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1. Summary

On May 24, 2012, 32 invited participants convened in a workshop held at NIST (National
Institute of Standards and Technology) headquarters in Gaithersburg, Maryland. Three
technical sessions, at which 12 presentations were given, were titled:

e Applications and Drivers for Increasing Grid PCS (Power Conditioning Systems)

e Advanced HM (High Megawatt) PCS Technologies and Approaches

e Technology Development Programs

The complete set of presentations can be viewed or downloaded at the NIST High
Megawatt Workshop (HMW) site at http://www.nist.gov/pml/high_megawatt/may-
2012_workshop.cfm.

The major conclusions that can be drawn from the presentations and discussions at this
Workshop are that:

The existing electrical grid needs replacement of aging components, expansion of
capacity to accommodate increased population and increased per capita use of electricity,
utilization of advanced PCS to improve transmission efficiencies, initiate some control of
power flows, and to better cope with the issues resulting from the increased delivery of
intermittent and rapidly fluctuating power from solar and wind generators.

The growing availability of high quality SiC material and SiC—based components and
devices has enhanced the capabilities of PCS components such as Schottky diodes, JBS
(Junction Barrier Schottky) diodes, JFETs (Junction Field-Effect Transistors).-and
MOSFETSs (Metal-Oxide Semiconductor Field-Effect Transistor), and Insulated Gate
Bipolar Transistors (IGBT). Many of these devicesiters have capabilities that cannot be
achieved with Si-based components. The number, capability, and commercial availability
of these products is increasing rapidly at this time and can play a significant role in
upgrading the US electrical grid.

This commercial availability of SiC-based components is attributable in large part to the
long-term funding of R&D (Research and Development) programs that has been
provided by numerous agencies of the Department of Defense (DOD) as well as by other
federal agencies including NIST and ARPA-E (Advanced Research Projects Agency-
Energy). Much of this R&D has been done by integrated teams that have included private
sector companies, national laboratories, and universities.

Additional research and development is needed to improve PCS systems to meet specific
DOD operational requirements and ARPA-E goals of ensuring the economic and energy
security of the US (United States) and to ensure that the US maintains the technological
lead in developing and deploying advanced energy technologies.



2. Introduction

Workshop Structure

The stated objectives of the Workshop were summarized in the invitation to participants:

“The purpose of this workshop is to gather those with strong interests in achieving higher
levels of power electronic penetration in our power grid. Power grids of the future will
have to withstand increasing stresses caused by elements such as large-scale energy
trading, and a growing share of fluctuating energy sources, such as wind and solar power.
The grids therefore must become more flexible and better controlled. State-of-the-art and
developing power electronics provide a wide range of solutions. Given this, the intent of
the Workshop is to discuss some of the most salient technical, economic, regulatory and
political challenges; and to roadmap key solutions.”

Three technical sessions, at which 12 presentations were given, were titled;
e Applications and Drivers for Increasing Grid PCS
e Advanced High Megawatt PCS Technologies and Approaches
e Technology Development Programs

The presentations were followed by a Discussion session titled:
e Technology Roadmap to Align Expectations

During the Discussion session, the following issues were addressed:
e Applications’ Requirements:
e Stakeholders
e System Performance Issues
e Technical Barriers/Issues

Background

The existing US grid has been designed to operate with relatively constant inputs of AC
(Alternating Current) power from large electricity generating plants. Power flows are
now essentially uncontrolled, following the paths of least resistance through the grid.
New issues that challenge the stability and performance of the grid have emerged,
including the nearing of end of service life for some of the oldest components,
identification of many points of congestion due to overloading of existing lines, and
issues associated with intermittent and rapidly fluctuating deliveries of power from solar
and wind generators, which have produced stability problems in some instances.

As a result of significant subsidization of “green” power production by solar, wind, and
fuel cell technologies including federal and state R&D funding, ITC (Investment Tax
Credits), PTC (Production Tax Credits) and RPS (Renewable Portfolio Standards), the
amount of electricity generated by these new solar and wind generators has continued to



increase. As shown in Table 1, the Reference Case published in the EIA (Energy
Information Agency) 2012 Annual Energy Outlook (Tables A18 and A8) predicts further
increases in the future.

Table 1. Prediction of Solar and Wind Power Growth

Electricity Production. Billions of KWh 2010 | 2020 2035
Solar (not including off-grid PV (photovoltaics) 4.48 23.87 43.96
Wind 94.95 154.40 | 194.23
Total of Solar and Wind 99.43 178.27 | 238.19
Total US Production 3955 4084 4572
% Solar and Wind of Total US Production 2.51 3.78 5.20

These predicted significant increases in solar and wind power production are dependent
in part on both continuing federal and state subsidy programs and the future price of
natural gas. With large increases in the rate of natural gas production that has been
achieved to date from shale formations and further increases anticipated, the price of
natural gas, now about $3/million BTU (British Thermal Units), results in natural gas
fueled power being cheaper than non-subsidized solar and wind power.

Current issues with grid instability have been experienced at times of peak wind power
availability in Europe, the Bonneville Power Administration system and in Texas, all of
which have large wind power facilities. The ability to control power flows within the grid
will allow transmission of additional net power flows through the grid by avoiding
reaching congestion points on specific lines. The SiC to replace Si (Silicon) in many
components of PCS is leading to cost effective performance of newly developed devices
in many applications. Power flow control tHaving-cost-effective-technology based on
newly available SiC based SiS-components and devices is likely to be less costly than
expanding the grid with current technology. Both Sstate-of-the-art and developing; power
electronics provide a wide range of solutions to current grid issues.




3. Brief Summaries of Presentations

This section of the Proceedings presents brief summaries of each of the Technical
presentations. The complete set of presentations can be viewed or downloaded at the
NIST High Megawatt Workshop site at http://www.nist.gov/pml/high_megawatt/may-
2012_workshop.cfm.

A. Applications and Drivers for Increasing Grid PCS

Wind PCS Architectures

Over the last 33 years, the output and size of typical state of the art wind turbines has
increased from 30 kW (kilowatt) with 10 m (meter) rotors in 1979 to 3000 kW with 90 m
rotors (175 m high structure) in 2003. The recently announced next step will be a 7000
kW machine with a 164 m rotor. Impediments for wide proliferation of wind assets are
the cost of wind generation (capital and maintenance), risks associated with variability of
wind (intermittency and unpredictability), barriers for transmission (transportability), and
compliance with smart grid infrastructure requirements.

Companies that manufacture wind generators need a long-term business case
certainty to support sustained investment. Profitability will be attained only if wind
powered LCOE (Least Cost of Electricity) without the benefits of -PTC and other
subsidies is less than the LCOE of power produced with gas turbines fueled with
natural gas.

It appears that HVDC (High Voltage Direct Current) appears-tomight be the future
technology of choice to transport power from wind power plants over long distances (e.g.
from deep water offshore to onshore). However, significant challenges are needed in
protection and control of such DC architectures.

Other R&D power conversion activities that have the potential to lead to lower wind
power costs are:

e Technology to reduce the cost of crossover from low voltage to medium voltage
to HvVDC

e Utilization of combinations of technologies (e.g. hydraulic transmissions with
synchronous generators coupled to the grid).

e DC turbines combined with DC collection has the potential to offer up to 30%
improvement in reducing energy losses. This improvement is obtained through
reduction of turbine-side and station-side converters. However, the challenge is in
realizing such high power DC/DC converters.

(Manjrekar)



Solar Power Integration

Solar Power generating systems have the attributes of no fuel or O&M (Operating and
Maintenance) expenses. The cost of capital required for large installations is the major
expense. It is typically provided by 10U (Investor Owned Utilities) that put in their rate
base, or by public power agencies through bond financing.

The major trends currently in grid modification and upgrading are that new major

transmission installations are DC and that Back-to-Back DC links that are inserted in

major AC ties. The increasing amounts of widely dispersed small-scale DG (Distributed

Generation), which is primarily solar, offers the potential for Reactive Power control and

Ancillary Services via PCS, improved system stability, and FIDVR (Resistance to Fault

Induced Delayed Voltage Recovery). Advanced communications and control of inverters
| will enable PV to virtually behave like conventional generation

Given the availability of high power PCS at the transmission level, DG systems can have

the same characteristics; DG can/will be centrally controlled, but with highly autonomous
| pewersfunctions, and distributed PCS can/will replace capacitors, regulators, etc. This

combination can lead to a truly coordinated, inherently stable, self-healing grid.

(Reedy)

Fuel Cell Power Integration

The challenge facing fuel cell power plants over the last thirty years has been that their
delivered capital cost has been too high to compete with grid-delivered electricity.
However, there have been a large number of sites where superior environmental
performance and very high reliability have provided enough value to the owner to justify
the relatively high capital cost. In many cases, subsidies from federal and state
governments have reduced the owner’s cost to an acceptable level.

Direct FuelCell (DFC)® power plants (300 kW, 1400kW and 2800 kW) manufactured by
FuelCell Energy that utilize molten carbonate technology are generating ultra-clean,
efficient and reliable power at more than 50 distributed power locations worldwide. Over
180 megawatts of power generation capacity has been installed or is in backlog. Multi-
MW sites (4x2800kW) rated at 11.2 MW at Daegu, South Korea, and a 10.4 MW facility
at Yulchon, South Korea with a 22.9kV express feeder connection to the sub-station are
in operation

From 2003 to 2010, Fuel Cell Energy achieved 70% $/kW cost reduction in their fuel cell

| power plants through value engineering, pewerpower-up-ratingrate, and economy of __—{ Formatted: Not Highlight

scale.

FuelCell Energy is actively implementing micro-grid mode at several sites including
Central Connecticut State University (Gensets and 1.4 MW fuel cell ), San Jose Water
Treatment Plant (Gensets and1.4 MW fuel cell) Santa Rita County Jail (DOE Smart Grid
Demonstration {Facility Static Switch Disconnect, 1 MW early generation Fuel Cell,



Gensets,1 MW solar, 2 MW energy storage})

Distribution system limitations have been encountered including the need for Express
Feeders for systems larger than 1.5/3.0 MW, voltage regulation, and protection scheme
limitations at sub-station minimum loads. Smart grid technologies may reduce technical,
jurisdictional, and statutory constraints. In Germany, LVRT (Low Voltage Ride Through)
is required for fuel cells connected to the Medium Voltage Network (i.e. Distribution

| Systems). /{ Formatted: Not Highlight

(Bernsten)

UTC Power manufactures phosphoric acid fuel cells for stationary power markets and
Proton Exchange Membrane (PEM) fuel cells for transportation markets. Their PC50
product for the stationary power market utilizes four Cell Stack Assemblies in series to
produce 400 kW at greater than 850V at base load. Forty-two of these units have entered
service since 2010. Previous 200 kW products were placed in service in more than 250
installations. Examples of PC50 product installations are Price Chopper (New York), St.
Helena Hospital (California), The Octagon (New York), Coca-Cola Enterprises (New
York), Samsung/GS Power (South Korea), and the World Trade Center (Freedom Tower,
New York).

These units contain 470 kVA (kiloVolt Amperes) inverters which are directly connected
to the grid with no isolation transformer. The PCS is ~97% efficient. Fifty percent
production cost reduction has been achieved since production of the first seven units in
2011. Another 30% cost reduction is needed to reach their cost goals

Their PC40 product for transportation markets produces 120 kW from PEM stacks.
Eighteen quiet, zero-emission fuel cell buses are currently in service in the United States.
The PCS system utilizes a modular inductor, dc-dc converter and inverter modules. A
25% cost reduction was achieved relative to the first seven units produced in 2010. An
up-rated 150 kW PC58 product for these markets is now in the conceptual design phase.
The goal is a 60% cost reduction resulting from the increased power rating and improved
integration with external systems.

(Singh)

Grid Storage Integration

Grid-tied energy storage mediums are predominately DC in nature. To effectively utilize
the energy storage capacity on the present electric utility grid, the energy must be
converted to a standard AC level and regulated through a converter. Converters used for
this purpose must achieve bi-directional conversion from AC to DC and DC to AC, AC
grid to DC storage isolation and protection, interconnection and control of multiple DC
sources, and regulated, stable and controllable power flow.

| /{ Formatted: Not Highlight

Basic inverter operation includes sinusoidal pulse width modulation and phase locked to
| grid, reference signal provided to compare with triangle waveform, gates are triggered as



output of controller modulation is provided to control power, and output is filtered to
provide limited harmonics/switching noise.

Basic AC/DC power conversion topologies include both Single Stage Converters and
Multi-Stage Converters. Single Stage Converters are limited to DC voltages > 1.5X
VACRMS (Volts AC Root Mean Square) and designed to achieve maximum efficiency.
Multi-Stage Converters are characterized by maximum DC voltage range, increased
losses, and increased hardware cost. Advanced power conversion topologies include
multi-port/multi-stage converter, Z-inverter, and multi-level inverters.

The key conclusions from this presentation are:
« Power conversion is an integral part of ESS (Energy Storage Systems)
* Limit conversion stages are used to maximize efficiency and minimize
complexity
» Integrate systems as soon as practicable to avoid grid interaction and maximize
efficiency
* Modularized systems offer unique advantages in redundancy and expandability
« Advanced and hybrid topologies may offer the best solution for specific ESS
challenges.
(Clark)

B. Advanced High Megawatt PCS Technologies and
Approaches

PCS Connected Microgrids:

Pareto Energy offers a packaged unit to safely connect microgrids grids-to utility grids by
means of a parallel non-synchronous interconnection. The package is similar in size to a
shipping container, requiring a pad with a length of about 50 feet. The packaged unit is
designed for drop-in installation with no on-site fabrication.

The contents of the package includes active rectifiers, packaged output inverters,
switchgear and a 4 MVA transformer. Functionally, it has been designed to eliminate the
potential of voltage, frequency, and phase-angle mismatching between the facilities and
the utility grid and preclude any potential detrimental effects on the utility power delivery
system.

(Flank)

Advanced HMW Converters

Electrical grids come in many sizes. Among the largest are the regional US power grids.
Microgrids exist in neighborhoods and commercial sites. Homes can be considered as
nano-grids, while the combination of an auto and recharger can represent a pico-grid.
Most electricity is consumed by electronic loads, which are constant-power loads. In the



future, more electricity may be supplied by DC electronic sources such as renewables,
batteries, and pumped storage, as H#-these systems increase in size.

The CPES (Center for Power Electronics Systems) at Virginia Tech has set up a home
DC nano-grid experiment. It has a bus architecture with two voltages, wireless
communication, bidirectional power conversion, separation of dynamics, integrated
protection, load management, DG management, data acquisition, communication, and
islanded operation.

In addition, CPES is experimenting with a 10 kW, 20 kHz Prototype single-phase nano-
Energy Control Center with bi-directional topology, bi-directional control system, bi-
directional current limit, bi-directional EMI compatibility, and low dc leakage current, all
with low cost and high density.

Many system configurations are possible for multi-level converters for high-voltage
applications including Neutral Point Clamped, Diode Clamped, Active Clamped, Flying
Capacitor, Cascaded, Cascaded H-Bridge, AsymetricAsymmetric Cascaded H-Bridge,
and Modular Multilevel

Research is recommended in the areas of Network Architectures and Control, High-
Power and High Power-Density Converters, and Safety and Reliability to replace electric
energy “railways” with “highways”. Education is recommended to instigate an innovative
intellectual “Ecosystem” in the areas of Network Architectures, Energy Transfer
Protocols and Markets, High-Power and High Power-Density Converters, and Safety and
Reliability.

(Boroyevich)

SiC Power Devices/Materials:

The commercial availability of high quality (low defect concentration) SiC in steadily
increasing size wafers at steadily lower prices has allowed the commercial development
of multiple high performance devices which have markedly improved performance
relative to Si-based devices. The significant properties of SiC relative to PCS are:

e 10X Breakdown Field of Si
— Allows lower specific on-resistance and faster switching for the same
breakdown voltage
e 3X Thermal Conductivity of Si
— Allows higher current densities
e 3X Bandgap of Si
— Allows higher temperature operation

Currently available SiC-based products from Cree Inc. include 1-20A 600V Z-Rec SiC
JBS diodes, 4-20A 650V Z-Rec SiC JBS diodes, 2-40A Z-Rec 1200V SiC JBS diodes, 5-
50A 1200V SiC JBS diodes, 10 and 25A 1700V Z-Rec SiC JBS diodes, and new



1200V/50A & 1700V/50A SiC JBS diodes and MOSFETSs which are scheduled to be

| released in the fal-Fall of 2012, __{ Formatted: Not Highlight

Cree Inc. shipped 113 GVA (Giga Volt Amps) of SiC related products in 2011. Since
2005, cost reductions of over 5x have been achieved as a result of higher quality SiC
material, larger production volumes, and an increase in SiC wafer size from 3 inch to 100
mm. The Field Failure Rate since January 2004 has been 10 times lower than the typical
silicon

Since the mid 2000’s several high voltage (>10 kV) SiC devices have been developed
and demonstrated in power converters; for example 10 kV SiC MOSFETSs have been
demonstrated in Megawatt scale power converters switching at >20 kHz. Highlights of
the SiC IGBT (Insulated Gate Bipolar Transistor) recently development-developed under
the ARPA-E ADEPT -(Aqile Delivery of Electrical Power Technology) Program include:
* Development of 15 kV SiC IGBT — World’s highest voltage semiconductor
switch
— Over 2x higher than 6.5 kV SiC IGBT
» SiC IGBTs are capable of switching over 20x faster than Si IGBTs
« Higher voltage and switching speed of SiC IGBTs enables a 3x to 5x reduction in
the size and weight of a Solid State Transformer
e SiC IGBTSs result in a 3x to 4x reduction in losses for that Solid State Transformer
(Grider)

Silicon Carbide Device Update

The advantages of SiC relative to other power semiconductor materials include

e Most mature “wide bandgap” power semiconductor material
e Electrical breakdown strength ~ £8¢X-10x higher than Si
e Commercial substrates available since 1991 —
0 now at 100 mm diameter, 150 mm diameter soon
e Defects up to 1,000 times less than GaN (Gallium Nitride)
e Thermal conductivity ~ 3>-3x greater than Si or GaN

Important applications for SiC-based devices are:
e Low voltage-PFC/Power supplies
e Medium voltage-PV inverters, motor controllers, hybrid automotive
e High Power — ships and vessels, smart power grid, windmills, rail transport

SemiSouth Laboratories offers 1200 V — 1700 V Trench “normally — off” JFETS, 650
1200V-1700V _Trench “normally — on” JFETS, and 1200 V Schottky diodes. SiC Trench
JFET offers lower cost, 3-10-%-x smaller die size and up to 50% fewer manufacturing
steps. Performance attributes include 5-10-10x lower switching energies, normally-on
or -off, which enables both high-frequency and high-efficiency operation.



Using SemiSouth Laboratories SiC JFET, Future Power Electronics Technology
developed an all-SiC-device-based three-phase inverter with a 500 cc volume, verified to
achieve an output power density of 30kWh/I, which is believed to be the highest achieved
to date. The power modules in the device operate at up to 200°C. At 15 kW output, the
conversion efficiency of this 500 cc device was 99%.

(Sheridan)

C. Technology Development Programs

Army Programs

Power loads continue to rise on all military platforms. Mission capability on both
current and future platforms is driven by effective use of electric power. SiC-based
converters provide greater power density and finer control than Si-based converters.
However, their maturity-/reliability and cost is still considered a risk factor by Army
Program Managers. There is a major focus on increased efficiency and temperature for
size reduction and fuel economy.

Soldier requirements are for a 72 hour mission using high energy batteries, hybrid power
sources, and photovoltaic technologies in sizes of microwatts to 10s of watts.
Requirements for mobile systems include Silent Power using Fuel Cell auxiliary power
systems, Reforming, and Power !MEM& (micro electromechanical systems) technologies

[ Comment [ARH1]: Not defined.

in air or ground domains in sizes 100s of watts to 100s of kW. Platform technologies on
the ground require high power switching and conditioning, intelligent power
management, and integrated thermal management in sizes up to 1000s of MW.

The Army anticipates multiple benefits accruing from the use of SiC power electronics
including reduced SWAP (system Size Weight ard-And Power), reduced cooling
requirements, increased efficiency at high voltage, and higher operating temperatures.
Overall, these will be easier to integrate onto military ground vehicles than silicon based
systems and provide significant improvements in mobility performance and fuel
economy. Requiring SiC high-frequency operation (in the future at high-temperature)
will push the limits of the devices as well as the packaging technology and passive
components.

Pulse Power electronic survivability architecture is being developed to support hybrid
armor, external power distribution (uncooled), and a store of local high power energy
without the engine operating. The challenges include the needs for high temperature, high
frequency, high current, low loss switching, high temperature advanced magnetics, high
temperature/density storage and conversion capacitors, high voltage “power brick”
battery, ultra-fast high-voltage GW switches and cooling through conduction only.

The SiC ManTech program (FY (Fiscal Year) 2004-2009; under LARRAJ (American

[ Comment [ARH2]: Not defined

Recovery and Reinvestment Act of 2009) since FY2011) has focused on development of
SiC power MOSFET and diode development to replace Si power electronics. Future
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plans for this program include development of GEN(Generation)-1 (ManTech) 1.2 kV /
80 A SiC MOSFETSs and Schottky diodes, GEN-1 (ARA) 1.2 kV /> 100 A SiC
MOSFETSs and GEN-2 1.2 kV / >200 A SiC MOSFETs (WEG (Worldwide Equipment

Guide)>100°C).

Future plans for SiC power switch development for continuous power applications

include a SiC TDS (Traction Drive Systems) module operating at 80°C and 100°C WEG ~—{ comment [ARH3]: Not defined

{Werldwide-Equipment-Guide}, with 70% greater efficiency than Si TDS module and at
40% replacement, and to mature MOSFET to 300 A @ > 100°C WEG.

Planned developments focused on Pulse Power applications include Si SGTO (Super
Gate Turnoff Thyristor) die pulse switch operating at £6%-10x power density of Si
whole-wafer switch, SiC SGTO die operating at 2-X-x greater power density than Si
SGTO die and programs to mature SiC switch power density by another 2-3%-3x at
increased efficiency.

