydride
 (Ni-MH) Lithium-Ion
 (Li-ion) First commercial use 1859 1989 1991
 Current automotive use Traditional 12-volt Batteries
 Developed for first-generation hybrid vehicles
 Developed for current-generation hybrid electric and battery electric vehicles
 Strengths Long proven in automotive use
 2x energy-to-weight vs. lead-acid;
 proven robustness
 2x energy content of Ni-MH Better for plug-in EV applications;
 less space in the vehicle, greater flexibility for automotive designers
 Weaknesses Heavy; low energy-to-weight ratio makes it unsuitable for
 electrified vehicle usage
 High cost (4x cost of lead-acid); limited potential for further
 development
 Expensive until volume production is reached
 Specific energy (Whrs/kg) 30–40 65–70 100–150
 Recyclability Excellent Very good Very good
 › Adoption of Li-Ion (~25% smaller, 50% lighter than Ni-Metal Hydride) › Battery systems cooled / heated to extend battery life (maximize driving range) › Extreme temperatures can affect performance, reliability and durability › Cars 200-330V nominal, trucks/buses ~400-600V, earth moving ~700V › BYD’s Iron Phosphate (Fe) technology used in larger vehicle (trucks, buses) › 2014: 40kWhr batteries to extend range to 240km+ and a price war between LG Chem, Samsung SDI and others
 › Sources: Ford Motor Company: http://corporate.ford.com/microsites/sustainability-report-2012-13/environment-products-electrification-battery › EE Times Europe: http://www.power-eetimes.com/en/what-technologies-to-watch-for-in-2014--part-2.html?cmp_id=7&news_id=222907597
 http://corporate.ford.com/microsites/sustainability-report-2012-13/environment-products-electrification-battery
 http://www.power-eetimes.com/en/what-technologies-to-watch-for-in-2014--part-2.html?cmp_id=7&news_id=222907597
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 Hybrid Examples:
 Honda (Fit hybrid) › “Earth Dreams Technology” powertrain › Sport Hybrid i-DCD
 – 1.5 L petrol + Li-Ion electric – 36.4 km/L (80 mpg (US))
 › Regenerative braking › Automatic change EV EV + Gas Gas
 1.5L DOHC i-VTEC Engine Motor and Dual Clutch Transmission Lithium-ion Battery
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 Hybrid Examples:
 BMW i8
 › Electric motor in front (129 bhp) › Li-ion centrally mounted in the vehicle › 3-cylinder Turbo engine in the rear (+228 bhp) › Result = all–wheel drive, 357 bhp, 0-60 mph in 4.2 secs or… › Electric motor only (eDrive) up to 22 miles, 75 mph and charge in 1.5 hours
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 Hybrid Examples:
 BYD full electric bus › BYD's proprietary Iron- Phosphate battery › In-wheel traction motors allow for ultra-low floor loading
 options and simplified maintenance › Energy recovery and battery recharging through optimal
 Regenerative braking reduces brake component wear › Bi-directional AC Charging allows 0-100% charge in 5
 hours, the bus can be used as a mobile generator
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 800V Earth-moving Equipment › Only 13.3%* of the energy from diesel fuel is applied to effective work
 – Rest is lost as heat (inertia, hydraulics, exhaust, idling, etc.)
 › As per automotive / transportation developments, hybrid vehicles have been introduced, depending on task / scale
 – Pure electric – Hybrid electric – Hybrid hydraulic
 › Three main areas for power – A) Recovery of inertial energy – B) Switch to electric motors vs. hydraulics – C) Drive auxiliary functions (e.g. air-con) from electrical power, not from idling diesel engine
 › Various powertrains: – 600-800V from diesel generator and/or energy recovery system – Energy storage at HV using super-capacitors and/or Li-Ion batteries, and/or at 24V battery via bi-
 directional converter
 › Komatsu’s Hybrid HB215LC-1 – Electric swing motor, power generator motor, capacitor and a 141-hp (104 kW) diesel engine – Swing energy regeneration and energy storage using Komatsu Ultra Capacitor system for fast
 energy storage and instantaneous power transmission – Result is 25% fuel and CO2 emission reductions – Improvement from 13.3% to 17.7% fuel used for effective work
 › *Komatsu http://www.komatsu.com/CompanyInfo/profile/report/pdf/161-E-05.pdf
 24V Battery
 + 400V
 3pcs. 36x23mmZVS Buck
 2pcs. 61x23mm BCM
 8:1
 +IN
 -IN
 +OUT
 -OUT
 2pcs. 61x23mm BCM
 8:1
 +IN
 -IN
 +OUT
 -OUT
 Bus bal
 Bus bal
 +IN
 -IN
 +OUT
 -OUT
 40-50V DC 28V, 130A DC
 Generator650-800VDC
 R (~1MΩ)
 - 400V
 R (~1MΩ)
 1pc. 36x23mmZVS Buck 12V, 40A DC 12V
 loads
 +IN
 -IN
 +OUT
 -OUT
 2.4kW, 800-24V reversible auxiliary power converter (Vicor BCMs, PRMs)
 Swing energy recovery / re-use system
 Komatsu Hybrid HB215LC-1 Excavator
 http://www.komatsu.com/CompanyInfo/profile/report/pdf/161-E-05.pdf
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 Auxiliary Power Units / Module (APU/M)
 › Main power load in a hybrid is for vehicular movement – Forward, reverse – Rotate, elevate (e.g. earth moving)
 › Power is also required to run lower voltage loads while the main engine is running – Battery charging – Navigation systems, seat motors, headlights, dashboard, etc.