This component work can reduce power system size by up to 2X%-2x for continuous and
4-4x for pulse power applications with efficiencies at >2X-2x compared to Si-based
systems.

(Scozzie)

Navy Programs

The SSPS (Solid-State Power Substation) is part of the DARPA High Power Electronics
(HPE) program. The objective is to develop compact, light-weight power converters and
transformers for the US Navy; that are enabled through high voltage switches. A single-
phase SSPS has undergone testing at the Navy test lab with the following results:

o Demonstrated at 1 MVA, 13.8 kV/265 V
Based on 10 kV, 120 A, 20 kHz SiC MOSFET/JBS-diode Modules
Efficiency at full load > 97%

1/3rd weight of conventional transformer

Balanced sharing of voltages/-currents

AC input current ~output voltage THD (Total Harmonic Distortion) < 5% A Formatted: Not Highiight

[ ]
[ ]
[ ]
e Clean 20 kHz waveforms
[ ]
[ ]
[ ]

Cooling of HF transformers and busbar/connections is challenging

A 1 MW, 4160Vac — 1000Vdc supply prototype is now under assembly for AMDR (Air —{ comment [ARHA4]: Not defined

and Missile Defense Radar)-radar service and is scheduled for TRL6 (Technical
Readiness Level 6) testing in the fourth quarter of 2012. It is also based on the 10 kV,
120 A, 20 kHz SiC MOSFET/JBS-diode Modules and has 1/3ré the volume and 1/10th
the weight of the existing supply.

Potential industrial applications for this type of unit include
e Renewables

11



o Enable power conversion and grid interface at higher voltage to reduce
complexity and cost

o More efficient locomotive drives - reduce switching/diode recovery losses
0 Compact transformers/electronics for catenary interface

0 Reduce number of series devices needed to handle high voltage-

o0 HVDC/ FACTS (Flexible AC Transmission) converters with lower
component count/complexity

0 Compact solid-state distribution transformers

0 (smaller footprint, added functionality, oil-free)

Challenges for high voltage SiC material in this application include:
e Cost — need market volume and higher yields
¢ Reliability - need validation from early adopters
e Limited current ratings for present devices/ modules
o T&D (Transmission and Distribution), Drives, Wind applications will require
higher ratings
0 Need large-area chips with good yields
e Development of supporting HV (High Voltage) components — passives, gate drives,
packaging, insulation
e For HV applications, they need to be cost-competitive compared with multilevel
converters with LV (Low Voltage) silicon
| (Beermann-Curtins)

ARPA Programs

The major ARPA-E missions are to enhance the economic and energy security of the US
and to ensure that the US maintains the technological lead in developing and deploying
advanced energy technologies. The strategies are to find and fund high-risk, high-impact
projects, invest in the best ideas and teams, tolerate and manage high technical risk;
accelerate translation from science to markets, and fund both proof of concept and

prototyping.

ARPA-E has a number of technology development programs under way including GENI
(Green Energy Network Integration) to make the existing grid stronger and more reliable,

| have the flexibility to dispatch power in real time, and to enable 10X-10x more renewable
energy to flow through the grid to power customers. Both hardware and software
development are supported.

GENI architectures for the grid are focused on routing electrical power and mobilizing
large numbers (100k) of small assets. Topology Control Algorithms are being developed
to optimize the performance of individual transmission lines. Projects utilizing multi-
party teams are involved in the development of HV grid-scale transistors, Solid-State

12



Transformers (SST), power routers to augment existing transformers, utility-scale
inverters, distributed inverters, and micro-inverters.

| Specific project examples from ARPA-e GENI, ADEPT, and Solar-ADEPT programs
include:
e Development by Cree of a 15 kV/20 A SiC p-IGBT -- the world’s highest voltage
semiconductor switch
o Scalable real-time decentralized Volt/VAR (Volt Ampere Reactive) control. Key
innovations include distributed control through local sensing, computation, and
communication, yet jointly optimize certain global objectives and characterization
of AC-OPF sub-problems that are polynomial-time solvable
e Open ADR (Automatic Demand Response), low-cost, internet-protocol based
telemetry solutions, and intelligent forecasting and optimization techniques to
provide “personalized” dynamic price signals to millions of customers in
timeframes suitable for providing ancillary services to the grid
e Utility scale 1 MW Photovoltaic Inverter to cost an estimated $0.2/W
(in China $0.17/W)
(Gradzki)
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4. Discussion - Technology Roadmap to Align Expectations

Application Requirements

Different organizations have different but very specific requirements related to the
specific operations that they are planning to carry out. For example the Army and Navy
often have very strict performance goals for specific equipment items. These items are
subject to weight, space, fuel consumption, electrical efficiency and other constraints not
required in conventional, non-defense applications. Electrical efficiency is very important
when producing electricity either on-board or on-site fueled from an off-site location.
These different constraints establish different values that the customer is willing to pay
for the component, device or system. There are limited markets for high-priced, low
value production items. If the market doesn’t expand it is difficult to reduce the price of
an item.

Stakeholders

The 32 Workshop participants represented a very broad group of interests. The most
heavily represented group was the equipment vendors (13), followed by federal agencies
(7) (including ARPA-E (3) DOE (2), ORNL (Oak Ridge National Laboratory) (1) and
NIST (1), DOD (3)), universities (4), state agencies (2) consultants (2), and 1SO
(Independent System Operator) (1). At this workshopUnfertunately, we were not able to
benefit from the participation of power producers, either IPP or utility, that have to
deliver their product to market via T&D systems. Several organizations including ARPA-
E are funding R&D to increase the efficiency of and reduce the cost of transmission.

System Performance Issues

One of the overriding issues at both the state and federal levels is the avoidance of wide-
area blackouts, which often result in actions taken automatically to protect the grid from
instability. It has been suggested that relaxing some of the frequency regulation standards
by a small amount, could result in a major reduction in the probability of an area-wide
black-out due to automatic control actions.

One of the major difficulties in reducing the cost of PCS package-products is the fact that
the core inverter technology represents only about 30% of the total cost of that
productpackage. Reducing only cost of the core inverter technology, without major
reductions in the other components in the productpackage can only result in a small
reduction in overall cost.

The ARPA-E cost goal for PV inverters is 10¢/W. Is that low enough for PV solar and
other applications? Can it be achieved?
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Technical Barriers/Issues

In order to gain the confidence of potential customers, very extensive field testing of
components, devices, and systems is required to demonstrate these-items-systemthat they
will perform as specified under the conditions specified, for the lifetime specified with
the reliability specified. Both prototypes and full-scale items must be tested extensively
to meet these requirements

A number of Army, Navy and ARPA-E test programs that are briefly noted below were
described at the Workshop.

The Navy is successfully testing of a single-phase SSPS, with 1/3¢d the weight of —{ Formatted: Highiight

conventional transformer at 1 MVA, 13.8 kV/265 V with > 97% efficiency at full
load. Further testing of a 1 MW, 4160Vac — 1000V dc supply prototype with

1/3¢d the volume and 1/10th the weight of the existing supply is scheduled for _{ Formatted: Highiight

TRL6 (Technical Readiness Level 6) testing in fourth quarter of 2012, \{ Formatted: Highlight

The Army is developing a variety of components that have evolved from earlier
lower power components, including 1.2 kV / 80 A SiC MOSFETS and Schottky
diodes, 1.2 kV / >100 A SiC MOSFETs, 1.2 kV / >200 A SiC MOSFETs (WEG
>100°C).

Southern Company is testing Power Flow Controllers which augment existing
transformers developed by a team consisting of Waukesha, Varentec, Georgia
Tech. and EPRI (Electric Power Research Institute) with ARPA-E funding. 13
kV/1MW units are being evaluated in a tie-line field demo and-in a 13 kV, 5 bus
test bed is in operation to show routing.

A multistage PV inverter that utilizes high-voltage switches and a high-frequency
transformer has been developed by Ideal Power Converters. It has 1/10 the
weight, 1/3 lower losses and 1/2 the manufacturing costs of comparable units in
service today.
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4. Conclusions

The major conclusions that can be drawn from the presentations and discussions at this
Workshop are that:

The existing electrical grid needs replacement of aging components, expansion of
capacity to accommodate increased population and increased per capita use of electricity,
utilization of advanced PCS to improve transmission efficiencies, initiation of some
control of power flows, and development of capability to better cope with the issues
resulting from the delivery of increased penetration levelsdelivery of intermittent and
rapidly fluctuating power from solar and wind generators.

The growing availability of high quality SiC material and SiC—based components and
devices has enhanced the capabilities of PCS components such as Schottky diodes, JBS
(Junction Barrier Schottky) diodes, JFETs (Junction Field-Effect Transistors),-ané
MOSFETSs (Metal-Oxide Semiconductor Field-Effect Transistor), and IGBTs. Many of
these items have capabilities that cannot be achieved with Si-based components. The
number, capability, and commercial availability of these products is increasing rapidly at
this time and can play a significant role in upgrading the US electrical grid.

This commercial availability of SiC-based components is attributable in large part to the
long-term funding of R&D (Research and Development) programs that has been
provided by numerous agencies of the Department of Defense (DOD) as well as by other
federal agencies including NIST and ARPA-E (Advanced Research Projects Agency-
Energy). Much of this R&D has been done by integrated teams that have included private
sector companies, national laboratories, and universities.

Additional research and development is needed to improve PCS systems to meet specific
DOD operational requirements and ARPA-E goals of ensuring the economic and energy
security of the US (United States) and to ensure that the US maintains the technological
lead in developing and deploying advanced energy technologies.
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6. Appendices

A. Final Workshop Agenda
High Megawatt Power Conditioning System Workshop

Technology Roadmap
for Increased Power Electronic Grid Applications and Devices

NIST
Gaithersburg Maryland

8:30 am to 5 pm, May 24, 2012

Workshop Objectives

The purpose of this workshop is to gather those with strong interests in achieving higher levels of power
electronic penetration in our power grid. Power grids of the future will have to withstand increasing
stresses caused by elements such as large-scale energy trading, and a growing share of fluctuating
energy sources, such as wind and solar power. The grids therefore must become more flexible and better
controlled. State-of-the-art, and developing; power electronics provide a wide range of solutions. Given
this, the intent of the Workshop is to discuss some of the most salient technical, economic, regulatory and
political challenges; and to roadmap key solutions.

Agenda
8:00am Breakfast
8:30am Introductions and Objectives Al Hefner/Leo Casey/Ron Wolk

8:45am Applications and Drivers for Increasing Grid PCS

Wind PCS Architectures: Madhav Manjrekar (Vestas)
Solar Grid Integration: Bob Reedy (Florida Solar Energy Center)
Grid Storage Integration: Kyle Clark (Dynapower Company)
Fuel Cell Integration: George Berntsen (FuelCell Energy)
TJ Singh (UTC Powver)

10:15am Break
10:35am Advanced HMW PCS Technologies and Approaches

PCS Connected Microgrids: ~ Shalom Flank (Pareto Energy)
Advanced HMW converters:  Dushan Boroyevich (Virginia Tech)

18



SiC Power Devices/Materials: Dave Grider (Cree Inc.)
SiC Power Devices David Sheridan (SemiSouth)

12:00noon Lunch

1:00pm Technology Development Programs

Army programs: Skip Scozzie (Army Research)
Navy programs: Sharon Beermann-Curtin  (Office of Naval Research)
ARPA-e programs: Pawel Gradzki (Booz Allen Hamilton)

2:00pm Technology Roadmap to Align Expectations

Discussion Leader: Leo Casey (Satcon)
Applications Requirements:
Control of voltage, power-factor and faults through solid-state
devices. Integration and control of renewables and storage. Seamless
isolation from grid outages and disturbances through microgrids. Ability
to relieve congestion. Achieve improved demand and supply response.

Stakeholders
Power producers, 1SOs, grid operators, utilities, power electronic
equipment manufacturers, energy and power generation/storage
manufacturers. (related stakeholders also include regulators,
safety/standards bodies, rate payers, investors)

System Performance Issues
a. Cost, efficiency, reliability, overload, fault behavior
b. Advantages and possibilities

Technical barriers/issues
a. Controls, communications, anti-islanding, Ivrt, optimization (device,
site, system,... )
b. C&P

Hardware Issues —
a. What are the gaps in terms of devices, systems, integration,

Technology Demonstration Issues
a. Technologies, scale, number

5:00pm Adjourn
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Industry Perspective

Challenges & Opportunities

PCS in Wind

Wind. It means the world to us.™



TOP 10 GLOBAL WIND MANUFACTURERS 2005, 2010
(RANK ORDER BY PRODUCTION)

Company

2005 2010

Country Production (GW) Company Country Production (GW)

3. Gamesa Spain “ 3. Sinovel
T T I m-

m“ T

“

8. Goldwind

Vestas in Top 10 Markets

Ranking

Market | MW | Mol | No2 | No3 |
China 18,928 Sinovel Goldwind Dongfang
USA 5,115 GE Wind Siemens

India 2,139 SuzlonGroup Enercon-India m

Germany 1,551 Enercon Suzlon Group

UK 1,522 Siemens Gamesa
Spain 1,516 Gamesa GE Wind
France 1,186 Enercon Suzlon Group m
Italy 948 Gamesa Suzlon Group
Canada 690 Siemens GE Wind Enercon
Sweden 604 m Enercon Siemens

Source: BTM Consult — part of Navigant Consulting — March 2011

|China 8. Dongfang | China

o

M Europe MUS [l China [l Other Asia

Source; Bloomberg New Energy Finance

T P L P e e e T e T )

Market share of top 10 suppliers

Per cent
926%
91%
84%
I i ?9% SU%

2005 2006 2007 2008 2009 2010

Source: BTM Consult — part of Navigant Consulting — March 2011
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[ On the way up... ] [ bigger was better... ]

On the way not up...

Wind. It means the world to us.™
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25 years ago, this was 3000 kW

Today, 1
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enough
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164m

V-164 7MW - rotor diameter: 164m
Airbus A380 — wingspan: 80 m, length: 73m
London Eye — diameter : 135m.

Wind. It means the world to us.™



On the way up...

[ On the way not up... ] participants becoming mature...
policy assistance shrinking...
. J

Wind. It means the world to us.™



Expectations

Turbine Scaling &

Power plant optimization

Reliability Grid management
30kw to 3MW : ) -
Supplier Negative press
proliferatio
Supplier High grmvth
_ consolidation adoption (20-
15t Gen;
Customi 2nd generation
& service Best
practices
,9/ adoption
Toghaolosy mfsed | piuliotien  Slopeof Enlighienment  Flaicau of

Source: Gartner's hype cycle

time
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“Prostitution, horse racing, gambling and
electricity are irresistible to politicians.”

John Rowe, CEO of Chicago-based utility Exelon
Wall Street Journal, Oct. 22, 2011

Wind. It means the world to us.™



US policy approach...

PTC: $22/MWhr (expires ‘12)
Federal ITC: 33% capital costs
Subsidies (expired “11)

Renewable energy
Credit: $17/MWhr

Tax Policies



12.000

10.000

8.000

6.000

4.000
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Companies need long-term business case

certainty for sustained investment

73% 7%
93% Drop Drop

GIMMI
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1999 2000 2001

Source: AWEA

2002 2003 2004 2005 2006

2007 2008

2009 2010
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[ Challenges with Wind ] comparative LCOE

Opportunities with Wind variability at grid interface

- Impediments for wide proliferation of wind assets are cost of wind generation (capital
and maintenance), and risks associated with variability of wind (intermittency and
unpredictability)

Wind. It means the world to us.™



Estimated Levelized Cost of New

ElectricityGenerating Technologies in 2016
(20095 /megawatt hour)

as0
® Levelized Capital Cost = Fined O&M

:: Eyariabile DEM (including Tuel) & Transmission Investiment

Tllllllllllllllll
ﬁ@#fﬁ Fﬁﬁg *"‘f a4
& f’

Source; Energy Information Administration, Annual Energy Outlook 2011,
hitp:/ fovon.eia doe, gov/oial/asofelectricity_generation_hitml

=TI =

- Wind industry participants have been focused on selling turbines in the PPA market
- Financial models are based on double digit EBIT through high contribution margins

- Elimination/reduction of PTC for renewable generation will limit contribution margins
- Way to profitability will be in making wind LCOE (w/o PTC) less than LCOE with gas
- Falling gas prices will further challenge competitive advantage w/ wind generation



- Variability at grid interface is caused due to intermittency and unpredictability of wind
- Improved forecasting techniques quantify/limit the risks associated with variability

- Energy storage relieves short term variability, however increases system costs

- Low cost, high efficiency transmission (e.g. HVDC) further balances variability at grid
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Challenges with Wind

[ Opportunities with Wind ] [ reaching 20% proliferation ]

Wind. It means the world to us.™



trillean kilowatthours

® Nuclear 8,000
35 B Renevables

B Matural gas
0 E Coal

W Liquids

25

20
15
10
5
0 — b = —

2007 2015 2020

Challenges
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Source: EIA \
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J

competitive LCOE

[ Opportunities ]

30%
W 200

variability at grid interface 294 m

20%

15% =

power transmission barriers

0% - .
Other  Afiica Cential and  Middle
developing Asia South America  East

OECD North  OECD OECD  Transition  China India
America  Europe  Pacific  economies

smart grid integration

\ J  Source:IEA, 2010.

Besides cost of wind generation that will gain 5% market, impediments for wider (20%)
proliferation of wind assets are variability of wind (unpredictability and intermittency),
barriers for transmission (transportability), and compliance with smart grid infrastructure



PCS in Wind ] ( components of a turbine \
PCS in turbine ‘
r PCS in storage interface |
r PCS in energy collection
r PCS in power transmission ‘
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How a wind turbine co

A typical wind turbine will contain up to 8,000 different components.
This guide shows the main parts and their contribution in percentage
terms to the overall cost. Figures are based on a REpower MMB32
turbine with 45.3 metre length blades and a 100 metre tower.

Tower 26.3%

Range in height from 40 metres up to more
than 100 m. Usually manufactured in sec-
tions from rolled steel; a lattice structure ar
concrete are cheaper options.

Rotor blades 22.2%

Varying in length up to more than 60 me-
tres, blades are manufactured in specially
designed moulds from composite matesi-
als, usually a combination of glass fibre
and epaxy resin. Options include polyester
instead of epoxy and the addition of carbon
fibre to add strength and stiffness.

Rotor hub 1.37%

Made from cast iron, the hub holds the
blades in position as they turn.

Rotor bearings 1.22%

Some of the many different bearings in a
turbine, these have to withstand the varying
forces and loads generated by the wind.

Main shaft 1.91%
Ill-.l- Transfers the rotational force of the rofor to

the gearbox.

Main frame 2.80%

Made from steel, must be strong enough to
support the entire turbine drive train, but not

oo heavy.

Cables 0.96%

Link individual turbines in a wind farm to an
electricity sub-station.

Gearbox 12.91%

Gears increase the low rotational speed of
the rofor shaft in several stages to the high
speed needed to drive the generator

Generator 3.44%

Converts mechanical energy into electrical
energy. Both synchronous and asynchronous
penerators are used.

Yaw system 1.25%

Mechanism that rotates the nacelle to face
the changing wind direction.

Pitch system 2.66%

Adjusts the angle of the blades to make best
use of the prevailing wind.

Power converter 5.01%

Converts direct cument from the generator
into alternating current to be exported to the
grid netwark.

Transformer 3.59%

Converts the electricity from the turbine to
higher voltage required by the grid.

Brake system 1.32%

Disc brakes bring the turbine to a hait when
required.

Nacelle housing 1.35%

Lightweight glass fibre box covers the fur-
bine's drive train.

Screws 1.04%

Hold the main components in place, must ba
designed for exireme loads.

Wind. It means the world to us.™



ENERGY CONVERSION ENERGY CAPTURE
(DRIVE TRAIN) (ROTORS)

CoolerTo Main-bearing
pT Gegrbox housi Mgin Shaft

Blade
WIND
. Yaw System
Transformer ENERGY DISTRIBUTION
Generator (GRID MANAGEMENT)
Gear box Converter

. ) e I Switch gear
Stator Grid Cable in tower |
} Side [~ ¥ F . — " Sside ] 7 |
filter VYV T YT ilter Grid Eotiom

Generator Transformer

. Interface of the tower
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/ Back-to-back

// Gear box Converter
o Generator Transformer
-ﬁ% ) ! Sattch gear
L v L~y
-_H ¥ e Stalor | v | J— e ST g SRS | L -
o L Side F 1 Side | ” I E—
filter YV T L filter Grid Eatiom
- Interface of the tower

« Main drive train topologies and their advantages

Gearea Gearess

Lower cost High reliability (yet to be
Lower weight proven)
Proven technology

» The technology adoption will be influenced by
» Cost
+ Reliability in very long term operation >20 years
» Scalability > 10MW

= » On-going R&D on power conversion topics
@ » Crossover from low voltage to medium voltage to HVDC
» Do not use power electronics all together? E.g. hydraulic

transmissions with synchronous generators coupled to the
grid.

Wind. It means the world to us.™
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- 1.6MW energy storage combined with 30MW wind power plant
- Offers energy buffer for wind to participate in ancillary services market
- Challenge is in making the system attractive from Rol perspective
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DC turbines combined with DC collection has a potential to offer up to 30% improvement
in reducing energy losses. This improvement is obtained through reduction of turbine-

side and station-side converters. However, the challenge is in realizing such high power
NNO/NDNC A~/ ArEAre
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HVDC is appearing to be the technology of choice to transport power from wind power
plants over long distances (e.g. from deep water offshore to onshore). However,
significant challenges are in protection and control of such DC architectures.
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Future Grid— $

Gotta Happen, Gonna Happen:

+» Back-to-Back DC links inserted in major AC
ties

< New major Transmission is DC

+» Widely dispersed DG (primarily solar)

+» Reactive power control via PCS

«» Anclillary services via PCS

» Improved System Stabillity

+» Resistance to Fault Induced Delayed Voltage
Recovery (FIDVR)

Behold: The “asynchronization” of the Grid....2







--So Energy Cost will not be the key determinant in PV penetration

LEVELIZED COST OF ENERGY ANALYSIS — VERSION 3.0

Comparison

Certain Alternative Energy generation tecDpologies are becoming increasingly cost-competitive with conventional generation

technologies under some scenarios, before fyctoring in environmental and other externalities (e.g., RECs, potential carbon

Solar PV — Crystalline!®

Solar PV — Thin-Film 587 §131
Solar Therm al(d) $1.29
ALTERNATIVE Fuel Cell $111 | $119
ENERGY
Biomass Direct $65 $_h3
Geothermal $58 $93 I o
{
Wind $57 $I113
Energy Bffidcency™ | $0 $50 i
Gas Peaking . > 216 $334
1Gec® $97 © s110 s141
Nudear™ $107 | $138
Eoal® $78 | $144
Gas Combined Cyd > 560 506 I
as OIT1 D111 € y < i
$0 $50 $100 | $150 $200 $250 $300 $350 $400

Levelized Cost (3/MWh)
Seurce: Lageard estimeates

Note: Reflects production tax credit, investment tax credit and accelerated asset depreciation, as applicable. Assumes 2008 dollars, 20-year economic life, 40% tax rate and 5-20
year tax life. Assumes 30% debt at 8.0% interest rate, 40% tax equity at 8.5% cost and 30% common equity at 12% cost for Alternative Energy generation technologies.
Assumes 60% debt at 8.0% interest rate and 40% equity at 12% cost for conwentional generation technologies. Assumes coal price of $2.50 per MMBtu and natural gas
price of §6.00 per MMBtu.

(a) Low end represents single-axis tracking crystalline. High end represents fixed installation.

(by Represents estimated implied levelized cost of energy in 2012, assuming a total system costQf $3.50 pegywatt for single-axis tracking crystalline.

(c) Represents a leading thin-film company’s targeted implied levelized cost oF energy in 20 12,9.1 systern cost of §2.00 per watt.

(d) Low end represents solar tower. High end represents solar trough.

Estimates per National Action Plan for Energy Efficiency; actual cost for various initiatives varies widely.

High end incorporates 90% carbon capture and compression.

Represents estimated implied levelized cost of energy for Southern Company’s proposed IGCC facility in Mississippi that is expected to be in service in 2013, assuming a

total system cost of $3.00 per watt and 50% carbon capture, per Southern Company public comments.

Does not reflect decommissioning costs or potential economic impact of federal loan guarantees or other subsidies.

j Based on advanced supercritical pulverized coal. High end incorporates 90% carbon capture and compression.
KUDOS Copyright 2009 Lazard No part of this material may be copied, photocopied ot duplicared in any form by any means or redistibuted without the prior censent of Lazard



Why PV? $

<+ No Fuel
<~ No O&M

+» Mostly capital — rate based (IOU), bond
finance (public power)

+ Incremental Commitments (low risk)
< No/low land issues
< No/low aesthetic issues




Why PCS at Transmission $
Level?

+» Realities of Reactance
+» Realities of ROW

+» Realities of Reliablility
+» Realities of Retrofit




Way Better than Today

~Ead

Advanced Communications & Control of

i -
: E=l
Inverters to Enable PV to Behave like égg “WLAD”

l-!-...

Conventional Generation



Presenter
Presentation Notes
Every transmission line (T/L) also has Power Transfer Limits, which are dependent on direction of power flow and length of the line, among other factors. These Limits are expressed as the maximum number of megawatts (MW) which can flow in each direction on the line, and are usually linked to overall system conditions such as total system load.

The T/L is like a driveshaft, transferring power between two rotating machines. 

But the T/L is a more like connecting the two machines with many bungee cords instead of a single steel shaft. We can transfer power from the driving wheel to the driven wheel by turning the bungee cord “shaft”, but try pushing it too far & the bungee cords will twist– the system will “free wheel”. 
Sometimes a line must be disconnected because of Power Transfer Limits, even though it is nowhere near its Thermal Limit.



Given High Power PCS at $
Transmission Level, Note:

» Distributed Systems can have same characteristics

» DG can/will be centrally controlled, but with highly
autonomous powers

» Distributed PCS can/will replace capacitors,
regulators

» Atruly coordinated, inherently stable, seli-heal»~
grid




“The Solar Effect” $

> Lower PV costs drive

> Lower/Better PCS (beginning with inverters),
driving lower cost

> For PCS throughout the Grid.....




(at the) Florida Solar Energy Center %




A HUGE Argument for Doing It!
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Technology Roadmap Workshop for Increased Power Electronic Grid

Applications and Devices
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Power Conversion

System Architectures
For Grid Tied Energy Storage

Kyle Clark




mrﬂm& of Standards and Technology O u t | i n e

Technology Administration, U.S. Department of Commerce

1. Power Conversion System (PCS)

— Overview and Purpose

2. Conversion Topologies
— Single Stage three-legged IGBT based inverters
— Multi-stage converters
— Inverter Operation
— Advanced Topologies

e  Multi-level inverters

e Z-inverters
— Multiple Module Topologies
3. Application Topics
— Increasing Power Levels

e Line Commutated Inverters

— Islanding methods
— Phase Configuration
— Transformers for Energy Storage Systems (ESS)

e Qutput power compliance

5/24/2012 Power Conversion System Architectures
For Grid Tied Energy Storage



National Institute of Standards and Technology

NIST Pﬂ)verview and Purpose

Technology Administration, U.S. Department of Commerce

Grid Tied Energy Storage mediums are predominately direct current (DC) in
nature. To effectively utilize the energy storage capacity on the present
electric utility grid, the energy must be converted to a standard Alternating

Current (AC) level and regulated through a converter.
Converter Purpose and Control:
e Bi-directional conversion from AC to DC and DC to AC.
e AC Grid to DC Storage isolation and protection
* Interconnection and control of multiple DC Sources
e Regulated, stable and controllable power flow
Control Modes

— ACcurrent (P,Q) — Standard Grid Tied Operation

— AC Voltage (V,F) — Islanded Operation

— DCcurrent (lp) — Grid Tied, Battery Charge/Formation

— DC Voltage (Vp) — Grid Tied, Battery Conditioning
5/24/2012 Power Conversion System Architectures

For Grid Tied Energy Storage



Basic AC/DC Power

NIST

e oo o o o o Conversion To po lo gies
Single Stage Converters Multi-Stage Converters
* Limited to DC Voltages > 1.5X VACg s ¢ Maximum DC Voltage Range
e  Maximum Efficiency e Increased Losses

* Increased hardware Cost

A

N

I
S s | m—
L
N\
Lo

5/24/2012 Power Conversion System Architectures 4
For Grid Tied Energy Storage



NIST Single Stage Inverter

National Institute of Standards and Technology

Technology Administration, U.S. Department of Commerce P ri m a ry S u b'Se Ct i O n S

__||__: *, — ﬁ}g e, 52‘L.ﬂ. *

DC Energy N Ecmtilc | Step-Up  Medium Voltage
Storage "h_:;eeisr”a Transformer  Interconnection

DC Contactors
and Precharge

Inverter System Load

Aux Load

Manual Canacitive Main Circuit
Disconnect ~ DC Fuse [::2;';23:' Elter Breaker
. X i | | —
y U I 2

DC Connection

Main

1
[ 1
[ 1
| T 1
| : —|— " Contactor "[’”
[ 1
! | I

GFD | Vottage | M o __ b e - y L
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Power Conversion System Architectures
For Grid Tied Energy Storage




NIST

National Institute of Standards and Technology

Basic Inverter Operation

Technology Administration, U.S. Department of Commerce

 Operation

5/24/2012

Sinusoidal Pulse Width
Modulation

Phase locked to Grid

Reference signal provided to
compare with triangle
waveform

Gates are triggered as
output of controller

Modulation is provided to
control power

Output is filtered to provide
limited harmonics/switching
noise

Energy Switching

Storage Inverter AC Filter

_____ Sl i et I
H X :
Ly X |
:l _ _IK JKI |
| L ™™ |

= 4L LM |
| e |
| I |
] JQ NG VoY
| | }_/5;
i \] W| |
L X |

Power Conversion System Architectures 6
For Grid Tied Energy Storage



NST Advanced AC/DC Power
Conversion Topologies

Technology Administration, U.S. Department of Commerce

e Multi-Port, Multi-Stage Converter

— Optimized for renewable integration with energy Storage

Master
Controller

Battery = =

Gonnection e—————{ T—— | T

Solar —
Connection ¢———— I I -

Car Charger or
Fuel Cell
Connection

I

I

I

! _IG _|t } _|i }

—I I I A A

S U W oot

geealiqWe e

i

-

5/24/2012 Power Conversion System Architectures For 7

Grid Tied Energy Storage



Eﬂo!ﬂuwo{&unduws and Technology Other AdvanCEd
Inverter Topologies

Technology Administration, U.S. Department of Commerce
e Z-inverter
— Accommodates reduced DC N N
voltages (boost DC > AC)

G -
s
— Inherently protected by limiting |
1
DC current

e Multi-level inverters

—Q

1
— Increased DC and AC voltages =
x |
— Reduced Losses L e
— Reduced Harmonics, smaller B
filters T B
— Requires special V,, IGBTS Single Phase of
(Diode Clamped, Flying Capacitor and Cascade Multi-Level Cell) ?;:)rgg Eéz\i/r;pli?/erter
5/24/2012 Power Conversion System Architectures For

Grid Tied Energy Storage



ler Independent Phase
Control Systems

* |Independent Phase

control
— 240 VAC Split Phase
— Three Phase systems

— @Grid Stabilization and
Balancing

80

TO 16 W CaRsLTIDS
ek Pl

— Single or independent g
Battery strings

5/24/2012 Power Conversion System Architectures
For Grid Tied Energy Storage



NEST Multiple Module Topology

National Institute of Standards and Technology
Technology Administration, U.S. Department of Commerce

* For Multi-MegaWatt Systems
* Redundant Parallel N+1 Configurations
* Synchronous and Interleaved Switching

* Independent Battery Strings

Q Cr

System Load —{ Aux Load
Manual
Disconnect
LEM =
- ViV —
—— 7 | '

DC Connection

Lo
MM

——— e M

N

o
!

il

Vaoltage (-
GFD Sensor -

e

|||—

!
3

Operator
" Master nJ
lnterf.ace ___________ 7 Controller [~~~ |~~~ T T T 7] -
Terrminal —
_____ — __
1T } | -— _rvw]_
: Power Unit lL ________________ AY
| Controller |
[ |
Power Conversion System Architectures 10
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NIST Increasing Power Levels for ESS

National Institute of Standards and Technology
Technology Administration, U.S. Department of Commerce

Parallel, Multi-module IGBT based  Thyristor Based Line Commutated

Inverter Systems (Cycloconverter) Systems
— Sub-Cycle response — Reduced cost per S/MW
— True 4 quadrant operation — Limited power factor control
— Low harmonic levels — Large AC Filters Required
— Increased Response Time

/
— Hybrid Systems 7

A
1

'l. v‘ 1\ ¢ NE l‘“_'
PP 55 |

1.5MW Inverters installed at Xtreme Power BESS in Hawaii e i n-ax

5/24/2012 Power Conversion System Archite
For Grid Tied Energy Storage
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Mo ESS Islanding Methods
National Institute of Standards and Technology
Technology Administration, U.S. Department of Commerce

Offline ESS with Dynamic Online Double Conversion
Transfer (Islanding) e Limited to PCS Power to load

e Maximum Efficiency e 2X conversion losses
¢  Minimum components * Increased Complexity
e  Minimum Losses ., o
Connection
— { ]
Connection |
I | | Sanscten
| | \y ACLoad
e 1 \Conealion
. |
: nl’, _______ -‘\ s TTTT T T T Y :
I | O J;I o O ) Circuit |
| I '™ Pt ver I Grid CT Grig pT  Breaker :
._'—I:\—i | I _| I AT'\ Ju n | . .
Inverter ) : | | I : T | AC Grlld
Connection : i Cor::faizlor i T i (l:s;i:.:;r:gr : : I_ _J Bsﬁ?;; : Connection
| | i L e | L o
| l : o o Load | ACLoad
| Main Islanding : ! } : Switch | Conection
: Controller Controller | S P AU / :
: :
5/24/2012 Power Conversion System Architectures 12
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NIST

National Institute of Standards and Technology
Technology Administration, U.S. Department of Commerce

Single Phase Systems

e Low Power & Voltage

Phase Configuration

Three Phase Systems

e Simple topology and control .

e High DC ripple voltage/current or .
increased filtering required .

 Higher semiconductor current

200

150

100

50

0

Volts AC

-50

-100

-150

-200

5/24/2012

Volts AC

-200 —{ — —]— :
-400 +— -
-600 - a

-800

Simple integration to Utility Grid
Medium to High Power

Reduced DC Ripple voltage/current
Lower semiconductor current

W“F

800

600 -

400 -

200

0

Power Conversion System Architectures
For Grid Tied Energy Storage
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ML Transformers for ESS

Technology Administration, U.S. Department of Commerce

Types of Transformers Transformer Configurations

e Vacuum Pressure Impregnated (VPI) e Single winding

e  Qil Immersed
5o

e (Cast Coil g s L _—e % \“ 3”%’

1~ -
~
—r—{ =
o
1~
iy

e Multiple LV Windings

— - %I—ﬂ%

12

|
]
2
T

zl
g
1

5/24/2012 Power Conversion System Architectures
For Grid Tied Energy Storage



NIST

Output Protection and Power

National Institute of Standards and Technology

Technology Administration, U.S. Department of Commerce

Quality Assurance

Voltage and Frequency Protection IEEE 1547

1.4
1.2

1
0.8
0.6

voltage (PU)

04
0.2

0
0.01

62
61

g 60
g 59
3
T 58
b
“ 57
56 I
55
0.1 1 10 100 0.01 0.1 1 10
Offline Time (Seconds) Offline Time (Seconds)

Output Power Quality

5/24/2012

Table 3—Maximum harmonic current distortion in percent of current (I)?

Individual Total
harmonic h<11 11<h<17 | 17<h<23 | 23<h<35 35<h demand
order h (odd distortion
llal'monics}b (TDD)
Percent (%0) 4.0 20 1.5 0.6 0.3 5.0

31 = the greater of the Local EPS maximum load current integrated demand (15 or 30 minutes) without the DR unit,
or the DR unit rated current capacity (transformed to the PCC when a transformer exists between the DR unit and the
PCC).

PEven harmonics are limited to 25% of the odd harmonic limits above.

Power Conversion System Architectures
For Grid Tied Energy Storage

100

15



NS et reomsn B Conclusions

Technology Administration, U.S. Department of Commerce

Power Conversion is an integral part of
Energy Storage Systems

Limit Conversion Stages to maximize
efficiency and minimize complexity

Integrate systems as soon as practicable to
avoid grid interaction and maximize
efficiency

Modularized systems offer unique
advantages in redundancy and
expandability

Advanced and hybrid topologies may offer
the best solution for specific ESS Challenges

5/24/2012 Power Conversion System Architectures

For Grid Tied Energy Storage



NIST

National Institute of Standards and Technology
Technology Administration, U.S. Department of Commerce

Workshop on High Megawatt Electronics:
Technology Roadmap Workshop for Increased Power Electronic Grid

Applications and Devices
May 24, 2012

Kyle Clark
Engineering Manager — Advanced Systems

kclark@dynapower.com
+1 (802) 497-4991

o“NAPQW%\ Dynapower Company LLC
South Burlington, VT, USA
Someany www.dynapower.com

Established 1963; Manufacturer of Solid State Power Conversion
equipment, Battery Management Systems, VPI, Cast and Oil filled

Transformers and DC Power Supplies.
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NIST

National Institute of

a FuelCell Energy Standards and Technology

U.S. Department of Commerce

High MW Power Conditioning Systems Workshop
« Fuel Cell Applications for Power Electronics

* Prospects for Increased Penetration

G. Berntsen, 5/24/12

Fuel Cell Energy Proprietary & Confidential



e
FuelCell Energy DFC MOdeIS

Direct FuelCell® power plants are generating

ultra-clean, efficient and reliable power at more

than 50 locations worldwide:

* Over 180 megawatts of power generation
capacity installed or in backlog,

» Generated more than one billion kilowatt
hours of ultra-clean power.

DFC1500

Fuel Cell Energy Proprietary & Confidential



Output (kW)

E FuelCellErergy  Scale-Up and Cost Reduction

Rated Power (kW) Cost ($/kW)
120
100 2 )
/ z Aikg! O (‘
« 80 / * 3
% 40 ;,i.;-m gf.;-.g x; B
20
iR | | | 0
2003 2006 2008 2010 2003 2006 2008 2010
Year Year

70% $/KW cost reduction achieved through:

 Value Engineering

* Power Up-Rate, Economy of Scale

Gross Margin Positive Sales

Fuel Cell Energy Proprietary & Confidential
6/8/2012




; FuelCell Energy 3.0 MW Plant

% (2) 1500kW Power Trains

« Common PCU, Module = Volume Savings
% Economy of Scale Achieved Thru:
« Common Mechanical Balance-of-Plant (MBOP)

* Transactional Costs, Service

6/8/2012 Fuel Cell Energy Proprietary & Confidential



Scale-Up

E FuelCell Energy Limitati()ns

Fuel Cell Module Size
— Road Transport Constraints

E
7 4

4

4

1.4 MWnet
module
>100,000 Ibs.
Max. Height

Max. Width

6/8/2012 Fuel Cell Energy Proprietary & Confidential



= 3 .
FuelCell Energy Multi-MW Sites

(4 x DFC3000)

10.4 MW 11.2 MW
Yulchon, S.Korea Daegu, S.Korea

22.9kV Express Feeder Connection to Sub-Station

Fuel Cell Energy Proprietary & Confidential



a Scale-Up
FuelCell Energy L imitations

Distribution System Limitations

e Feeder Capacity (7-12MVA)
— Express Feeders needed > 1.5/3.0 MW
e Sub-Station Minimum Load
— Voltage Regulation Limitations
— Protection Scheme Limitations
« Smart Grid Technologies May Reduce Technical
Constraints
— Jurisdictional, Statutory Constraints.

Transmission System Interconnection
* Requires much larger plant size (50MW) to be cost effective.

=) AR =
7 TR




;j DFC
FuelCell Energy Capabilities

I
Lemeem

Grid Connected Mode JTILITY GRID
Normal Operation
ervice Bkr
» Baseload, Full Power Production ) i
* >90% Capacity Factor Customer
e Current Control Mode Loads
« Match & Follow Grid Voltage e I I
« UL-1741 Anti-Islanding Detection i 28MW |
= Abnormal Volt. & Freq. i |
= Active anti-islanding algorithm Bl
P e |
% i
! AUX |1

filii 2

e==———
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at
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a
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Ej FuelCell Energy

Stand-Alone Mode
Grid Outage

Upon detection of abnormal Volt./Freq.

* Tie Breaker Opens

» Switch to Voltage Control Mode

» Voltage to Critical loads recovered <4
cycles

 Load Leveler Starts to maintain constant
fuel cell load for varying loads.

= PLC controlled resistive load bank

Challenge: Failed transitions

* e.g. Instantaneous Over-current trip
instead of transition on under-voltage.

* Plan to address in LVRT development.

DFC

r""“"
i
| I

r-
i
I

Levaler

Capabilities
UTILITY GRID
Customer
Service Bkr
Non-Critical
Loads
| brcaooo (L) TieBkr |
! 28MW !
' i Critical
AWWINN LMJMJ
Lo e e T
LN\ |
i AUX i%

Fuel Cell Energy Proprietary & Confidential



;j FuelCell Energy

Micro-Grid Base Load Mode
Typical Sequence of Operation:

tO:
tl:

t2:

t3:

t4:

t5:

Grid Outage
DFC transitions to Stand-Alone Mode,
Facility goes dark

Genset(s) starts, Service Breaker Opens,

Sends micro-grid signal to DFC

Genset connects to bus at rated voltage
and frequency.

DFC syncs with genset and connects to
bus with wider V&F relay settings and
active anti-islanding disabled.

DFC ramps to rated power in 5 minutes.

-

-l
\

DFC

D

Capabilities
UTILITY GRID
Customer
Service Bkr
ol
Customer
Loads

{ brcaooo L1 |
1 2.8MW
HNWERWWINN
O PP e
LN\

i AUX

Fuel Cell Energy Proprietary & Confidential



Micro Grid

FCE is actively implementing micro-grid mode at several sites.

» Parallel operation with other generators when utility service unavailable
» Customer facilities, behind-the-meter applications

» Interruptible and Seamless Applications

Recent Micro grid Implementations:

Central CT State University
* Gensets & 1.4MW fuel cell

San Jose Water Treatment Plant
e Gensets & 1.4MW fuel cell

Santa Rita County Jail

DOE Smart Grid Demonstration

Facility Static Switch Disconnect
1MW early generation Fuel Cell

Gensets,1mw solar,

2MW energy storage

Fuel Cell Energy Proprietary & Confidential



Ej Reactive Power
FuelCell Energy Support

All plants capable of generating rated output from (-) 0.9 to (+)0.9 pf

R Case Study:
i mL, * A 600hp compressor’s start-up
o | 480V BUS | orereci pulled bus voltage down below 88%
= szomm for almost 8 seconds.
! ) e The voltage sag was below UL-1741
4 1_[P99999 / IEEE1547 limits requiring the fuel
Lo Loy e cell to disconnect.
600hp —1—  300kW
compressor oo Fuel Cell Solution:
5:26:42.125 PM A 00:00:08.000 e The controls that start the motor
e gl E now also provide a signal to the fuel
Ko frid cell to add 130KVAR.
480V nominal o2 56.2 * The leading reactive power offsets
4764 g | the compressor start-up and voltage
4?4.:5:"::“‘"*%:_- 692 sag is now much less, enabling the
fuel cell to stay connected.

Fuel Cell Energy Proprietary & Confidential



E FuelCell Energy In Development

Low Voltage Ride-Through
« Germany is a New Area of Business

Development

e LVRT required for fuel cells connected U:cmmmSpmungmw anterer Wert des
to the Medium Voltage Network (i.e. 1
Distribution System)

Challenges:

 Technical Approach I

« German Certification Agency

o Testing Facility

Figure 2.5.1.2-1: Borderline of the voltage profile at the network connection
point of a type-1 generating plant

Fuel Cell Energy Proprietary & Confidential



Ej Favorable
FuelCell Energy Trends

Recent Legislation in Connecticut and California enables utilities

to procure Distributed Generation
* Ensures optimal siting for enhancing Distribution System
* Power Quality
* Reliability
* Load Constraints
* Reduces project uncertainty regarding Electric System upgrade
feasibility and costs.