 › …and when the engine is off (“No idling”) – Seat motors, lights, entertainment system, alarm, etc. – Starter, air-conditioning, etc.
 › In hybrids, accessories are powered using APMs – From 400, 600, 800V battery to 12V, 24V – From 12/24V battery to 400, 600, 800V for diesel / petrol engine starting – Range from 800W – 6,000W depending on type / size of vehicle
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 Reversible Systems › SAC topology is inherently reversible – i.e. put a voltage on one side and get a transformed voltage on the other
 – E.g. With K=1/8 (‘left-to-right’), 384V on the left will create 48V on the right. Put 48V on the right, get 384V on the left
 › Can no longer say ‘primary’, ‘secondary’
 › Combine an SAC with buck-boost converter(s) to get a bi-directional, regulated, isolated converter
 › Applicable to hybrid transportation 400-800V input – Trucks, buses, military land-based equipment, earth moving equipment
 24V Battery
 + 400V
 3pcs. 36x23mmZVS Buck
 2pcs. 61x23mm BCM
 8:1
 +IN
 -IN
 +OUT
 -OUT
 2pcs. 61x23mm BCM
 8:1
 +IN
 -IN
 +OUT
 -OUT
 Bus bal
 Bus bal
 +IN
 -IN
 +OUT
 -OUT
 40-50V DC 28V, 130A DC
 Generator650-800VDC
 R (~1MΩ)
 - 400V
 R (~1MΩ)
 1pc. 36x23mmZVS Buck 12V, 40A DC 12V
 loads
 +IN
 -IN
 +OUT
 -OUT
 Bi-directional Converter 800V to 24V battery, 12V Auxiliary (4.1kW)
 Reverse 24V battery to 800V (3.6kW)
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 HV Bi-Directional Converter Prototype (4.1kW, 3.6kW) (3.125 x 12 x 0.6")
 800V (+/- 400VDC)
 +24VDC 150A
 4x 1.2kW 380-48V 6123 ChiP BCMs 12x 600W 48-24V Full VI ChiP PRMs
 Connection for external PRM bypass diode
 Control & telemetry
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 Double-Clamp ZVS (DC-ZVS)
 › Regulated, isolated, DC-DC converter – Universal engine cycle (three states)
 › 1) Inductor stores input energy
 › 2) Energy transferred to the load by the secondary
 › 3) ‘Double clamp’ enables ZVS and/or ZCS transitions – Inductor (‘clamp 1’) stores some reactive energy – capacitor (‘clamp 2’) holds primary reflected output voltage
 – Minimized switching losses, very high switching frequency
 › Allows use of lower voltage, lower Rds(on) switches
 – Adaptive Cells (for high and/or wide-range input voltage applications)
 › Primary is applied using a dynamic converter architecture
 › DC-DC Converter Module (DCM) – 290Vnom (160-420V range) to 12V (11.5-15.5V trim)
 – 600W (1,200W/in3) density / 93% peak efficiency
 – PMBus control and telemetry (power, voltage, temperature, etc.)
 Double-Clamp Zero-Voltage Switch converter provides regulation, isolation and transformation
 4623 ChiP (46x23x7.7mm)
 http://www.vicorpower.com/documents/whitepapers/wp_AdaptiveCellTopology.pdf
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 Technology Demonstrator: 1.8 kW Auxiliary Power Module
 › 160-420VIN, 13.8VOUT (11.5-15.5V trim) › 1,800W
 – 4x paralleled 600W DCM converters › Each DCM = 49 x 23 x 7.7 mm, <30g, >1,100W/in3
 – Eco-mode maximizes light load efficiency – Liquid cooling – EMI Filtering – Digital Communication
 › APM = 165 x 137 x 40 mm, < 1.1 kg – ~5x smaller, lighter than previous technology
 › 93.5% peak efficiency
 Efficiency
 Load
 1 DCMActive
 2 DCMsActive
 3 DCMsActive
 4 DCMsActive
 ECO Array
 Simple DCM Array
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 270V Foundation:
 Defense R&D › “More Electric Aircraft” (1992) – USAF Wright Laboratory: 4 key technology demonstrators
 › Integrated starter / alternator › Integrated power unit › Fault tolerant 270V power system › High horsepower electric actuator
 › “All Electric” 2000 – Advanced Fighter Technology Integration
 (AFTI) F-16 (Lockheed Martin) › First all-electric flight control system › 270VDC switched reluctance electrical power system › Replacement of servo actuators with electro hydrostatic
 actuators (EHA) – Foundation for the Joint Strike Fighter (F-35) Subsystem
 ATFI F-16
 F-35 JSF
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 Why 270V HVDC?