60MW Projects in process in S. Korea with Utility

Fuel Cell Energy Proprietary & Confidential



: FuelCell Energy

QUESTIONS?

Fuel Cell Energy Proprietary & Confidential






Fuel Cell Power Electronics — Status &
Challenges

Tejinder Singh — Engineerig Mage

. UTC Power is a world leader in developing and
»produg:mg fuel cells that génerate energy for bundmgs

transportat(op and space& defense apphcahons S Bl




Ag e n d a A United Technologies Company

* UTC Power Overview

* Product Portfolio

e Stationary Applications

* Transportation Applications

ENERGY REINVENTED Q Q O Productive. Secure. Clean.



United Technologies Corporation g UTC Power

Fortune 50 corporation
$58.2B in annual sales in 2011
~60% of sales are in building technologies

Strong energy efficient & distributed energy product portfolio

UTC Power

& Security

ENERGY REINVENTED 3 Q Q O Productive. Secure. Clean.


http://www.google.com/imgres?imgurl=http://www.comsol.com/shared/images/stories/durabanti_fires_without_water/html/fig1.jpg&imgrefurl=http://www.comsol.com/stories/durabanti_fires_without_water/full/&usg=__2fNPCC3xXEE0J0TsdRv1hkeHHns=&h=319&w=500&sz=20&hl=en&start=1&zoom=1&um=1&itbs=1&tbnid=rXvuvMJI_A18gM:&tbnh=83&tbnw=130&prev=/images?q=fire+suppression+systems+UTC&um=1&hl=en&tbs=isch:1&ei=u8iTTf-_JYK6hAeXuKjtCA

UTC Power g LTI

About Us

e Fuel cell technology leader since 1958
e ~ 450 employees

e 768+ active U.S. patents,
258 additional U.S. patents pending

e Global leader in efficient, reliable, and
sustainable fuel cell solutions

Transportation Space & Defense

ENERGY REINVENTED



2z UTC P
Grand Challenge : Cost R
Stationary Transportation e |
4 5
PC50 - avg PC50 - July PC50 PC40 - avg PC40 - Dec PC58
1st 7 2011 Challenge 1st 7 2010 Challenge

ENERGY REINVENTED Q O O Productive. Secure. Clean.



PureCell® Model 400 System e

Key Features

Output and Efficiency

e 400 kW net electric output

e 42% electrical efficiency?!

e 1.5 MMBtu/hr heat output!?
e Up to 90% system efficiency

Design Characteristics

e 10-year stack life

e Grid-independent capability

1 1styear average

2 ~ 450 kW

3 Through use of multiple Model 400 systems

4 California Air Resources Board 2007 emissions standard

e Load following capability

e Natural gas fuel source

e Multi-megawatt capable3

e Certified to FC-1, UL, CARB 2007*

ENERGY REINVENTED O O Q Productive. Secure. Clean.



PureCell® Model 400 System e

Process Overview

@ Fuel Processor @ Fuel Cell Stack @ Power Conditioner

Converts natural gas
fuel to hydrogen

Generates DC power Converts DC power to
from hydrogen and air high-quality AC power

L

Electric Output:
400 kW, 480V, 60 Hz

Fuel Input* (LHV):

Natural gas

3.79 MMBtu/hr MMBtu/hr

Heat Recovery*:

High-Grade up to 250°F (120°C) 0.717

Low-Grade up to 140°F (60°C) 1.017

* Beginning-of-life values

ENERGY REINVENTED O O Productive. Secure. Clean.



PureCell® Fleet & UTC Power

Model 200 Model 400

e 270+ systems installed across 19 countries on * In production since 2010

6 continents * 42 systems in commercial operation

e 9.7+ million hours of field operation

e More than 1.6 billion kWh of electricity
generation

e QOver 410,000 hours of field operation

e More than 150 million kWh of electricity
generation

e Average availability 2008 — present: 96% e 2011 Fleet availability: > 96%

e Demonstrated 10 year cell stack life

o e 10-year stack design life
(design life of 5 years)

e Delighted customers placing additional
orders

G Gt COX

COMMUNICATIONS

2 lewikboner _ofBBe . WHOLE

¢ Fleet Leader — Casino in Uncasville, CT
with 85,181 hrs or 15,609 MWHRS

« 1 System
@ 5 5ystems
@ 10Systems

\ @ 20Systems

/ \\" StopeShop'  supemaLu /

ENERGY REINVENTED Q Q O Productive. Secure. Clean.



PureCell® Model 400 Solution e

Flexible Fuel Cell Application and Varied Experience

Price Chopper St. Helena Hospital The Octagon
New York California New York

Coca-Cola Enterprises Samsung/GS Power World Trade Center (Freedom T c;wer)
New York South Korea New York

ENERGY REINVENTED Q O O Productive. Secure. Clean.



Fuel Cells: Power Through the Storm 3& &

PureCell” systems keep CT businesses and shelters running through
prolonged power outages resulting from the October 2011 winter storm.

SOUTH WINDSOR
HIGH SCHOOL

Served as community
shelter providing hot meals

Connecticut and showers to thousands.

South
Windsor

Hartford *
CT JUVENILE Glastonbury WHOLE FOODS

TRAINING FACILITY MARKET

Facility was able to operate
continuously while the grid

ity sk

Fuel cell powered critical
Middletown refrigeration loads, preventing
costly food spoilage.

ol T
R . -
g

@ s1%-80% O 1%-20%
@ +1%-60% O 1%-10%
@ 31%-40% () <1%

O Served by other utility Ref. CL&P Connecticut Outage Map for October 2011

ENERGYREINVENTED Q Q O Productive. Secure. Clean.



2. UTC Power

Supermarket Open During Blackout

Reliable Power During Grid Outages (San Diego Albertsons)

e Albertsons supermarket operates
throughout September 2011 San Diego
power outage

-
~u*"| RICK CRANDALL
% DIR. OF SUSTAINABILITY FOR SO. CA ALBERTSONS

e \Was one of the only retail stores in the

valley operating during the crisis “When you drive down the neighborhood and
the only thing lit is Albertsons, it attracts
people,”
Y Des p |te t h e swe Ite r| q] g h e at ou ts | d e, -Rick Crandall, Director of Sustainability, SuperValu Inc.

Albertson’s perishable inventory
protected thanks to the continued
operation of their fuel cell

ENERGY REINVENTED Q O Q Productive. Secure. Clean.



Evolution from PC25 to PC50 e

* PC25
— Single Cell Stack Assembly — grounded

— 2 stage 200kW converter
» DC/DC converter to boost voltage
e 3 phase grid connected Inverter

— Full Isolation transformer for grid connection
e (Capable of Grid Independent Operation

— PCSis ~93% efficient

2 stage
1?/56%)0 PCS 480 VAC Full Isolation
Fuel Cell DC DC 60 Hz 3@ 3¢ . Switch
Stack — DC AC l ple Gear
Control & Auxiliar l
Protection |« Il_Joa;Sy Customer
(ECS) Loads

ENERGY REINVENTED Q O O Productive. Secure. Clean.



Evolution from PC25 to PC50

2. UTC Power

A United Technologies Company

e PC50
Four Cell Stack Assemblies in series to achieve >850V @ base load

400kW / 470kVA inverter

Directly connected to grid
* No isolation transformer

* Capable of Grid Independent
— Interruption during transition

PCS is ~97% efficient

4 x Fuel Cell

Stacks

!

Control &
Protection
(ECS)

PCS
850-1150 480 VAC
vDC DC 60 Hz 30
> Switch Gear
AC l
- (== Custorer

ENERGY REINVENTED

Q O O Productive. Secure. Clean.



Next steps

* Flexible architecture =
* Core module system leveraging COTS PCS; | :
 Multiple Unit Load Sharing (MULS)
e Seamless GC/GI transitions

* Microgrid Integration & Secure Communication

ENERGY REINVENTED Q O O Productive. Secure. Clean.



2. UTC Power

Transportation

Electrical drive train with FC as a primary source of propulsion power

World class performance

* Primary propulsion is UTC’s Puremotion™ 120kW
proton exchange membrane (PEM) fuel cell

* Fleet experience of more than 600,000 miles
* Fleet leader at a record 12,000 hours and counting

e Additional fleet buses demonstrating similar durability —
7,200 hours

e 18 quiet, zero-emission fuel cell buses are currently in
service in the United States

e 2010 and 2011 fuel cell availability is greater than 95%
surpassing 85% for conventional engines

* >2x more efficient than diesel powered bus

ENERGY REINVENTED Q O Q Productive. Secure. Clean.



2. UTC Power

Transportation

e UTC Power content on PC40 includes:
— Fuel cell assembly
— Balance of plant

* sensors, actuators, blowers, pumps, etc om= = I
— Digital electronic controller e

* Protection _ < ’_’.’\”

* Control of cell stacks 4

 Communication with external systems

e Utilizes modular inductor, dc dc converter and
inverter modules

— Integrated by bus manufacturer

ENERGY REINVENTED Q O O Productive. Secure. Clean.



Transportation Challenges R

 PC58 in Conceptual Designh phase

* PC40 vs PC58

— Cost reduction
— Reduced envelope
— Increased power

e 120kW -> 150kW

* Opportunities for improved integration with external
systems
— Battery management and Optimization

— Power system flexibility to accommodate different cell stack
configurations

— Use of ultra capacitors for load transients

ENERGY REINVENTED O O O Productive. Secure. Clean.



A United Technologies Company

e Questions / Discussion

ENERGY REINVENTED

O Q O Productive. Secure. Clean.
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Existing Interconnection Approaches

Utility Feed

3l

Synchronous Interconnection

On-Site Generation

3

Customer Load(s)

Gas Turbine Generator

Utility Feed

Non-synchronous Parallel

=

On-Site Generation

P

Interconnection

Gas Turbine Generator

Customer Load(s)




GridLink™ Interconnection

Utility Feed On-site Generation
= S
w ™
o o
1
N
L |

AN
}H% “Cut & Splice”

Patented Parallel
Customer Load(s) Non-synchronous
Interconnection




Packaged Solution: Drop-in, Plug-and-play functionality




With GridLink the Utility does not see the Microgrid as Generation

Matthew BrownURS (= conEdison
UI.RS.Was..hington Group: . No interconnection application
GridLink will “preclude any potential Microgrid looks like a load to the
detrimental effects on the power Utility grid

delivery system [and] eliminate the n Pepco

potential of voltage, frequency, and » _

phase-angle mismatching between The proposed generators will not

the facilities and the utility grid.” operate in parallel with the Pepco
electric distribution system.”

11/08 6/11

\\\\‘.h
: %E Connecticut

V' Light & Power

CITY OF SANTA CLARA

“the proposed generator will
not have an impact on the
CL&P distribution system.”

“ Master Interconnection Agreement”
- One application for microgrid,
covers all future generation.

Meeting with David Eakin
to discuss GridLink for projects
in BG&E service territory

“...cutting-edge GridLink
technology enables a safe
connection between a microgrid
and a traditional grid”

Edison Electric
Institute

A
NRETO ENERGY



GridLink: Inside the Black Box

Multi-function
Protective Relay Active Output
Power Flow O 4 MVA rectifiers inverters
— ; 3.3KVAC 4800VDC
a ~ AL =
& N\ [ == 7\
L 4 5 —= ~N
Ny ~
Gas Turbine #1 e —h—- —h—
= N —
) E—
Diesel N\ — N\
Generator? = ~
Power Flow -
N i
Gas Turbine #2 2 Y
= ~N

Power Flow
—
)
Outgoing
6 MW feeder
8 MVA

Shalom Flank, Ph.D.
Chief Technology Officer & Microgrid Architect
sflank@paretoenergy.com
202-797-8820

\\ T W
RETD ENERGY
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US Total Energy Flow

Electrical

40.7% Residential/

Commercial

Renewables ' 2.27 PWh

Nuclear ' 2.45 PWh

41.6 %

Coal

Natural Gas .
Industrial

Petroleum

Transportation

Adapted from U.S. Energy Information Administration / Annual Energy Review 2009

(CFPES  2012.05.24

db-1

US Energy Flow in Sustainable Future?

Assumption 2: If total

Renewables energy consumption
Electrical stays the same,
~80% electrical grid has to

double!
. Residential/
~~ .
Nuclear Y Commercial
Biofuels Assumption 1: Up to 80%
of total energy consumption
Natural Gas will be supplied by electricity —

in a sustainable future! Industrial

Petroleum

Transportation
Assumption 3: With the lifetime 0
of electrical equipment 30~50 years, S
we have to rebuild the grid with double
capacity in the next 20-30 years!

How should we do it

(CBPES  2012.05.24

db-2
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Most of Electricity is Consumed by Electronic Loads

] . :
CEES 0m0s Electronic loads are constant-power loads. s

More Electricity is Supplied by Electronic Sources

(CPES 20120524 db-4

High Megawatt Power Conditioning System Workshop NIST, Gaithersburg, Maryland, USA
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20t Century Grid

@

Thermal

Generation (Centralized)
Transmission (Mesh)

CPES 20120524 Distribution (Radial Network) db-5
21st Century Grid?
Renewable sources 2 Aro, ) Renewable sources

E‘ mﬂ ) y

Renewable sources Renewable sources

2012.05.24

db-6
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“Smart Grid” Concepts

Increasing g ibuti Embracing
productivity [ | i renewables

consumers
Renewable sources Renewable sources
@ Power-flow control remains electromechanical !
(CFPES  2012.05.24 J.McDonald, GE, 2011 db-7
13 H »
Intergrid
Renewable sources g Thermal Hydro : Renewable sources

+a Power Power ~ gy \
. ' NIET] . RV

Transmission

4 Dis'rtributio_n
3

Renewable sources i Renewable sources

; Hierarchical Network of Dynamically Decoupled
CPES 20120524 Electronically Interconnected Sub-networks b8

High Megawatt Power Conditioning System Workshop NIST, Gaithersburg, Maryland, USA
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Plug-in Hybrid Electric Vehicle ( picoGrid )

Bidirectional
Charger

C,“E’ES 2012.05.24 db-9
A house ( nanoGrid )
G)use
Energy
Control
Center
o @
(CPES 20120524 db-10
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Home DC nano-Grid Experiment at CPES

Nanogrid* with the
bus architecture

* Two voltages

* Wireless
communication

« Bidirectional
power conversion

* Separation of

I 7 r 7
]
! I I
dynamics i ==y i =
|
« Integrated ! [ T
protection | N PR S
| -
* Load management ! R
. DG management L =, L T_J Appliances - Washer, Appliances — Air Appliances — Stove/  LED light LED light
. Consumer Electronics - Dryer Conditioner Range/Oven (ceilig) (ﬂ.ocr)
« Data acquisition TV, Computer, Projector .= = ‘ -‘ -]i ==Y
« Communication | 8 0 0 i =" I
* Islanded operation i et 3
P Y
o
(CPES  2012.05.24 * J. Bryan, R. Duke, S. Round, 2003 db-11
Single-phase nano - Energy Control Center
DC BUS 1® Distribution Grid
240V Distribution
i, 120 V|120 V| Xformer
38y Low, Low T
Locuz - - 30
- Too \9;’\_‘ L I distgﬁ:tio.
& Lowz Lema ]
: |
b =
Locmz m oM
; e
L Y Y J
DC-DC Converter DC-AC Converter
10 kW, 20 kHz Mode Transition Experiment
CPES P’.ototype Tek _ Stopped Single Seq 1hees 19 Jun 10 19:17:01

V,. [200V/div] [, [10A/div]

 Bi-directional topology
 Bi-dir. control system
 Bi-dir. current limit
 Bi-dir. EMI compatibility
* Low dc leakage current
» Low cost, high density

Ve [50V/div] V, [50V/div]
(CPES 20120524 db-12
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Microgrid

Microgrid
Energy
Control

Center

;@
CFPES  2012.05.24 db-13
Miligrid
ﬁiligrid
Energy
Control
Center
T T
..'.’.-lg e
;@
CFPES  2012.05.24 db-14
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¢ Intergrid ?

NUCLEAR HYDRO

= At least minimal level of 8
local energy generation HVAC ﬁ ﬁ
and storage; TRANSMISSION |1J uJy

= Interfaces to the higher- m rm

4 N\

level system through
bidirectional power
converters;
= Ability to operate in
islanded mode; — DC DISTRIBUTION
= Extensive - )
communication and BPV | wiND

control capabilities; %‘ HOUSEHOLD

PVl WIND
HOUSEHCLD
LGADS

CONSUMER
ELECTRONICS
LOADS

= No thermo-mechanical LOADS
switchgear; l DC picoGRID

= Step-up/down and

DC nanoGRID

isolation functions CONSUMER
provided by the power ELECTRONICS
converters (no low- DC picoGRID LOADS
frequency transformers); DC nanoGRID
P Y
w DC microGRID
(CBPES 20120524 —

Intergrid: Hierarchical network of dynamically-decoupled,
electronically-interconnected, sub-networks

LARGE-SCALE POWER PLANTS AND TRANSMISSION

AC DISTRIBUTIO

HVAC HVDC NUCLEAR HYDRO

o, TRA on TRANSMISSION 8

- +3—(© NUCLEAR Ly Ll

e E HvAC ] T
+JF©comBusTION ~ TRANSMISSION L) Lk
K

4 N\

DC DISTRIBUTION

@ WPV | wiND

HOUSEHOLD
LOADS Q CONSUMER
' ELECTRONICS
| | DC picogRID_JEECELLEN)

PV WIND

HD USEHOLD
&2 LOADS

®Pv | wiNnD

HOUSEHOLD
LOADS
= :

DC nanoGRID

PECC

CONSUMER CONSUMER
{ ELECTRONICS S ELECTRONICS
oCplcoChD DC picoGRID LOADS
P CTaanoGRID e

DC nanoGRID

Y

W DC microGRID
(CPES 20120524 db-15D
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Basic Topologies for High-Power ECCs

Current Source Converter

* Thyristor-based
* HVDC classic

Lol

ﬁlm

X Line commutated
Yy

\Y

c

RN

Voltage Source Converter

L T

* |GBT-based
» HVDC light

1L <

T G

db-16

Recent Paper in Proceedings of the IEEE
Vol. 100, No. 2, February 2012 *

%HH PAPET

State of the Art in
Ultrahigh-Voltage Transmission

This paper discusses ultrahigh-voltage (UHV) DC as an efficient solution for

bulle power transmission, especially of renewable energy.

By Thomas James Hammons, Fellow IEEE, Victor F. Lescave, Life Member IEEE,
KarL Uecker, Marcus HagusLer, DIETMAR RETZMANN, Member IEEE,

KOMNSTANTIN STASCHUS, Senior Member IEEE, AND SEBASTIEN LEPY

L
t ,‘PES 2012.05.24  * Hammons, T. J. et al., “State of the Art in Ultrahigh-Voltage Transmission,” Proc. IEEE, Vol. 100, No. 2, Feb. 2012.  db-17
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Fig. 10. Prospects of grid developments.

Hammons, T. J. et al., “State of the Art in Ultrahigh-Voltage Transmission,” Proc. IEEE, Vol. 100, No. 2, Feb. 2012.

Storage

0+0+0® =0 co

Generation
Smart, controlled Loads @

irtual ower lant

£

(CFPES  2012.05.24

“Micro Grid” (autonomous)

“Smart Grid”

Bulk Power AC/
Energy Highway

db-18

“Super Grid”

Fig. 23. Single line diagram of Yunnan-Guangdong UHV DC system.

Hammons, T. J. et al., “State of the Art in Ultrahigh-Voltage Transmission,” Proc. IEEE, Vol. 100, No. 2, Feb. 2012.

Chuxiong Convarter Station

| DC Overhead Line
1}
1}
L}

H Suidong Convarter Station
)
)
)

I 1 1

Py

£

(CBPES  2012.05.24

525 kV. 50 Hz Smeothing Reacter Smeothing Reacter 525 k., 50 Hz
AC Syslem AC Syslem
Pt 1 [n
12-pulse J T v
Group J_ 12-pulse
Gro
Pole 1 10C Fiter: 1 DC Filter: e
TT 12/24/48  TT 12724145
12-pulse 12-puise
Group Group
Fan
3 5
o HI' J||_| 5
~J A
12-puise 12-pulse
Group Group
1 DC Filter: 1 DC Filter:
Fole 2 P TT 1224045 TT 12124145 f
4 12-pulse
12-puise
Graup '|‘ '|' Group
Fany I— 1 [aY
9 | S| i f—y
4 Filter Banks: 4 Filter Banks:

Il I

| %

10T 11/24 1DT11/24 10T 1124 10T 11724 10T 11124
1DT 1336 1DT13/36 10T 1336 10T 1336 10T 13138
1HP 3 1HP3 2 C-Shunts 2 C-Shunts 2 C-Shunts
2 C-Shunts 2 C-Shunts

Il L i

¢of

10T 11024 1071124 10T 11/24
10T 13/36 1DT13/38 2 C-Shunts
2 C-Shunts 2 C-Shunts

db-19
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Fig. 26. A view of the thyristor valve towers in the 800-kV valve hall.

Hammons, T. J. et al., “State of the Art in Ultrahigh-Voltage Transmission,” Proc. IEEE, Vol. 100, No. 2, Feb. 2012.

(== 2012.05.24 db-20

Fig. 27. 800-kV converter transformer (single-phase two winding).

Hammons, T. J. et al., “State of the Art in Ultrahigh-Voltage Transmission,” Proc. IEEE, Vol. 100, No. 2, Feb. 2012.

\\\I‘glﬁ\‘nlﬂ.:l\n‘u\’.,II'.,]I"II'. I I ,_I ,| ||||| P Ml‘ | ,. |I |'I”
LLARANRAY :,\I |

o
(CBPES  2012.05.24 db-21
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Two-Level Converter for High-Voltage Applications

s 3F s 5 s 33
L TIN T ¥
BT LR T L
s 3F s X i
I TS T e T
o T I s34

!
1
(@]

_

!
1
O

N

!
1
O
w

—

(CFPES  2012.05.24

« Difficulty in voltage sharing among devices, especially the voltage
sharing during switching transients.

» Needs complex active gate-drives to achieve voltage sharing.

db-22

Multilevel Converters for High-Voltage Applications

Functional diagram of
Multilevel converter

n-1 n-1
+ n
V,
e\ 0 a
+
Ve 1 a
0 n-1
n-
b b
1
+ n-1 c
Ve 0 n
1 c
+
Ve 0 1

—

(CBPES  2012.05.24

Multilevel VSI
Neutral-Point
Clamped (NPC)

Diode Clamped

Active Clamped

Flying Capacitor

Cascaded H
Bridge (CHB)

Asymmetric CHB

Modular Multilevel
Converter (MMC)

db-23

High Megawatt Power Conditioning System Workshop

2012.05.24

NIST, Gaithersburg, Maryland, USA

12



Dushan Boroyevich Advanced High-Megawatt Converters for New Grid Architectures 2012.05.24

Multilevel Structures — Capacitor Clamped

—

+
e Diode Clamped

»Uneven device losses
»Neutral point voltage balance

Active Clamped

»Even device losses with control
»Neutral point voltage balance

L % N Flying Capacitor

» Uneven device losses
»Neutral point voltage balance
7 »Clamping cap voltage control

£, —

(CFPES  2012.05.24 db-24

Multilevel Structures — Capacitor Clamped

5-level AC 5-level DC m-level NPC

DNPC
»Switches: 2X (m-1)
»Diodes: (m-1)X(m-2)

\

\ \

-

ANPC
»Switches: m X (m-1)

Large number of devices
Complex structure

(e pg wém )  rém g b
>

LI | rém g | v g |

\ \g 3t Cap. Voltage balancing
4L
\
5L e
~
(CBPES  2012.05.24 db-25
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Multilevel Structures — Cascaded H Bridge

Symmetrical CHB

»>Module: N

Low Freq. Modulation Phase Shift Modulation

Vit #l—my > 0
-V s  — -0.
Ve a2
_ Vdc |__ _, > 0.

1
5|
0
5
1
I
5|
0
-0.5)
1
7
5|
0
5|
7
3
1
1
5.

3
Vab ,
o [ ——|

0.

3Vdc -0
Va’c

; Vdc w
-3V, de

»Loss reduction

»THD reduction

2012.05.24

»>Level: 2N+1

»Four commutations
»Uneven conduction

»Uni-polar modulation
»Even Switching pattern

Y

(== 2012.05.24

Highly Scalable Structure

Need Isolated DC Sources

db-26

Multilevel Structures — Cascaded H Bridge

Asymmetrical CHB

»Module: N
»Level: 2(N+1)-1

More levels produced

—

(CBPES  2012.05.24

Uneven loss & stress

Hybrid Modulation

»Low freq. for high voltage module: loss reduction

»High freq. for low voltage module: THD reduction

Loss of some modularity

db-27
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System Configurations for CHB

Phase Shift Transformer for CHB

HH -

0| Y=
=1

Line frequency magnetics Good input power quality
Size, weight, cost issues Unidirectional operation

—HH

o

(CPES  2012.05.24 db-28

System Configurations for CHB

High Freq. Isolation for CHB
DC ABC

Bus jn

L

Dual Active Bridge DC/DC

HH HH B
Loy

L'

High freg. magnetics Smaller Size | Bidirectional Operation Highly Scalable
Extra switches & circuits High switching loss

(CPES 20120524 db-29
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Modular Multilevel Converter (MMC)

Arm Voltage Waveform

Vpa Ve

Vam 0.5v4
V V
Vam :%_ PA:_%*—VNA
Vi, =V
Vi = NA , PA

Arm voltage anti-phase 0.5 DC link voltage bias

(CPE! 2012.05.24 db-30
System Configurations for MMC
+ ﬁ 2 oy
{ | Capacitor
t—oA it
Vdc —oB 7
]

Single DC Source Large line freq. cap.
(CPES 20120524 db-31
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Fig. 14. The “Trans Bay Cable” project in the United StatesVworld’s
first VSC HVDC with MMC technology and p=200-kV XLPE cable. *

1 ~ Transmission m_

Constraints before TBC

Vallejo
.

400 MW "

88 Kilometers Mattines Pittsburg Antioch

Concord
j’ + San Rafael »
Richmond S
> Transmission . \ I~
Constraints after TBC . .
California

Elimination of Transmission Bottlenecks

® Exchange ?f:n::séo
by Sea Cable

® No Increase in P =400 MW
Short-Circuit Power | @ = +/- 170-300 MVAr | Dynamic Voltage Support

Livermore

Pleasanton

£

£ F'
[ :PES 2012.05.24  * Hammons, T. J. et al., “State of the Art in Ultrahigh-Voltage Transmission,” Proc. IEEE, Vol. 100, No. 2, Feb. 2012.  db-32

Fig. 21. Bulk Power Corridor with GILV400-kV installation at
Kelsterbach, Germany. *

S Site View: Status October 2009

O Pushing the
GIL Element
by Element
%

and
O Phase by " GIL vs. Cable

Systems | 4 Systems

Costs
Customer: Amprion Transmission Capacity: 2 x 1,800 MVA
Location: Airport Frankfurt Length of GIL: appr. 1 km
Award of Contract: July 2008 Gas for Insulation: 80% N2, 20%SF6

Installation: first directly buried GIL

—

£
t :'PES 2012.05.24  * Hammons, T. J. et al., “State of the Art in Ultrahigh-Voltage Transmission,” Proc. IEEE, Vol. 100, No. 2, Feb. 2012.  db-33
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Modular Multi -Megawatt /-Cell /-Level Energy
Storage-Interface Converter

A one-phase cluster

o

|
I

Energy Control Center (ECC)

A converter cell (bridge)
with the cell-level battery

—=<X] @Kv;s-

o—... ..' As a dc-based
[ [/ f ]

renewable energy
source interface

| |
... '.. converter
Il (°Varplications)

(== 2012.05.24 db-34

)

Modular Multi -Megawatt /-Cell /-Level Energy
Storage-Interface Converter

CAES - Compressed
Air Energy Storage

A

ECC in the back-to-back configuration

o
=CIis

C

-

ECC in the back-to-back configuration

As ac-based
renewable energy

LY R o [ | source interface
° converter
(wind

applications)

(== 2012.05.24 db-35
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Research Needed to
Replace Electric Energy “Railways” with “Highways”

1. Network Architectures and Control
— Hierarchical network of dynamically-decoupled,
electronically-interconnected, sub-networks
— Distributed generation, storage, loads, and intelligence
— Continuous control of all energy flows
— Enabling of efficient market mechanisms

2. High-Power and High Power-Density Converters
— New materials, active and passive devices, thermal management
— High-density integration and packaging, especially HIGH-VOLTAGE
technologies and UNDERGROUND transmission / distribution

3. Safety and Reliability
— Safety & protection (need to prove that DC with VSC & bi-cables could
be safer than AC)
— Reliability & lifetime (need to prove that electronics is inherently more
reliable than electro-mechanics)
— Security and availability (need to prove that decoupled networks are
inherently more robust and resilient)

(CFPES  2012.05.24 db-36

“Need to prove that DC with VSC & bi-cables
could be safer than AC.”

“Need to prove that electronics is inherently
more reliable than electro-mechanics.”

High Megawatt Power Conditioning System Workshop NIST, Gaithersburg, Maryland, USA
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Frequency Variations during 2008 Florida Blackout

Flanda Event Reglay L-ased on FNET(Red) and PMU(Blue) l.unu ements
2272008 DIBH

me. 1803.11.0UTC 60

50 05

Latitude, degraes

59.95

83 85

105 w0

L H i i i L
160904 16.08.09 180313 16:08:47 10082 160036

Tame, UTC

“Need to prove that decoupled networks are
inherently more robust and resilient.”

@
(CPES  2012.05.24 db-37

Education Needed to
Instigate Innovative Intellectual “Ecosystem”

____1etlgdte IMnovdative delicoiudl  £ECosystein
1. Network Architectures

Computational

Hierarchical network of dynamically-decoupled, infrastructure for
electronically-interconnected, sub-networks hierarchical
— Distributed generation, storage, loads, and muItidiscipIinary,
intelligence multiscale
2. Energy Transfer Protocols and Markets modeling, analysis,
- Continuous control of all energy flows design, and
L - Enabling of efficient market mechanisms optlmlzatlonj
(. . . )

3. High-Power and High Power-Density Converters Experimental
— New materials, active and passive devices, thermal ;. frastructure for
management Hierarchical

— High-density integration and packaging low- to high-power

4. Safety and Reliability validation of

_  Safetv & protection electronic control of
y&p energy traffic

L — Reliability & lifetime )
_— Need new engineers = power + electronics
0

CF‘?ES 2012.05.24 db-39

High Megawatt Power Conditioning System Workshop NIST, Gaithersburg, Maryland, USA
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Why SiC Power?

SiC’s Material Difference

Copyright © 2012, Cree, Inc.

e 10X Breakdown Field of Si

— Lower specific on-resistance and
faster switching for the same

breakdown voltage

e 3X Thermal Conductivity of Si

— Higher current densities

e 3X Bandgap of Si

— Higher temperature operation

]

Semiconductor Properties

i B

4H-Silicon Carbide  Gallium Arsenide Silicon

mBandgap (&%)
@ Breakdown Field (MY/cm)
OThermal Conductivity wf (cm2 = K-1)

pg. 2

[ 4
[ 3
[ 2
1
0



For more than 60 years, silicon — - a8 = B_ut In terms of delivering additional
has been the “go-to” material Sgl& \. A fficiency, silicon is nearing its limit.
for power semiconductors.

silicon—we’ll take it from here. }

Silicon Carbide is the most efficient and highest reliability
power semiconductor material in the world today

—and it will power our future.

MOTOR & MOTION CONTROL SOLAR TRACTION WIND ENERGY SERVERS AND MANY MORE




Cree Commercial SiC Power Product Portfolio

ZERO RECOVERY™ The Z-FET™ MOSFET
Rectifier Product Family Product Family

600V Z-Rec SiC JBS Diodes 1200V SiC DMOSFET
1,2,3,4,6,8,10 & 20 80mQ & 160mQ available today
650V Z-Rec SiC JBS Diodes

4,6,8,10 & 20A <7 (o
New! Z-Rec 1200V SiC JBS Diodes / oo

2,5,7.5,10,15, 20, 30 & 40A
1200V SiC JBS Diodes

]

5,10, 20 & 50A
1700V Z-Rec SiC JBS Diodes Packages
10 & 25A THROUGH HOLE: TO-247 TO-220,

Fully molded TO-220,
SMT: TO-252 (D-Pak), TO-263 (D2-Pak)

- [ —
B B 6
Copyright © 2012, Cree, Inc. - (]



Cree Commercial JBS Diode Production

*In FY2011 Cree * Over 5x Cost Reduction
Shipped >113 GVA Result of 3 Factors
— 61% Increase Over 2010 — Higher Quality SiC Material
— 66% CAGR Since 2005 — Larger Production Volumes
— SiC Wafer Size Increased From
Mega-VA of Cree SiC JBS Diodes 3inch to 100 mm Diameter
120,000
100,000 SiC Cost Reduction Over Time
80,000 ’/-i
1 F=
o N A=
40,090 - BB LN
20,000 | = . . Y H B B B IS
e . NN I S S o = = = =
0 - A1)

2005 2006 2007 2008 2009 2010 2011 ' 2005 ' 2006 ' 2007 ' 2008 | 2009 | 2010 | 2011 |

A E— ——
Copyright © 2012, Cree, Inc. LKhh s@




Industry-Lowest Field Failure Rate of Cree SiC JBS Diodes
._-—-—-—'—'_'_'_-_-_-_-_ _________'_'_‘—'—-—-—-_.

Cree Field Failure Rate Data since Jan. 2004

0.16

CSDxxx60 205,000,000,000

C3Dxxx60 81,000,000,000 0.09
C2Dxx120 46,000,000,000 1.35
Total 332,000,000,000 0.31

* This rate is 10 times lower than the typical silicon

330 billion device hours in the field with an
industry-leading FIT rate of only 0.31

Copyright © 2012, Cree, Inc. pg. 6



Z-FET™

Industry’s First SiC MOSFET Available in Volume Production

)
1)
T
ITl
/||"\,

CMF20120D-silicon Carbide Power MOSFET

L-FET™ MOSFET

N-Channel Enhancement Mode

Features

Package

Vv

Ds

R

DS{on)

ID{MAX]

= 1200V

= 80 mQ
@t.=25°Cc =33 A

Industry Leading Rps(on)

High Speed Switching

Low Capacitances

Easy to Parallel

Simple to Drive

Pb-Free Plating, RoHS Compliant, Halogen Free

Benefits

Higher System Efficiency

Reduced Cooling Requirements
Avalanche Ruggedness

Increased System Switching Frequency

Applications

Part Number

Package

CMF20120D

TO-247-3

®  Solar Inverters
®* High Voltage DC/DC Converters
® Motor Drives

Avalanche Energy =2.2 J

CREE®



Solar Inverter Example Using
1200 V/20A SiC MOSFETs

7kW 750V DC link 3-Phase Solar Inverter

(Fraunhofer Institute, Freiberg Germany)

99

98
. /f** IR M S [~ 2% Efficiency \
37 7 Improvement vs. Si IGBT
% * fff hh-_-""-—___.___

.f B Record PV efficiency since
BT o SIC MOSFET demonstrated at 99.05%
s || ~=—IGBT Module BSM15GD120DN2 QVith SiC power devices j
i) 1000 2000 3000 4000 5000 G000 T000
AC power W

A E— ——
Copyright © 2012, Cree, Inc. pg. 8 L Khh s@



1200V SiC MOSFET Results in
Dramatic Improvement in APEI All-SiC Inverter

e

—
Actual Size Comparison

28” |Characteristics Commercial Si Inverter APEI, Inc. SiC Inverter Comparison
Heat Sink >
Power 5 kW 5kw Same
Cooling Free Air Convection Free Air Convection Same
Peak Efficiency @ Pk Power 95.50% 96.75% APEI increased efficiency 1.25%
Power Loss 205 watts 162 watts APEI reduces losses 27%
Size 28.5"x 16" x 5.75" 45"x9"x9" APEI > 7x smaller volume
Volume 2,622 cubic inches 365 cubic inches APE| > 7x smaller volume
Mass 58 Ibs. 7.25 lbs. APEI > 8x lighter
Pk Temperature Capability <125°C >225°C APEIl 2x temperature capability
14”
Heat Sink

| i 77 All-SiC inverter

-"‘--..,—l—-'-'-_ -

: operates at 225C

: - 7x smaller
&; - 8x lighter
- has 27% lower losses
Commercial APEI, Inc.
Si Inverter SiC Inverter




1200V Gen2 SiC DMOSFET With
Dramatically Reduced On-Resistance

""_ Forward I-V characteristics
1200 V Gen1 SiC DMOSFET 1200 V Gen2 SiC DMOSFET
120 : . . . . o 120 es=20V . . . .
S0V | 25C [N T 7 V=10V
wlffmsl
< < [/
804 w 80 -t b e
- (- |
o o |
8 60 560 ______ .
c ] £ | |
@ 404 © 40 J-Jf-f-te e .
5 a -
20 - 20 ------ ------
_ ‘k‘i/VGisv
0 0 .
o 1 2 3 4 5 6 7 8
Drain Bias (V) Drain Bias (V)
Rsp.on = 9.0 mQ-cm? at Vg = 20V Rp.on = 3.6 mQ-cm? at Vg = 20V

..‘_ | 1 I |
Copyright © 2012, Cree, Inc. L Khh e@



Reliability of Cree’s SiC Gate Oxide

for SiC MOSFETs
Ramped TDDB at 175°C -

o
oo O O o
.~ N O m @

0.05]
0.021

Cumulative Failure Fraction

le+5 1e+6  1e+7  1e+8  1e+9
Lifetime (yr) Projected to 175 °C and 20 V

e Projects to a MTTF of ~ 400 million years for SiC MOS
capacitors at Vo = 20 V gate bias

..‘_ | 1 I |
Copyright © 2012, Cree, Inc. L Khh e@



10 kV/10 A SiC DMOSFETs Developed
Under DARPA/ONR HPE Program

e ————
16 — | |
B . K
14 + Conducting >10 A R
: Ao S
[ VG =20V at 25°C ‘:g::.... s
— 12 T “.0‘.0‘ .t'.
r DG -t
$ %‘2’:" R
E 10 ':;ero'. ’g' *
2 QX ISR
5 8 N A‘}:...o ot PO —
O . \‘o\.o" .‘oo"’
£ 67 \"“ﬂt”' ad
© [ o »* ot
6 4 L ‘eao’.:,o" *
\“4°.v ”’....QQOOOOOQvVvv
2 ‘\’}}?’.’ ..000»000”°““
NPT
0 :5:0::000000 T I R R R R T R S R R S R R AR
0 2 4 6 8
Drain Voltage (V)
1.E-07 ¢
9.E-08 +
8.E-08 +
< 7Eo08 §
c F .
£ 6E08 1 Low Leakage 10 kV Blocking
=1 F
o 5E-08 VG= 0V at 25°C ]
o 4.E-08 f
% sE08 ¥ . . ot
3 2.E-08 " """“W"u_&w".wvww""‘-'-“
A R 1.E-08 +
0.E+00 +
10 kV/1 0 A S|C DMOSFETS 0 1,000 2000 3000 4000 5000 6000 7,000 8000 9,000 10,000

Drain Voltage (V)

Fabricated on 100 mm 4HN-SiC Wafer

A E— ——
Copyright © 2012, Cree, Inc. LKhh s@



10kV/10A SiC DMOSFET On-Resistance vs. Temperature -
Means Good Current Sharing Between Devices in Parallel

e

o
= =
9 3
G s O
S 3
—— .
& <
£ N
1d
50 100 150 200 250 *Schaffer et al., Mat. Res.
Soc. Symp. Proc. Vol. 339

(1994), pp. 595 — 600

Temperature (°C)

Ron,sp INcreases about 3x with a temperature increase to 200°C
Increase dominated by drift layer resistance




10 kV/10 A SiC DMOSFET
Clamped Inductive Switching

30

T 30 6
Turn-on Time =197 nsec | }’DDS Turn-off Time = 144 nsec — ?EDS
] g — VGS |, ] A —ves [1,

15

VDS (kV)

10

ID (A), VGS (V)
VDS (kV)
*\H‘“

ID (A), VGS (V)

W, = 1.23 mJ/cm?

-5

1.2 11.3 11.4

toon = 17 nsec Time (usee) ¢ =180 nsec to orr = 50 nsec Time (usec)  t..,= 94 nsec
10 kV/10 A SiC DMOSFET 10 kV/10 A SiC DMOSFET
Turn-On Waveform Turn-Off Waveform

A E— ——
Copyright © 2012, Cree, Inc. pg. 14 L Khh s@



Power Loss Comparison Between
SiC 10 kV Switches and Si IGBTs

Copyright © 2012, Cree, Inc. pg. 15

33 A/cm?
500 Hz | 5 kHz 20 kHz | 50% Duty
5 kV 5 kV 5 kV 100°C
Device BV I:sw,sp I:sw,sp I:sw,sp PCOHdISP
(kv) | (W/em?) | (W/cm?) | (w/cm?) (W/cm?)
Cree
SiC DMOSFET | 10 4l 40 160 100
Cree
SiC n-IGBT 12 6.5 65 260 66
ABB 2%
Si IGBT 6.5 72.5 725 2900 182
5SMX 12M6500 ]



Excellent Reverse Bias Safe Operating Area
For 10 kV/10 A SiC DMOSFET

Courtesy: Dr. Allen Hefner, NIST
14 | | 14000

RN
N

e - 12000

fffffffffffffffffffffffff 10000

RN
o
|

(00)
|

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ‘ 8000
%%%%%%%%%%%%%%%%%%%%%%%%%%%% 10KV, 10A | s000

Drain-Source Voltage (V)

<

=

o

5 6 -

S 200° C

I i - 4000

a Square RBSOA
2y 1 b At Full Rating | 2°%°
0 I \AA 0
2 | | -2000
0.E+00 1.E-07 2.E-07 3.E-07 4E-07 5.E-07

Time (s) -

- — —
B B 6
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Off-State Blocking Reliability
Of 10 kV SiC DMOSFET

— HTRB of 10 kV SiC MOSFET

200 A MM%M
DUT Temperature = 200°C
é 150
S8
° E 100
g8
m £
Se r
~ 50 ent
-
o
0 .
0 100 200 300 400 500 600 700 800 900 1000
HTRB Duration (hr)
Courtesy of Penn State EOC PENNSTATE

o
Prof. Joe Flemish & Mike Horgan W EG

Y MmN I=Cry n B E——
lllllllllllll K O
Copyright © 2012, Cree, Inc. hh (]



Highest Voltage Schottky Diode
10 kV/10 A SiC Junction Barrier Schottky Dlodes

I— 4 5E-06 ‘ : N
15.0 : : : 4.0E-06 ,,,_250 ,,,,,l,,,,,,,J ,,,,,,,, o L
: e e
1 1 1  3BE-06 {{——100C| 1 S
125 —---mmmmm o of g e B AL < | | | |
| | S —1500 : : 77777777 : 77777777 : 7777777
| | | % SOE08 T 2000 | |
100 —ooomm fo A AR i S S £ 25E06 |t — —
< | M | | | | |
Tos A4 N 2 2.0E-06 -------bommmmmo ool oo Y
3 | | | S 15E-06 1 Blocklng >10 kv e
N ””””” ® 4 0E-06 ; ‘ ; ;
25— fS Conducting >10 A _ 5.0E-07 * ***** M T
, 0.0E+00 . i i i
0.0 - ‘ | ‘ | | | 0 2000 4000 6000 8000 10000 12000
0.0 2.5 5.0 7.5 10.0 12.5 15.0 . . R Volt
Voltage (V) Ch|9 S|Ze everse Voltage (V) '
15 L o, | o _ 10.6 mm x 8.3 mm
] : ; Fast Switching
/g 104 om SEEPPPTR. LOW QRR
E ol "f, p"ulllllllll\
S v il S|CJBSD|ode {| sEBERERER
= _
o Ay ““'lll..
3
o
'15 T | T | T | T | T | T
750 500  -250 0 250 500 750

Time (ns)



Current (Amps)

10 kV/10 A SiC JBS Diode Switching

Inductive Switching Characteristics

JBS Diode
T B 25°C | 125°C
10 Ny t., 365 ns | 350 ns
] . lrmee) | 3-15A | 3.15A
- JBS Q, |0.84puC |0.79 uC

O04--- 7 &Y~ R N ~ .