 The Practical Solution › 3-phase 115V/208V AC rectified to a common 270V DC
 – Originally passive rectification, updated to active Power Factor Correction (PFC) for higher efficiency, smaller size, lower weight › Minimizes the number of power converters in a specific network
 – Flexible for varied loads, with unique voltage and frequency requirements › Enables simple paralleling of multiple generators onto a single bus
 – Usually in a ring network - acts as parallel / redundant path › 270V batteries / super capacitors for energy storage › High efficiency
 – Boeing Dreamliner 787-10 will be 68m long: long distance (high resistance) for distribution (I2R loss) – High voltage (270VDC) means low current, so less (i.e. lighter) copper in the airframe
 › High power: – Airbus A380 = 4x 150kVA TRW VFGs (380kVA at cruise) – Boeing 787 Dreamliner = 4x 250kVA VFGs (2 per main engine) + 2x 225kVA (from APU) – Predator C Avenger (UAV) = 1x 20kVA VFG – Global Hawk (UAV) = 1x 25kVA VFG
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 “SWaP” Size, Weight and Power
 › Relevant Specifications – Voltage: MIL-STD-704F, RTCA DO-160 – EMI/EMC: MIL-STD-461F, DEF STAN 59-411 – Quality / Reliability / Workmanship: MIL-STD-810/-883- DO-160
 › Pulsed-power Radar example – 270V to 2.5V SiGe transmitter – 250x reduction in capacitor bank – Trickle charge caps – 2x over-power pulse output – Reduction in filtering due to high frequency, soft-switching
 › Overall 8x – 10x reduction in system size, weight
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Unclassified Distribution A: Approved for Public Release
 NEXT GENERATION COMBAT VEHICLE ELECTRICAL POWER
 ARCHITECTURE DEVELOPMENT
 March 2014
 George Hamilton TARDEC Vehicle Electronics & Architectures
 Unclassified Distribution A: Approved for Public Release
 Unclassified Distribution A: Approved for Public Release
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Unclassified Distribution A: Approved for Public Release
 Next Generation Power Architecture Goals
 WHAT ARE WE DOING? Open electrical power architecture for any Army ground vehicle platform The Army will no longer need to pay for a unique power architecture on every demonstrator and vehicle in which the Army develops or purchases Developing government owned vehicle control software to perform power management functions leading to at least 10% fuel savings during combat missions
 • IF WE SUCCEED, WHAT DIFFERENCE DO WE THINK IT
 WILL MAKE? – Reuse and standardize power architecture design work and
 use common hardware across multiple vehicles to reduce procurement cost and logistics burden
 48
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Unclassified Distribution A: Approved for Public Release
 Why is TARDEC Developing Power Architectures?
 0
 500
 1000
 1500
 2000
 2001 2004 2009 2014 2019
 28VD
 C Cu
 rrent
 (A)
 49
 • Electrical power requirements continue to grow as more electronics added to Military Ground Vehicles – Radios, jammers, displays, computers,
 cameras, turret motors – Bradley, Stryker, & GCV are >=30kW at 28V
 • Alternator technology has reached max feasibility (25.48kW) – New technologies are required to achieve additional electrical power demand
 • Reduces size and weight of power cables • New approaches to electrical power systems are required
 • Likely a 600VDC architecture will be chosen for all platforms where
 28VDC requirement exceeds 26kW across all engine operating speeds – Diesel engine generates 175kW @ 600 VDC -> MIL-PRF-GCS600A. – Converter provides 45kW @ 28 VDC -> MIL-STD-1275E
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 Thank you!
 › Please send any comments / questions to me (Stephen Oliver) at [email protected] › Further reading (archived HVDC seminars) http://www.vicorpower.com/powerbench-1/webinars
 Seminar Title Presenter Company 1 High Voltage DC Distribution Achieving Mainstream Industry Adoption Stephen Oliver Vicor 2 Components, techniques and best practices for architecting efficient HVDC systems Stephen Oliver Vicor 3 380V HVDC in the Datacenter David Mohr HP 4 380V HVDC Datacenter Infrastructure: An Engineering Perspective David Geary, BJ Sonnenberg StarLine (Universal), Emerson Network Power 5 380V HVDC in Commercial Buildings and Offices Bernd Wunder Fraunhofer IISB (DCC+G) 6 270V HVDC in Commercial and Defense Aircraft Stephen Oliver Vicor 7 HVDC in Hybrid Automotive, Earth-Moving Equipment and Transportation Applications Stephen Oliver Vicor 8 Next Generation Combat Vehicle HVDC Electrical Power Architecture Development George Hamilton US Army RDECOM-TARDEC
 mailto:[email protected]
 http://www.vicorpower.com/powerbench-1/webinars
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