5 ......... PiN Diod.e'.

‘) m
A0 TP SR A 25°C | 125°C
. L =

. T %, t. 400 ns | 550 ns
750 500 250 0 250 'Escl)p 750 lrmpe) | T-2A | 11.4A
Time (ns) 70,;‘.‘ Q,, 1:.8' uC | 4.0puC



10kV/120A SiC DMOSFET - JBS Diode
Half H-Bridge Module Capable of 20 kHz Operation

e e

Si Schottky
SiC
G1 JBS
S1P ——
S1D2

H L sic
G2 —||— A J|'35

Each switch comprised of 12 paralleled 10kV/10A SiC DMOSFETs
Each rectifier comprised of 6 paralleled 10kV/10A SiC JBS Diodes
Series Si Schottky to bypass SiC DMOSFET body diode

Copyright © 2012, Cree, Inc.




HPE III 10 kV/120 A Half H-Bridge Module
Static HTRB Verifies High Voltage Capability

18 1 .
; ~e—SN006 Q1 @ 5KV
16 ¢
: ~=-SN006 Q1 @ 6KV
14 4
<
2 124
O
O i
10O [
® ¢
1) [
il
S 67 <
© [
g 4,1 ) | skvbDC | [ 6kV DC
E I )/
2 s
h“ N\ W e s nFa
0 500 1000 1500 2000 2500 3000
Elapsed Time (Hrs)

Copyright © 2012, Cree, Inc.



10 kV, 120 A SiC Half H-Bridge Module
Switching Waveforms

5 kV

."'."*" e o P B, i g,

P e e i

70 50.0A v MO By 500M
| T 1.0kVidiv

u I ca ] -"L o0y
M0 By:s00M  Dg

500ns 20.0G5is

S0.0psa/pt
Trig Dily: 1 events Run Sample
B\ soov 6 acqs RL:100k
— | mMan

January 16, 2009

ZCAMNEREX

&

Imag nation at work

)
:::l

I||I||I
Illllll
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4 Stage - Single Phase (13.8 kV AC to 465/V3 V AC)
SSPS Demonstratrated by GE and Tested at NSWC

One Stage AC-AC Building Block

SSPS installed for testing at NSWC,
Philadelphia (picture courtesy of NSWC & GE)

Single Phase 1 MVA SSPS

Stacks tested to full power at GE




Dramatic Reduction in SiC Module Size and Weight
In 13.8 kV AC to 465/V3 V AC SSPS

SiC 10 kV Modules are 9% of the Weight and
129% of the Volume of Si IGBT 13.5 kV Module

SiC MOSFET Module Si IGBT Module
10 kV, 120amps 13.5 kV, 100amps

SOMWEIREX | ‘REE &



Dramatic Reduction in Transformer Size and Welght @
In 13.8 kV AC to 465/V3 V AC SSPS |

Los Alamos National Laboratory
High Frequency Transformer

A Court f
* Los Alamos Bill Roass.
250 kVA - 20 kHz transformer 330 kVA 60 Hz transformer
16” high 55” high
75 Ibs

2700 Ib

-- [ 1 |
regrasonoccr .. REE®



4 Stage - Single Phase (13.8 kV AC to 465/V3 V AC) @D
SSPS Based on 10 kV/120 A SiC DMOSFET Modules & =%

Single Phase SSPS - Demonstrated 860 kVA Operation

W
¥ Y e -
~ e —a

3 | N &
A » B - = b

40% Reduction in Size @

Single Phase Testing 2

FOMWEREX CREE®

imagination at work




15 kV/ 20 A SiC p-IGBT

World’s First 15 kV Semiconductor Switch Gl e

-_

SiC IGBT Power At Your Fingertips!

15 kV/20 A SiC p-IGBT
50 / —

) |/
[/ et

30 Vge=-15V
Vge=-10V

—Vges# -5V

——Vge= 0V

20

Ic (A)

0 5 10 15 20
Vce (V)

* 15 kV/20 A SiC p-IGBT

*Ve=6.5V@ 20 A, Ve = 20V

+ State-of-the-Art SiC p-IGBT
Developed Under ARPA-E

15 kV SiC p-IGBT — World’s Highest Voltage Semiconductor Switch ADEPT Program

C
"
m
®




SiC p-IGBT and SiC n-IGBT Operation

I

=

P- drift

-

e current ZS

P field-stop buffer

Small PMOS NMOS with

N | driving a big cond. mod.
=10:11in4H-SiC NPN BJT drift layer

Qi °|)\i"e? PR—
CREES

Copyright © 2012, Cree, Inc.



15kV/20A SiC p-IGBT

DC Device Characteristics at 25°C Uirpare

J—

Gate

E"‘“t;f 15 kV SiC p-IGBT - Highest Breakdown Voltage

Ever Reported for a Semiconductor Switch!

120 - 100.0p
P- drift 110 - e
2x10"4 cm3, 140 pm 100 - ——ID(10v) 80.0p |
90 ooy
P field-stop buffer 80 - s0.0u |
2 um, 1 — 5x10'7 cm-3 — 70 3 <
N* injector/Substrate :Ggg ; =° wal
40
Collector
30 7 200p
SiC P-IGBT Structure 20
) 8.4 mm 10
_ 0 Ideeeeeeee——eeeee—— 2000 0 2000 4000 6000 8000 10000 12000 14000 16000
0 5 10 15 20 25 30
VeelV)
-V (V) i
@ 15 kV Blocking
Room Temperature

Copyright © 2012, Cree, Inc.

Device Characteristics
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No Latch-Up Observed
In 15kV/10A SiC p-IGBT

arpPa-e

140 A 60.0
120 50,0
<
100 - £ -40.0
_ =
< 80 A O -30.0
~ i S
—060— $ 200
e 3
40 ] é-m.u-
20 ] = 0.0
i 10.0
0 LI B L L O B L
0O 5 10 15 20 25 30 35
- Ve (V)

Dr. A. Hefner, NIST

| | 6.0
SiC p-channel IGBT-IG3
Ratings:15kV,5 A
Active Area: 0.15 cm? -+ 5.0
T=25°C
\ -4.0
- 3.0
\
\\\ I I 'li
JLTRRY | | r -2.0
NS
AR WY
-1.0
s 0.0
Rg=15.5 Q, L=240 uH
1.0
0.0 1.0 2.0 3.0 4.0
Time [us]

No Static Latch-up @ I.=145A @ 22.5V No Dynamic Latch-up
during turn-off transients:

lc = -40A

=> Current density: 906 A/cm?
=> Power density: 45 kW/cm?

Copyright © 2012, Cree, Inc.

30

—500V
=750V
—1kV
=125 kV
—1.5kV
175 kV
2kV
=3 25 kV
25kV
—275kV

Collector-Emitter Voltage [kV]

=3 KV




15 kV SiC p-IGBT and n-IGBT Device Structures

(Based on SiC DMOSFETS)

Emitter

P- drift
2x10'* cm-3, 140 um

P field-stop buffer

2 um, 1 — 5x10"7 cm?3
N* injector/Substrate

Collector

SiC P-IGBT structure
QEPA-©
- -

Emitter

N- drift
2x10"4 cm3, 140 um

P* injector

Collector
SiC N-IGBT structure




12.5kV/35A SiC n-IGBT R,
QTP le l(C

DC Device Characteristics at 25°C
.—-—-—'_'_-_-_-_-_-_-_-_ _____-_____-_-_'_‘—-—-—.
. Gat . . . gn .
Emitter - 12.5 kV SiC n-IGBT With Specific On Resistance
ﬁ (Ronsp ) ©f Only 5.3 mQ-cm?!
) — 1.0X10™ pryr—ypye ey
N- drift V__=20V ]
2x10"4 cm3, 140 pm 40 15V . g.ox10° F
N field-stop buffer _ *°[ 1 _soxio°t
2-10 um, 1 — 5x106 cm-3 < < :
Collector " i 1oV 1  zo0x0° - \
SiC N-IGBT Structure oF . ool
-2 " (.) " ; " :1 " (.5 " é " 1.0. 1.2 " 1.4. 1.6. 1.8. 20 . 0.0 2.0k 4.0k 6.0k 8.0k 10.0k 12.0k 14.0k
Ve (V) V. (V)
: | V=41V @5 A, Vge = 20V , 12.5 kV blocking
~ =6.1V@32A (200 A/cm?) (Vge=0V)
R,, s, = 5.3 mQ-cm? Room Temperature
(VG’E;’ 20V, V.= 6.1V) Device Characteristics
6.7 mm i:"'%i:_:;i__
32 A 4 BT | (]

Copyright © 2012, Cree, Inc.



12.5kV SiC n-IGBT Turn-Off Switching 2/

QrpQ-e
Up to 8 kV at 25°C and 175°C -
(o) o

20.0 25°C 14.0 20.0 175°C 14.0

16.0 Ratings: 12kV,5A |1 13.0 16.0 Ratings: 12kV,5A | 13.0

12.0 - Active AIea: ?.15cm2 112.0 12.0 Active Area: 0.15cm?| | 49
— 80 i [ 1 DS L T T
= 40 1100 2 = 40 100 =
= 00 — 90—~ 00 ‘ 90 o
© 40 80 o o .40 80 3
S 80 70 2 = 30 = 70 =
© 12,0 60 ° & 120 - 60 =
= -16.0 50 _ ~ 6.0 | /- 50 ~
o 200 | - 40 o 200 | ~ 40 @
= 240 - 30 © 2 94 | 30 =

-28.0 - 20 -28.0 | 20

-32.0 | /\: 1.0 -32.0 | 1.0

36.0 0.0 360 | - 00

-40.0 ‘ ‘ ‘ ‘ ‘ ‘ -1.0 -40.0 \ \ \ \ \ -1.0

05 1.0 15 20 25 3.0 35 40 05 10 15 20 25 30 35 40
Time [us] Time [us]

Measurements by Al Hefner at NIST

- — —
o = 6
Copyright © 2012, Cree, Inc. - (]




15 kV/20A SiC n-IGBT (Lot #4A)
Successfully Demonstrated

QrpPQ-@

e

-

15 kV/20 A SiC n-IGBT Lot #4A

Die Size: 8.4 mm x 8.4 mm / Active Area: 0.32 cm?

50
V=20V
40
7.0V @ 20A 15V
30 \
[ 10V
108
(1] S
0 . 5 10 15
VCE (V)

20

2.5x10°

2.0x10°

1.5x10° b

(A)

—©1.0x10° }

5.0x10° |

0.0

15 uA @ 15 kV ~
Vge=0V

20k 00 20k 40k 6.0k 8.0k 10.0k 12.0k 14.0k 16.0k

Vee (V)

Room temperature, on-wafer measurements



Dramatic Improvement in SiC IGBTs
Under the ARPA-E ADEPT Program

arpa-e

50

40

30

Ic (A)

20

10

12 kv/ 0.5 A SiC p-IGBT

—Vge=|-25V
—Vge=|-21V
—=\Vge=-17V

—Vge= -13V
—Vge= -9V
—Vge=| -7V

5 10 15
Vce (V)

é

20

Ic (A)

12 kV/35 A SiC n-IGBT

50

40 I‘

—Vge=20V

—Vge=s15V
——Vge=10V
—Vge= 5V

Nl
.

\/
vgesu-Vv

10 /

0
0 5 10

15

Vce (V)

20

Ic (A)

50

40

30

20

10

15 kV/20 A SiC p-IGBT

[

/

/

/
-

Vge==15V
~=Vge=-10V
—=Vgez= -5V
——Vges 0V
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* 12 kV/0.5 A SiC p-IGBT & n-IGBT

*Ve=6.5V@0.5A, Vg = 20V
* Previously Developed Under
DARPA/ONR HPE Program

SiC IGBT - Room
Temperature
Forward I-V

Characteristics

*12.5 kV/35 A SiC n-IGBT

*Ve=6.5V@ 35A, Vg = 20V

« State-of-the-Art SiC n-IGBT
Developed Under ARPA-E

ADEPT Program

* 15 kV/20 A SiC p-IGBT

*Vp=6.5V@20A, Vg = 20V

 State-of-the-Art SiC p-IGBT
Developed Under ARPA-E
ADEPT Program

* Dramatic Improvement in SiC IGBTs Under ARPA-E ADEPT Program
* Over 40x Increase in Current Rating of SiC n-IGBTs and SiC p-IGBTs
* 15 kV SiC p-IGBT - Highest Voltage Semiconductor Switch Ever Developed

CREE®



Highlights of SiC IGBT Development S AEAA . @
Under the ARPA-E ADEPT Program Cirpare

—_—

* Developed 15 kV SiC IGBT — World’s
Highest Voltage Semiconductor Switch

—Over 2x Higher Than
6.5 kV SiC IGBT

~ SiC IGBTs Capable of Switching
" Over 20x Faster Than Si IGBT

*15 v |C IS|t Ie Id s
nghest Voltage Semlcondgctor SW|tch . Higher Voltage and Switching Speed

o of SiC IGBTs Enables a 3x to 5x

ﬂ - ui'“.\ Reduction in Size and Weight of Solid

-
( ‘ 'l State Transformer (TIPS)

wiﬂmwﬂwuu / * SiC IGBTs Result in a 3x to 4x
“="' N Ry Reduction in Losses for Solid State

- 15 kV/10 A SiC p-IGBTs Fabricated Transformer (TIPS)

On 100 mm 4HN-SiC Wafer . — ——
CRE=S
Copyright © 2012, Cree, Inc. 36 - (]




NCSU Developing TIPS R
Based Upon 15 kV SiC IGBTs QrpPG-@

22 kV

o o4

GRID

13.8kYV, 3-
Phase supply

RECTIFIER
MODULE

Analog input Analog input
PWM %

800 V DC Bus

TE®

GRID
"1' ot 3 e [| K80 Volt,
1 3-Phase

i supply

DIGITAL
CONTROLLER

a

DIGITAL DIGITAL
CONTROLLER CONTROLLER

CAN Communication CAN Communication

Develop 13.8 kV to 480 V Solid State Distribution Transformer

With Dramatically Reduced Weight and Size

TIPS Functions as VAR Compensator On Both HV and LV Side.
15 kV SiC IGBT Power Switches on HV Side and

1.2 kV SiC MOSFET Power Switches on LV Side

High Frequency Link Nanocrystalline Transformer

Provides Magnetic Isolation

- - CREE®




11526DCC1: 15 kV, 1 cm?, SiC p-SGTO

e

Gate

Anode

P+

Gate

P- drift layer: 2x10%* cm3, 120 um

P buffer layer: 2-5x10Y7 cm3, 2.5 um

N* field-stop layer: 5x108 cm3, 1 um

4°-off, N*, 4H-SiC Substrate

m1

Cathode

BN

wo

A, . ive = 0.5214 cm?
Gate Pads

3

Anode Pad

-—
NN NN
uoneulwia|
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11526DCC1: DC Characteristics of SiC p-SGTO

— s ——

» V(100 A/cm?2) = 5.47 V, V; (650 A/cm?) = 10.68 V
> Avg. Roy gitf = 9.5 mQ-cm? at 100~650 A/cm?
> Avg. Ry gitf = 5.99 mQ.cm? at 600~650 A/cm?

350 T+ 1.5E-07
300 1 leae = 100 mA 126 nA at 15 kV
Ancive ~ 0.521 cm? ™~
250 )
< 200 1 -
< < 1.0E07 - K
< X ®
= 150 17 90 %
100 é i 00.. ..o.. .Q.O‘O{“Mof.
1 100 A/cm? : ‘("'“ D
o] O i E ety et
O LI I R B B rr 1 r1 11 r1rrr1rrri1 5OE'O8 lllllllllllll
01 2 3 456 7 8 9 1011 0 5000 10000 15000
n - VAK (V) VGK (V)
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11526DCC1: 1 cm?, SiC p-SGTO: on-wafer BV maps

12 kV @ < 1 A yield: 77.6% (38/49)

12 kV @ < 1 pA yield: 73.5% (36/49)
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11526DCC1: 1 cm?, SiC p-SGTO: on-wafer V; map

Avg. V; = 6.98 V, Median V; = 7.09 V

Lot : 11526DCC1 [ ] V@ 99.9A
————————— Wafer : JU0453-13 99999.00 g =200mA
B 5t7

HE B B B m Nroe

723 691 671 686 9999900 L © t0 100000

7.32 6.68 6.55 6.49 6.59 8.07 99999.00

\I.J "]F"'F'E'_}EFJ"

H 680 688 741 7.04 657  7.06 99999.00
Aveiage: 1.93 Mirsmun: (.36 [] [] [] [] [] [] [] [] []
¥ 195 Mo 17677 723 684 7.40 803 746 668 654 663 1.7

ol e
Deviation: 33109 . . . . . . .

e : 99999.00 6.92 781 7.06 655  6.42 99999.00
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Semi SiC Advantages

Material property Si 4H-SiC GaN
Bandgap 1.12 eV 3.25eV 3.4eV
Breakdown field 0.25 MV/cm ~3 MV/cm ~3 MV/cm
Thermal conductivity 1.5 W/cm«K 4.9 W/cm-K 1.3 W/cm-K
Electron mobility 1200 cm?/V.s 800 cm?/V-s 900 cm?/V-s
Dielectric constant 11.7 9.7 9

Silicon carbide is an ideal power semiconductor material
Most mature “wide bandgap” power semiconductor material
Electrical breakdown strength ~ 10X higher than Si

Commercial substrates available since 1991 —
v now at 100 mm dia; 150 mm dia soon

o Defects up to 1,000 times less than GaN
o Thermal conductivity ~ 3X greater than Si or GaN

SiC UPDATE 2
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SemiSouth SemiSouth Introduction

SemiSouth — SiC Power Semi Technology Leader

— 1200V -1700 V Trench “normally — off” JFETs
— 650V, 1200V - 1700 V Trench “normally — on” JFETs
— 1200 V Schottky Diodes

SemiSouth silicon carbide trench technology offers higher efficiency, greater power
density & higher reliability than comparable silicon-based devices

Servers SiC Wafer

SiC UPDATE 3



SemiSouth SemiSouth VJFET Technology

SemiSouth

- Why the SiC Trench JFET? Vertical-Channel JFET*

4 Cost

4 3-10 X smaller die size

a Up to 50% fewer manufacturing steps
Performance

4 5-10X lower switching energies

@ Normally-on or off (industry first and only)

& Enables high-frequency and high-efficiency

& Industry best on-resistance per unit area 10um/6EIS n drift
Reliability n* sub

& Rugged structure for SiC JFET switch Drain

< Over 1,000 hour HTRB

< No known degradation issues - (+) Few mask layers

& Robust operating range *  (+) Low RPT
(+) R(on)sp = 2'3 mQ*Cm2

n channel

SiC UPDATE 4 4



Semi Industry Leading Performance

Proprietary Compact design leads to ultra-low specific on-resistance in power
JFET (normally-on or normally-off versions available)

100 [ & SemiSoutn WJFET S/ . .
_ | A SicwosFET - e B SemiSouth first and onIy to
— L & GaN Dewies - A / i .
g I S offer TRENCH SiC JFET
o P GaN g 7 / . ' .
£ CiiEless 4/ / beginningin 2008
L .
o 10 M - // / . ‘pe
£ R YAV * Near theoretical specific R
S gl -
s . L ¥ A /,q/// * Normally-OFF OR Normally-
o’ - . .
7 AL«‘&QGT" N/ / ON use same device structure
7 of % & .
# ol @g@é /o s & manufacturing steps
T S N L Lioh reliabil
o [ AN * Righ reliability
0.1 ‘ / ’/

100 1000 10000
Breakdown Voltage (V)
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Semi Advanced JFET Concepts

High Current Normally-Off 3.3kV Design Normally-Off

Normally-off SiC JFET — 3.8kV Design

«  Demonstrated novel channel design for Lo e =
(edge termination limited)

improved saturation current

«  Significant increase in current and ’ Exzeptlonal!y low Rds(on) = 200mOhms - >
increased threshold range 50A saturation current
40 -~ Uniform —— %01
: — — Non-uniform _ - - i
_ . I=100mA _”" > 45% 50 | 200mOhms .
< 307 - v , R
~ : J - ot
S : / g 1l o
S B I 0
= - A / = ot cossv0se e
5 20 y % ” "”’”’ ‘,.0000000
= 25°C". 7 _——— a NGl
.a - -~ - i ‘0’:0"
E 10 A == 2 |
Y/ = = . 3 0600000000000 00000000000000
150 OCI ................ 300 W/cm’ i “zj‘,..o posssse
............. 10 %
R 34
0 T T T T I 'Q“
0 1 2 3 4 5 0 &‘:;00000000004'00000000000000000000000000 PO 000 o000
0 5 10 15 20
Drain Voltage (V) VDS (V)
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SemiSouth  Comparison IGBT vs SiC

JFETs gegen IGBTs

« Comparison of Vincotech Module 2 100
With IGBT vs SIC JFET f welaed - o kiz
’ 99.0 —77‘15—“:-—:‘%?’—'

. Dotted Line SiC 3 |~ M
a Blue 8kHz -> Red 64kHz /

> You can switch high Frequencv/ 97.0 /
86.5 74“10"5:}1:

« Non dotted Line: IGBT /

< Blue 8kHz -> Red 64kHz /

‘ You can not switch high Frequency  Pour (kVA)

S Vincotech =
Bild 4: Effizienzvergleich won MNPC-Modulen mit Silizium-I1GBTs [durchgezogene Linien) und
SiC-JFETs (gestrichelte Linien) bei Schaltfrequenzen von 8 kHz (blau) bis 64 kHz (rot)
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Semi Performance Validation

WORLD RECORD Power Conversion Efficiency*

“We now use junction field-effect transistors (JFETs) made of silicon carbide (SiC) manufactured by
SemiSouth Laboratories Inc.. This is the main reason for the improvement”, - Prof. Bruno Burger,
leader of the Power Electronics Group at Fraunhofer ISE, July 2009 press release.

» Single phase Heric® » Three phase full bridge inverter
« Commercial inverters @ 98% * SemiSouth JFET boosts efficiency 1.2%
* SemiSouth’s JFET lowers losses ~ 50% « SemiSouth JFET operates 3X higher freq.
100 — (i | 100 (i |
Fraunhofer Institut Fraunhofer Institut
99,5 Solare Energiesysteme 99 Solare Energiesysteme
0% | | | H
99 -
o7
o //
= 985 / = 06
g 98 g 95 o .’/
2 g ’/ =8 normally off SIC-JFETY (48 kHz
£ = 94 ¥
w 97,5 f / = Si-IGBT Generation 4 ({16 kHz)
/ \ 93 N—"
o7 ll/
/ -=- 350V HERIC 16kHz 92
96,5 1 o1
=d— 350V H4 bipolar 16kHz ]
96 T T . T 90
0 500 1000 1500 2000 2500 3000 3500 0 500 1000 1500 2000 2500 3000 3500 4000 4500 5000 5500
AC-Power / W AC Power/W

* Bruno Burger, Dirk Kranzer, “Extreme High Efficiency PV-Power Converters,” EPE, Barcelona, Spain, 8-10
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SemiSouth  SMA SiC JFET Inverter

1 98.74% 98.8% |

0,990 R = T 1
L e =L, E o B - |
0,985 Esiciaeaaeziizes-n i
O OO Oyl | r
o I e
& 98.2%
£ 0970 - =
£ o o SR Ef | DC link voltages (400 up to 800V) - ,Ph z
0,940 iciencies at severa ink voltages up to - oton test
4 SiCIFET norm-off d P ! —
0,955 i
= f ~®= SiC JFET norm-on . X . . .
0,950 { = _— Inverter with Si switches Inverter with SiC JFETs normally-on
0,945 +m— {1||1|I 100 800 800 : - -
EREE ) -
e ] \e] o] ] 9 \e] 5
Q(.g) 0} Qr.]' Q?’ QP Q,‘." Q'P Q::" Q?’ Q?' 716 716 -
- 50 674 | | 674
P/Pn S 632 S 632
B3 o 589 g 589
S 547 S 547
go = ] :
505 | 505
75 463 | 463 .
421 [ i 421 .
70 _ : : : : | : : . : ]
O 20 40 60 80 100 120 O 20 40 60 80 100 120
Puee / Pipp nom [%] Pee / Priep nom (%]
e =
Inverter \ Efficieny N max N
with Si semiconductor switches 28,2 % 973 %
with SiC semiconductor switches 28,8 % 979 %
* European Efficiency - specific weighted average value 20

=  Dr. Regine Mallwitz, SMA: SiC & GaN User Forum, Birmingham 2011
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Semi SMA Quote about SiC

1. Technical benefit of SiC semiconductors %

SiC devices promise

*  Jow switching losses

high rated voltages

high operating temperature

high radiation hardness

For PV inverters this properties offer possibilities toward

o improved effiency above 99% = reduction of cooling effort = system size
(at same switching frequency like today)

o higher switching frequencies > reduction of system size = system costs
(at same level of losses like today)

o higher level of output power = reduction of specific cost (per W)
(at same switching frequency and losses)

o higher DC input voltages

= Dr. Regine Mallwitz, SMA: SiC & GaN User Forum, Birmingham 2011
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Semi Automotive prototype inverter

» Future Power Electronics Technology
(FUPET) has developed an all-SiC-
device-based three-phase inverter with
a 0.5-liter volume, verified to achieve
an output power density of 30kWh/I.
"We believe this is the world's highest
output power density for a small-
volume inverter," commented FUPET
officials.

» Using SiC junction field-effect transistor
(JFET) devices procured from
SemiSouth Laboratories, the power
modules operate up to 200 °C.

* 500cc inverter connected to a three-
phase motor achieved 15kW output,
which is 30kW/l or 30W/cc. At 15kW

Sato, et al, International Conf. on SiC and output, conversion efficiency was 99%.
Related Materials, Sept 2011

SiC UPDATE 11



SemiSouth SiC JFET power module

WER
%?O EQ:\
e

Only 36 mm? of JFET die area per switch position

<
3
<
A
o
£

(4 x SUDC120R045)
500 T VGS= 2 20 T
SO0 15
ID 300 : RDS,on-IO _
(A)200 ma) ™= 1
100 + 3V 5]
0 ! 0 T T T 1
0 2 4 6 8 10 50 150 250 350 450
VDS (V) ID (A)

Turn-on energy  Turn-off energy Total switching losses
Enhancement-mode SiC VJFET 0.72md 0.46 mJ 1.18 mJ

Depletion-mode SiC VJFET 0.33mJ 0.90 mJ 1.23 mJ
Si IGBT (Infineon) 8.5md 8.5md 17.0mJ

SiC UPDATE 12




Semi Summary

a SiC trench JFET production since 2008

O Size and weight reduction are key elements to fight increasing faw
material cost

Q High frequency (power density) with improved efficiency is key to
reducing weight and cost

-2 HV SiC devices are possible, and scaling to higher currents

O What devices are needed for MV — HV applications?
Q /nitial insertion applications?

O Device requirements?

O Cost targets?

SiC UPDATE
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Status of SIC Power Devices for
Compact High-Efficiency High-Temperature
Power Circuits

Presented to NIST’s High Megawatt PCS Workshop
May 24,2012

C. JA(Skip) Scozzie

Energy and Power Division
U.SBArmy Research Laboratory

301.894.5211, charles.j.scozzie.civ@mail.mil
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O Army Platform Power Requirements and Motivation for
SiC Power Device Research

O Status of Continuous SiC Power Devices
v Technology Background
v Results of 1,000 hr Power Module Evaluation
v Future Plans

O Status of Pulse SiC Power Devices
v Technology Background
v Pulse Power - Results of 1,000 shot Evaluations
v Future Plans

UF Summary

TECHNOLOGY DRIVEN. WARFIGHTER FOCUSED.




* ¥ g;ppggm Army Power Problem

« Power loads continue to rise on all militaryfplat_forms. Mission Capability on
current and future platforms is driven by effective use of electric power.

« Deficiency - Limited Space/Payload available to provide power
without compromising mission load payload allocation

« SiC-based converters provide greater power density and finer
control than Si-based converters — however maturity /reliability
and cost is still arisk factor to PMs.

« Focus on increased efficiency and temperature for size reduction
and fuel economy

Military per Capita Fuel Consumption

120
a ! Oil: 1990-Present
Korean
Tk

War 140

N
o
S

|
= Desert e

n Storm  Iraq 3-

120 Aprill, 2008 5100.58
October 1, 2007: S80.24
1 Year Ago: $64.57

3 Years Ago: 346.50

Up 162% since short-term
bottomon 1/18/07

o
(=3

FUtu re S5Years Ago: 579.03

&0 Eatrina: 569.81

2]
oS
L

N
o

9/11: 527.77

1/18: 550.48

Fuel Consumption per Soldier [gal/soldier/day]

N
o
I

~ Best Case ; : ;*!
[ ]

1920 1940 1960 1980 2000 2020 2040 2060 0 91 97 93 9S4 5% 96 97 S8 9 OO0 01 02 O3 O4 O5 O O O&

TECHNOLOGY DRIVEN. WARFIGHTER FOCUSED.

Iraq War: 528.50
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% (%) Bﬂ@ Power & Energy Application Regimes

SOLDIER ) Wt

Requirement:
72 Hour Missions

Technologies: Hi
Technolagies: Fuel Cell APUs, Switching & Con

Reformii ey MEMS Intelligent Pow W" Inage mer
' i Integrated TherntaliManagesie
'

, _ PLATFORM &
' Technologies: High Energy WEAPO N S

Batteries, Hybrid Power
Sources, Photovoltaic

DOMAINS: Soldier, C4ISR C4ISR, Air, Ground Ground, Effects
MicroWatts to 10s of Watts 100s of Watts to 100s of kW Up to 1000s of MW
TECHNOLOGY DRIVEN. WARFIGHTER FOCUSED.




SiC Power Electronics

£ BOFCOM -
y e Army Benefits
Reduced SWAP, reduced cooling requirements, Army F(‘;:;gf/";‘:)mpﬁ°"
increased efficiency at high voltage and higher operating Category (o cetime] Wartime
temperatures. Overall, easier to integrate onto military OPTEMPO| OPTEMPO
. .y . Combat Vehicle 30 Q62
ground vehicles than silicon based systems and provide Combat Airoraf 120 07
significant deltas in fuel economy and mobility gactical Vehicle| ‘21: %
enerators
performance. Non-Tactical 51 51
] Total 291 1040
» Size /| Weight: Up to 2X smaller and lighter compared Def. Sci. Board Task Force on DoD
to Si circuits. Energy Strategy Report (2008, pg. 41)

Power: 70 % more efficient than Si Circuits and, hence, 1- 3 % fuel savings for
mechanical-drive platforms and even greater for HEVs (operated at < 3 MPH).

Cooling: greater operating temperature (>100°C coolant) and
high efficiency, cooling system SWAP is significantly reduced.

Reliability: Si power electronics (80°C coolant) have no thermal margin.
SiC power electronics (100°C coolant) have >60°C margin
and can provide ‘Limp Home’ functionality.

Endurance: ability to sustain operations for an extended time without
support or replenishment.

WARFIGHTER FOCUSED.



Power Electronics

High Temperature Requirements

= Current acquisition programs allow separate coolant loops for power electronics
ranging from 30°- 70°C

» Next-Generation vehicles will reduce the number of vehicle cooling loops;
power electronics would be cooled at same temperature as engine (up to 113°C for
pressurized WEG systems)

= Resulting in junction temperatures up to 200°C

» Engine compartment temperatures up to 150° C upon start up

= Some conductively cooled applications that will operate in a 70°C ambient environment

= Air-cooled applications for battlefield power generation could required
Junction temperatures > 200°C

» Requiring SiC high-frequency operation at high-temperature will push the limits of the devices
as well as the packaging technology......... not to mention the limits on passive components.

= Technology will need to be transition by FY17 to cut into Next-Gen vehicle designs

TECHNOLOGY DRIVEN. WARFIGHTER FOCUSED.



Electrical Power Architecture for
29 !?HFEDM Mechanical Drive Platform

Integrated Bi-Directional
Starter  Common Power HV DC-DC

Generator Controller Power Converters

70-400 kW 70-400 kW Distribution 10 kW

To 28V
= | oo
' i i . Bi-DDCDC | = L
Electrical Architecture Attributes: Fantvotor e :éﬁa'iﬁner el e L
. - Feo nverter —— .
* 600 V Power generation s  ponetes ?strlbutlon
* 28 V Battery i ";} _  losuuonf
« 28V and 600 V DC busses g Fanvorr e e .
. . . EUEs | To 28V
« 28-600 V Bi-directional DC-DC conversion : : Loads

High Voltage k

* 240 V AC Export/Import Power capability . ; “ower
0 AC Load 0 Distribution |I | Bi-D DC-DC
Power: 5— 200 kW Current: 30 - 700 A 10-30 kW-<—f v (6101) Converter e
Temp: 80°-150°C ; pistbution fif !
(28V)

| Coolant
++—— Pump

k
Battery
Coolant I

Manager
Export Power ' pump
Inverter ————_ Export ' |
, mport
15-100 KW Power 1
|_ Inverter J
Jet Turbine 1200 hp (Abrams) Import or Battery Charger
Diesel 150-1500 hp (Others) Export Power E
nergy

Storage
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Electrical Power Architecture for

=Y RDECOM Hybrid-Electric Drive Platform

.5..
HED Capacitor ~ ~ 7 %
Bank  0.8—10 kV Pulsed
DC-DC converter

1200 kW
500 kW Traction

Traction ) Machines 1500 HP (1200 kW)
Machines | Diesel Engine

Electrical Architecture Attributes:

* 600 V Power generation

* Electric Drive v/

« 300 V Battery v/

« 300-600 V Bi-Directional (Batt.-Bus) Converter v*

* 600 V and 28 V Busses ?/

* 600-28 VV DC-DC conversion

500 kW 3-

* 240 V AC Export/Import Power capability Phase Power o
Power: 5 — 1200 kW Current: 30 - 2400 A inverters
Temp: 80°-150°C 1200 kW AC to DC 600 VDC bus

Converter

Bi-directional
400 kW DC-
DC Converter

TECHNOLOGY DRIVEN. WARFIGHTER FOCUSED.




Army Platform Modernization

Power Electronic Survivability Architecture

Rationale:

» Support hybrid armor, emerging
survivability/lethality

* External distribution (uncooled)

* Local high power energy store w/o . Centralized System underarmor

engine operating or
' Distributed Systems in multiple locations
Challenges for energy distribution and redundancy
+ High temp, high freq, high current, | JoMosreriased  LionBateryCols | iggiintetemved
low loss switching Designs & | LE_CO_P:::;,":‘:: Pulse Chargjl %
« High freq/ high Bsat/ high temp ' | | LFe-Phosphate . 2= s}

advanced magnetics

Modules of Parallel SGTOs

« High voltage “power brick” battery

 High temp/ density storage &
conversion capacitors

« Ultra-Fast Hi-voltage GW switches

.| Power Brick UHP |

« Cooling through conduction only Intermediate Integrated SGTO Switches
; 5 nergy Store \
Voltage: 10-450 kV  Current: 0.1-250 kA | spoment Coroaton {777 i ﬁ;& E
Power: MW-GW Temp: 60-100°C .. ||« glf HED Caacitors, : | ==
High-Temp.| | Long-DC Life 3 Nano-Mangetic
Capacitors | 1 pHslgDTsIEquge Materials and |

Designs
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A High-Temperature High-Efficiency
¥ ROECOM ) SiC MOSFET Power Modules

4 In 2007 Q1, PM FCS requested ongoing SiC ManTech program (FY04-09) to accelerate
SiC power MOSFET & Diode development to replace Si power electronics

v Lack of desired top speed for MGV HE drive due to losses in Si power devices
v’ Potential for single point failures of Si TDS power modules at high operating temp.

0 By end of ManTech program, SiC MOSFETs had been matured to 80 A (16X increase)
and diodes matured to 100 A (10X increase)

O FCS TDS developmental power module populated with 900 A of SiC power devices
v" Initial operation using both 80° and 100°C coolant for 200 hours (FY10)
v" 70 % reduction in losses (at both coolant temp’s) over Si TDS module at 80°C
0 Subsequent TDS modules populated with 1,000 A of SiC power devices (FY11)
v. 1000 hr (80°C coolant) evaluation completed maintaining same efficiency
v 1000 hr (100°C coolant) evaluation is planned for this FY
O Under additional funding (FY11 ARA) SiC MOSFET design matured to 100 A
/v Subsequent power modules to be implemented and evaluated at 100°C WEG this FY

O PM GCV requests cont’d SiC investment to mature power devices for transition in FY17
v" Mature high-reliability SiC ManTech processes required for 10,000-15,000 hr life time

TECHNOLOGY DRIVEN. WARFIGHTER FOCUSED.




1.2 kV Silicon Carbide Power Modules
Progression from 90 to 1,000 A

conditions: 0 Demonstration of SiC MOSFETs and Diodes

* Irus = 92-A

Ti=186°C in High-Temperature Power Modules
20/ POW cootant from FY 2008 to present

* Fow = 10-kHz

* Duty =69%
Vy 160-V = 1200V /90 A power module demonstration

*Vour = 491-V

o Operated using 90°C coolant
o Paired 50 A Power Die operated up to
186°C junction temperature in boost converter

Paired Large-area (0.6cm?2) SiC MOSFET Die
Operating at T, = 186°C in Boost Converter

= 1200 V /400 A power module demonstration
o Operated using 80° & 100°C coolant
o 50 A die show near-perfect current sharing

Near-perfect SiC MOSFET Current Sharing In 1200 = 1200 V /900 A power module demonstration
V / 400 A Module Operating at 100°C Heat Sink o Operated using 80°C coolant for over 200 hours

e af 900 A G B0y o Under Stall-Zero condition
— umn urrent 8

Peak Voltage ~ 980 V

o 80 A die show near-perfect current sharing

= 1200 V /1000 A power module currently under test
0 1000 hr evaluation planned for initial reliability
o Operating using 80°C coolant
o Drive profile continuously cycled
o Currently at > 900 hrs of operation with no

1200 V. / 900 A Module Operating at 80°C Heat Sink Under significant changes in device characteristics

Stall-Zero Condition for 200 hours

TECHNOLOGY DRIVEN. WARFIGHTER FOCUSED.




£Y roECOM )

High-Temperature High-Efficiency

SI1IC MOSFET Power Modules

Electrical Loss (W)

Peak Junction Temp. (C)

Stall Zero Full Power Full Speed

Traction Condition

OSi, Tc=80°C mSiC, Tc=80°C 0OSiC, Tc=100°C

Stall Zero Full Power Full Speed

Traction Condition
OSi, Tc=80°C ®BSIiC,Tc=80°C 0OSIiC, Tc =100°C

Results from 200-hr Evaluation for
250 kW Traction Drive Application

Cree Devices

J Demonstration of SiC MOSFET TDS Power Modules

= 1200 V /900 A developmental power module demonstration
o Operated using 80°C & 100°C coolant for > 200 hours
o0 Under Stall-Zero condition
0 25 -40 % reduction in losses over Si for fault condition
0 70% reduction in losses for normal use condition over
Si (estimated based on exp. Data)

= 1200 V / 1000 A fully-functional power module

0 1000 hr evaluation for initial reliability completed

o Operating using 80°C coolant

o Drive profile continuously cycled (Churchville B
course)

o No significant changes in module characteristics

0 70% reduction in losses for normal-use condition over
Si (experimentally confirmed)

o 1000 hr evaluation planned at 100°C heat sink

= Si Modules with 13.9 cm? IGBTs and 8.4 cm2diodes
= SiC Modules with 5.6 cm2 MOSFETs and 3.1 cm2diodes
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Results from1000 hr Evaluation of Fully-
£ RPECOM D Functional SiC Power Module at 80°C Heat Sink

—r

= tal

1 U OO0 S

2 L0000 Hours—

a 100 HoOOrs

Eon # Eoff (mJ / Pulse)

Forward Resistance

| = 400A Qutput
* 600A QOutput
» 750A Output

+ Snubber Removed

~—————— -
Gate = -5V

500 750 1000

500 750
Run Time (Hours)

Stable Low leakage when off No change in Die Temperature
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Cree Devices

13




A ) Status & Future Plans
P SIC Continuous Power Devices

O GEN-1 (ManTech) 1.2 kV / 80 A SiC MOSFETs and Schottky Diodes

v Capability of SiC Power Modules to operate at high temperature (80°-100°C WEG)
and provide 70 % increase in efficiency over Si-based modules (200 hr evaluation)

v' Initial reliability of SiC Power Module established at 80°C WEG for 1,000 hr under
‘Churchville B’ course conditions with no degradation in efficiency

v' Same Power Module to be put under another 1000 hr test at 100°C WEG this FY

d GEN-1 (ARA):1.2kV/>100 A SiC MOSFETs
v" Next GEN devices with same die size as GEN 1 but with increased efficiency

v" Power module to be implemented and 1000 hour evaluation at 100°C WEG
under ‘Churchville B’ course conditions

0 GEN-2: 1.2 kV />200 A SiC MOSFETs (WEG >100°C)

v" Proposed and current programs to increase power rating and mature
technology to MRL8,TRL7 (at enhanced reliability and reduced cost) by FY16

v Current programs will mature to only MRL6/7, TRL6; and at increased cost

v" Proposed programs need to be fully funded to insure transition in FY16/17
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ole : - Y Die GTO Pulse Switch Technology Comparison
s e 14 >12
el i 2 12 ~10
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3.9
| | N 4 2.7 34
| )
£ 0.2 0.04 0.05
s O
< Power (MW/10) dl/dt (kA/us)  dV/dt (kV/us)
Hasill Dot S m Si- Whole Wafer 0OSi-Die ®SiC - Die
O Die on 4” Dia afe Packaged Pulse Powe Assembly (400 kA
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16

-Results of Small-Scale Module (2.4 cmZ2 die area)
=¥ RDECOM 1000-Pulse tests at Wide and Narrow Pulse Width

Wide-Pulse Performance

\1&1000 I

Vi, pulse
at #1000

[T =

- |
Viepulse [ g
#1 -

Voltage (V)

600
Time {ps)

600 800 1000 1200
Time (ps)

SiC SGTO module peak current. SiC SGTO module forward voltage drop.
Overlay of pulse 1 and 1000. Overlay of pulse 1 and 1000.

Narrow-Pulse Performance

- -
o o

V)
=

ise1 @8 kA
Ise 1000 @ 8 KA

----—-Foward Voltage @ 8 kA (1 pulse)

— Foward Voltage @ 8 kA (1000
pulses)

Foward Voltage (
- -
N B O ® O N

Time (ps) _ Time (ps)

SiC SGTO module peak current . SiC SGTO module forward voltage drop

Overlay of pulse 1 and 1000. Overlay of pulse 1 and 1000.

Cree Devices
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Initial Results for Wide Pulse Evaluation
1 cm2 SiC GTOs

GTO#5at 3.0 kA GTO#5at 3.0 kA

[
—Pllsa

—Pulse 10
Pllse 1007
Plllsa 300

—Pllse 500

—Pulse1 |
—Pulse 10 |
Pulse 1001
Pulse 300
—Pulse 500 |

Lo T (S T S - B o o T s B S T S o I - ]

%

\

Current (A)
Voltage Drop (V)

A 0
8001000 1200 1400 00 600 800 1000 1200 1400
Tirne (j1s)

v" 50 % Increase in Current Density over previous Gen Switch (0.6 cm?)
v' Data has been taken (but not available) to show 1 cm2 die provides
5 kA at narrow pulse width application

Cree Devices

TECHNOLOGY DRIVEN. WARFIGHTER FOCUSED.
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— Initial Results for Narrow Pulse Evaluation

=9 Bnﬂm@ SiC SGTO 1 x 2 Arrays (1cmn¥ die)

0 P 9 VN

/ ‘\ A2 8 / \ —Pulse10
8 / \ s 7 [ \ Pulses0
7 / \ —Arays I \ —Pulse100
6 b

Current (kKA)
on
/
Cathode Current (kA)
--"/

2000 20 40 60 8 100 120 140 160 180 200 220 0 ' ' ‘ ' ‘ '
-20 0 20 40 60 80 100 120 140 160 180

Time (s) Time (us)
Four SGTO arrays (2 cm? die area) Array #3 (2 cm? die area)
each switched at 9 kA Initially switched at 9 kA for 100 pulses

TECHNOLOGY DRIVEN. WARFIGHTER FOCUSED.
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A Status and Future Plans for
=9 ””@ Si and SiC Pulse Switches

0 Si SGTO Since 2004:

v Baseline Die size (3.5 cm?) has remained the same
v" Increased Peak current (from 10 to 16 kA) and Blocking Voltage (from 4 to 6.5 kV)
v Developed ‘Stitch’ Die at increased die size (2 X) and Current (2.5 X)

O Si SGTO Future Work as Near-term solution

v' Optimize packaging to handle increased current and voltage for baseline die
v Continue with Stitch Die to optimize current density and voltage (6.5 kV)
v' Optimize standard module package for ‘Stitch’ device’s increase current density

O SiC SGTO Since 2004:

v Increased Die size (from 0.16 to 1 cm2)
v’ Increased Peak current (from 0.8 to 5 kA) and Blocking Voltage (from 2 to 12 kV)

0 SiC SGTO Future Work as Mid- to Far-term solution

v' Increase die size up to 2 cm?
v' Increase peak current to 15 kA and Blocking Voltage to 15-20 kV
v Optimize Si standard module package for SiC increased current and voltage

&l Current program will mature to only MRL6, TRL6 and at increased cost

& Proposed programs need to be fully funded to insure transition in FY16/17

TECHNOLOGY DRIVEN. WARFIGHTER FOCUSED.




Fal ﬁp@ SiC Power Switch Summary

O Continuous Power Applications

v SiC TDS module operating at 80° and 100°C WEG with 70% greater efficiency than
Si TDS module; and at 40% replacement.

v" Proposed and current programs to mature MOSFET to 300 A@ > 100°C WEG

U Pulse Power Applications
v' Si SGTO die pulse switch operating at 10X power density of Si whole-wafer switch
v' SiC SGTO die operating at 2 X greater power density than Si SGTO die

v Proposed and current programs to mature SiC switch power density
by another 2-3X at increased efficiency.

0 Above component work can reduce power system size by up to 2X for continuous
and 4X for pulse power applications with efficiencies at >2X vs. Si-based systems

0 Proposed programs need to be fully funded to insure transition in FY16/17
; v Current programs will mature to only MRL6, TRL6 and at increased cost
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« Part of DARPA ‘High Power Electronics (HPE)' program

» Objective — compact, light-weight power converters & transformers for US Navy
enabled through high voltage SiC switches

Low Frequency Conventiona

Transformer (analog)
« 2 7TMVA

« 13.8kV/450V (A/Y) 60Hz
« 6 tons/each

= 10 m3/each

« fixed, single output

Demonstrator Transformer:

Estimated SiC-based Solid State

Power Substation (digital)
- 2.7 MVA

= 13.8kV/465V (A/Y) 20 kHz
* 1.7 tons/each

= 2.7 m3/each

* multiple taps/outputs

13.8kV AC — 465V AC High Frequency Solid State Power Substation (SSPS)




Solid-State Power Substation (SSPS)
- DARPA ‘High Power Electronics (HPE)'" Program

GE Global Research System Design/ Integration, Component Characterization

- Los Alamos

E5T.1943

GENERAL DYNAMICS
Electric Boat

Virginia UNIVERSITY OF

Tech WISCONSIN

M ADIS ON

SiC Devices/ Packaging

High frequency Transformers

Ship Integration Requirements

Modeling, Alternative architectures



220 kVA, 60 Hz
dry-type xfmr

330 kVA, 60 Hz
oil-filled xfmr
(1,220 kgs)

Oil-filled design, water-cooled Dry-type design, forced air-cooled
(45 kgs, IAP Research) (35 kgs, Los Alamos)

250 kVA, 20 kHz transformers
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Si IGBT assembly, 10kV, 160 amps

(3x 4.5 kV devices in series)
e Conduction drop > 10V
* Switching time >3 ms

SiC switches - size and performance benefits

SiC module, 10 kV, 120 amps (Cree,
Powerex)

* Conduction drop <6V
» Switching time < 100 ns

SiC Module:

turn-on/ turn-off @ 5kV, 100A



|_
|
|—

10 kV SiC MOSFET

= T\

10 kV SiC JBS diode

]

SIC chips — Cree
Module - Powerex



13.8 kVAC |

building block

10 kV SiC bridge

267 VAC,

[ |

/

10 kV SiC bridge

High frequency transformer

e
=i
=
e
- 4 \ J
\

HF transformer




Single-phase SSPS at Navy test lab

v' Demonstrated at 1 MVA, 13.8 kV/265 V
v’ Efficiency at full load > 97%

v’ 1/3"d weight of conventional transformer
v’ Clean 20 kHz waveforms

v Balanced sharing of voltages/ currents

v" AC input current/ output voltage THD < 5%




Thermal Measurements

Ddratlbn o: tesft: 2; ou;rs :
Load: 3000 A

Tme6mnDv  HV device’heatsinks

4 1

Scan Count: 1047 Of 1047 Elapsed Time: 02:54:20.000 Of 02:54:20.000 Clock: 12:20:02.227

SSPS temperature measurements — 2 hour load
 Inlet water — 25C test

e SiC Modules — low temp rise
» Cooling of HF transformers and busbar/ connections is challenging



* Option Program
- 1 MW, 4160Vac — 1000Vdc supply for AMDR
radar, - TRL6 testing in Q4 2012

« 1/3" volume, 1/10" weight of existing supply

Prototype under assembly

Present PCM-4 SiC PCM-4/1A
Weight: 35,000 Ibs 3,500 Ibs

Volume: 168"W x 60"D x 81"H 60"W x 60"D x 60"H
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Testing July 2012 - Real-Time Digital Simulation
Power Hardware and Control hardware in the Loop Testing

A
% USIVTESIEY 4B

e SOUTH CAROLINA

_.:: e -"'-..____ P
[ B
E i

AND DEVELOPMENT CONSORTITIM
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Renewables

- Enable power conversion and grid interface at higher voltage to reduce complexity and cost

Rail

- More efficient locomotive drives - reduce switching/diode recovery losses

- Compact transformers/electronics for catenary interface

T&D

- Reduce number of series devices needed to handle high voltage.

-  HVDC/ FACTS converters with lower component count/ complexity
- Compact solid-state distribution transformers

(smaller footprint, added functionality, oil-free)

12



Cost — need market volume and higher yields

Reliability - need validation from early adopters

Limited current ratings for present devices/ modules

- T&D, Drives, Wind applications will require higher ratings
- Need large-area chips with good yields

Development of supporting HV components — passives, gate drives,
packaging, insulation, ..

For HV applications, need to be cost-competitive compared with multilevel
converters with LV silicon

13
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ARPA-E PORTFOLIO

Broad Solicitation Electrofuels PETRO BEEST BEETIT GENI

IMPACCT GRIDS HEATS REACT ADEPT
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http://arpa-e.energy.gov/ProgramsProjects/Electrofuels.aspx
http://arpa-e.energy.gov/ProgramsProjects/BEEST.aspx
http://arpa-e.energy.gov/ProgramsProjects/BEETIT.aspx
http://arpa-e.energy.gov/ProgramsProjects/IMPACCT.aspx
http://arpa-e.energy.gov/ProgramsProjects/ADEPT.aspx
http://arpa-e.energy.gov/ProgramsProjects/GRIDS.aspx
http://arpa-e.energy.gov/ProgramsProjects/OtherProjects.aspx

Delivering Electricity

TReL

...day-ahead market & spot market coordinate additional generation

As demand increases...

...generator spins up: coal/nuclear/gas (day-ahead), gas (spot market)
...power flows into the grid

...electrons flow along path of least resistance

..the load draws power from the grid

:J B o . :
\i . I ) \ i b} Advanced Research Projects Agency * Energy



Workshops find the white space

Control Theory Control Engineering
- Centralized -
Network Linear Dynamic
control _
c Scheduling Real-time
Distributed onvex

Architecture Routing

Transmission

Hardware
Resilient HVAC
Multi-term
HVDC
Point-point
Thin AC Power HVDC

Flow Control



Actuators

Reference Value

1 Schedule demand

s T (eg. large industrial loads)

Controller

\ 4

Plant

A

Actuator
Bz

Control in the Grid
Flexible AC Transmission System

Storage

Make renewables dispatchable

AT e 3. DEPARTMENT OF

- - . - =N u.s
i e Ya W/ ) . ENERGY
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GENI TOOLKIT

SCucC
/SCED
AC-
Scalable |—| OPF
Computing ‘_’
|_| 10k bus test case
lHelli Tran P%-tozFb'l't convex
Parallellism ansient stability Relaxation

~ Wind \ / ‘real-time’
|ntegrat|0n _\_# | dISpatCh of
test cases alt
|_’ Stochastic hardware
optimization
Renewables : Distributed
Integration control

\ Q l I J \Q * Bj Advanced Research Projects Agency ¢ Energy



Vertically Integrated Teams
HV Grid-Scale Transistors and Solid-State Transformers

Cree
. 15KkV, 0.6 pA 1rem
0.5} .
i 0.4} . 36 cm
—0.3}p ) 30kVA, 50kHz link transformer
0.2} .
0.1} _

oof T . o= mm- g y 0
5.0 30k 6.0k 90k 7120 15.0K 1 M .F(! /m
V_(V) w1 vmmmm \ /f
CE

UHATENN ARR
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GENI ARCHITECTURES FOR THE GRID

Routing electrical power

Mobilizing large numbers (100k) of small assets




Benefits of Routing Power

Today: Uncontrolled Flows

G8
Y
2

7 kil

0

Power flow control to route power along underutilized paths, 80% less transmission

Power Routing

26 | 28 | 29
4 38
- @
17 > v 2 GO
L 0.2 MWs
L
_ 16 . 0.15 MWs
v Csending Bus)
0.13 MWs | ——
A G6 (v
15 0.8 MWs 5
Y +
0.34 MWs :
J_ 14
2 T 19
1]
1 | 13 20 -w _
10 | *’ %ad Bus> 6
Y h
13 2 @) a7
PN G5 G4
)
G3

infrastructure required

GA Tech study of simplified IEEE 39 Bus system with 4 control areas, operation simulated for 20 years, 20% RPS phased in over 20 years,

sufficient transmission capacity added each year to eliminate curtailment of renewable generation

QrpPA-E@

Advanced Research Projects Agency ¢ Energy
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TOPOLOGY CONTROL ALGORITHM

o Large size of most real-world power system models (~10k) in the US
e Large number of additional integer variables representing on/off line states

* Not separable
power flow equations embedded in the optimization formulation

Example
ISO-NE: 689 generators, 2209 loads, 4500 bus, 6600 binary variables

Topology control (DC-OPF approx):
82 hrs [CPLEX on dual-core. 3.4GHz, 1GB RAM]
to optimize state only 4 transmission lines

savings +5% for summer peak conditions / + 7% for a medium load summer condition

Hedman, K. W., O'Neill, R. P., Fisher, E. B., and Oren, S. S. (2011), “Smart flexible
just-in-time transmission and flowgate bidding,” IEEE Transactions on Power Systems,Feb 2011.

\ a l I ) \ \i ® v) Advanced Research Projects Agency * Energy




ROUTING POWER TODAY

Utility: AC Univesal Power Flow Controller

Nia s j : '
001 | qms 1 E‘“
— _\"'\-\_

Dmnkiirk féaiiiken I]-IIHI
Wﬂ“ ,-"F ﬂ- 0.0pz3* TJnnnlsnn oL 016
E H|DI||I|| ‘," "x :
: J__ 1.0050
0.3

— Transmission |imes (345 k¥ and above)
Transmission lmes (230 k)

Snurce: Navigant Consulting inc

U.S. DEPARTMENT OF

( o4~ N(C) , ENERGY
\ . I \ \b /-' Advanced Research Projects Agency * Energy




Vertically Integrated Teams
Power Routers

FT ke
' L umm
nad ¥ mw‘m 4

augment existing transformers

Q') Varentec =P + 10X lower than BAU ($30/kW)

Georgia@ EIL"AUKESHA‘" e 13 kV/1MW units in tie-line field demo

Tech TRAINING - COMPONENTS = 13 kV 5 bus test bed to show routing

SOUTHERN A
COMPANY
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ARPAE PROGRAMS DEFINE PROBLEMS...
...NOT SOLUTIONS

NYPA UPFC

Varentec (GENI)
$20-30/kVA

SmartWire(GENI)
$36k-60k/mile

|

P
pg———_—

ORNL (GENI)
$4/kVA >

-

[ ——
————

~

[\
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ROUTING POWER TODAY

Multiterminal HVDC

900 -

800 e AC. pIiCE /
700 e [)C price

~ 600
% /
=2 500 )
E /
S
o 400 L<
U —
=
200 -
1 DO Assumptions: 2000 MW line
AC substations & compensation every 600 miles at 80 MUSD
HVDC converter stations estimated at 250 min USD each
0 T T T T T T T T T T T T 1
o O O O 9O 9O 9O o oo o o o O
o O O O O O 9O o o O o o O
0 < W O M~ 0 OO0 O «— N MO < w0
- - T — -

- ) - - /,'—-':\
SN VAR )
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GENI ARCHITECTURES FOR THE GRID

Routing electrical power

Mobilizing large numbers (100k) of small assets




Scalable real-time decentralized Volt/VAR control

global

Load

Center
/

+

local

Key Innovations

« Distributed control through local sensing, computation, and communication, yet
jointly optimize certain global objectives

 Characterize AC-OPF subproblems that are polynomial-time solvable
* Propose a new approach to solve OPF
« 100k inverters for Volt/VAR control

F's

SE ﬁgh Endpoint-based
scalable control
centralized + local algorithms

state estimation ¢ global perspective
contingency analysis
OPF dispatch
simulation

human in loop

relay system
decentralized
mechanical

slow fast

DDDDDDDDDDDD
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i RN o G , ENERGY
9 BPAY B <



Vertically Integrated Teams
Algorithms for Topology Control

Project management, algorithms, impact assessments, integration,
commercialization

Optimization algorithms, market design issues

Express algorithms for voltage and transient stability analysis

Software implementation

Operation and implementation consulting and review

Estimates indicate that implementation of TC in the entire US electrical grid would save
of $1-2 billion in generation costs and would reduce the needs for transmission
iInvestments

@ ENERGY

\ i . I ) \ ® b Advanced Research Projects Agency * Energy



STIMULATING INNOVATION FROM ADJACENT FIELDS

"CHE Demand

Q2 COLUMBIA UNIVERSITY e s !' EE Response
Internet Automation

-~ Server

: A
rreeeer ‘m ‘
- » Internet

OpenADR, low-cost, internet-protocol based telemetry solutions, and
intelligent forecasting and optimization techniques to provide
“personalized” dynamic price signals to milions of customers in
timeframes suitable for providing ancillary services to the grid



Grid Scale Electronics
Cree, NRL, NCSU, ABB

» Developed 15 kV SiC IGBT — World’s Highest
Voltage Semiconductor Switch

20
05 10 15 20 25 30 35 40

Time [us]

175°C
. _ 200 —— 140
15 kV/ZO A SIC p IGBT 16.0 - Ratings: 12kV, 54 || 13.0
Active Area: 0.15 em®
50 , / _ 1:3 “‘“T:?s o 120
. — = . 40 )
. i) ) = 00 90
. = : u o 40 o 40 8.0
' e 7 At S 80 1
By - o, e T ‘ B o i S e / —\Vget-20V ;-;gg :g
« 15kV SiC IGBT Switch Module —World’s 30 Vger-15V-——— 2 4, 30
Highest Voltage Semiconductor Switch < e e Py "
— — ge = - o i
- B L —Vget ov 360 00
, 40.0 1.0
‘ i

10 0.7

0.6f 15KkV, 0.6 pA
0 0.5}
0 5 10 = 0.4k
Vce (V) :,03 N
_ o2}
2 * 15 kV/20 A SiC p-IGBT 01l
* 15 kV/10 A SiC p-IGBTs Fabrlcated *Ve=65V@20A, Vgg =20V h
On 100 mm 4HN-SiC Wafer . State-of-the-Art Sicp-leceT  ®O0p . . .
Developed Under ARPA-E 00 30k 6.0k 90k 120k 15.0k

Copyright © 2012, Cree, Inc. ADEPT Program V_ (V)

IGBT Voltage [kV




HV Grid-Scale Transistors and Solid-State Transformers

NCSU
Cree
6} 15kV, 0.6 pA . 17cm
0.5}
$ 04
3
_00.3
02} . 36 cm
0.1F - . 30kVA, 50kHz link transformer
oof [ ]
00 30k 60k 90k 120k 15.0k P .
N_ (V) CEz=€ JOWEREX
TNANEN & ABB
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SOLAR ADEPT TARGETS

Category 1 $0.05/W >3 >98% Single-chip DC/DC
Sub-module converters | Ccelo-AC Inside Module Frame
converter MPPT
(Smart bypass) /module
Category 2 $0.20/W >600 V >98% <2 lbs
Microinverter >250 W I-to-AC :
(Residential cell-to Integrated: < 10 parts
Category 3 <$0.10/W | 100kW >98% <50 Ibs
Lightweight
(Commercial) cell-to-AC
MPPT
Category 4 $0.10/W > 2 MW >98% < 1000 Ibs
Lét"'ty'sca'e scalable | module-
onverters _
to-grid
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UTILITY SCALE INVERTER

*Weight 10,000 Ibs
1MW Photovoltaic Inverter eModular from 50 kW = 1 MW

Si IGBT (motor parts)

» 30% cost magnetics (steel & copper)
* $0.2/W (in China $0.17/W)
10 yr life (20 yr extended warranty)

«>500kW (approx annual sales 1k units)

U.S. DEPARTMENT OF
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DISSIMILAR MODULES IN SERIES

Module A
5
4
Module A + B
£ /
@
= 3
-
Q
2 /
Module B
1
0
1] 5 10 15 20 25 30 35
Voltage
Shade Power Loss
Series Connection
0.15% 3.7%
2.6% 16.7%




MICROINVERTERS

* Cost to Install

_ * Risk Averse Customers
s » Cost to Maintai_n/Repai_r
with Microinverters (multiple point of failure)

Transformer Utility Grid
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MULTISTAGE INVERTER

BASE CASE

—

. ]
e
I
-=-..__r.t

PV Strings Combiner Central Inverter Transformer Utility Grid

1/10 the weight , 1/3 lower losses, "2 the manufacturing cost

Power Weight Lbs/kW CEC Est. Mfg
(Watt) (Ibs) Efficiency Cost
Powered 35K 34

1200 95.5% S10K
SATC* N 30K 1204 40 95.0% $10K
B SNt 30K 80 2.7 97.0% <$5K

Hi-voltage switches and hi-frequency transformer
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Advanced Research Projects Agency = ENERGY

Home About Funding Opportunity Events & Workshops Programs & Projects , Recruitment Media
¥ Programs PROGRAMS MAIN OVERVIEW
f ADEPT . . . |
ARPA-E programs explore creative “outside-the-box™ technologies that APAA
promise genuine transformation in the ways we generate, store and utilize | I i b f r J
E BEEST energy. Unlike conventional DOE research, ARPA-E funds concepts that INTERRCTIVE'PROIEGT MAP
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Discussion

Applications Requirements: Control, Integration and control of
renewables and storage. Microgrids , congestion relief, supply and
demand response. Distribution Automation.

Stakeholders: Power producers, ISOs, grid operators, utilities, power
electronic equipment manufacturers, energy and power
generation/storage manufacturers. (related stakeholders also include
regulators, safety/standards bodies, rate payers, investors) &
Government.

System Performance Issues: Cost, efficiency, reliability, overload, fault
behavior. Advantages and possibilities

Technical barriers/issues: Controls, communications, anti-islanding,
lvrt, optimization (device, site, system,... ), EPC, Simulation,

Hardware Issues — What are the gaps in terms of devices, systems,
integration, Progress made to date

Potential
Plans-Maps-Gaps
Risk Aversion — Adoption

Rugged, Square SOA

Technology Demonstration Issues (Modeling, Demo)
Technologies, scale, number



Applications Requirements:

Control of voltage, power-factor and faults through
solid-state devices.

Integration and control of renewables and storage.
Seamless isolation from grid outages and
disturbances through microgrids.

Ability to relieve congestion.

Achieve improved demand and supply response.

-speed?

-strengths and weaknesses?
-needs?

-differences from E/M
-devices, solid state, other



Stakeholders:

 Power producers, ISOs, grid operators,
utilities, power electronic equipment
manufacturers, energy and power
generation/storage manufacturers. (related
stakeholders also include regulators,
safety/standards bodies, rate payers,
investors)

-do we have a full discussion?
-can we leverage other issues?



System Performance Issues:

. a. Cost, efficiency, reliability, Temperature
rating, RBSOA, overload, fault behavior

. b. Advantages and possibilities

-5% or 15%?
-"core” cost at high power is ~¥30%

-Sunshot goals? (10c/W)



Technical barriers/issues:

a. Controls, communications, anti-islanding,
lvrt, optimization (device, site, system,... )
b. EPC

c. Simulation



Hardware Issues:

-What are the gaps in terms of devices, systems,
integration?

Technology Demonstration Issues:
Technologies, scale, number:

Commercial Penetration:
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