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Executive Summary

This Naval Power Systems (NPS) Technology Development Roadmap (TDR) aligns
electric power system developments with war fighter needs and enables capability
based budgeting. The NPS TDR updates the Next Generation Integrated Power
Systems (NGIPS) Technology Development Roadmap (TDR) issued in November
2007. It reflects significant Navy changes since 2007 and includes back fit of
technologies into ships already in service and ships under construction as well as
forward fit into new ships. This update also reflects an approach to deriving electrical
requirements and evolving technology alternatives to reflect the needs of the Navy
community. OPNAYV resource sponsors, acquisition program offices, and the Navy
technical community participated in a rigorous roadmap process that evaluated
capabilities and technologies, projected NPS needs, aligned technologies with needs to
identify technology gaps, and provided recommendations to fill those gaps.

Future requirements are identified in the 30 year shipbuilding plan and other
Department of Defense (DoD) and Navy guidance documents. Given historical
technology development cycles and insertion time periods, now is the time to take
advantage of the planning time horizon and begin to influence technology developments
to support out year ships. The primary driver for NPS is to enable capability for legacy
platforms and mod repeat hulls while simultaneously supporting future ships. The TDR
is responding to the emerging needs of the Navy and while the plan is specific in its
recommendations, it is inherently flexible enough to adapt to the changing requirements
and threats that may influence the 30-year ship acquisition plan.

In the near-term planning period, available platforms are limited to existing ships, flight
upgrades, a new amphibious platform (LX(R)), and the SSBN(X). Advanced weapons
and sensors are expected to continue to drive electrical system requirements as are
energy security considerations.

Specific recommendations for near-term development are numerous. Major
recommendations over the next ten years include:

e An Energy Magazine to support advanced weapons and sensors

e Development of energy recovery

e Prototypes and demonstrations for advanced versions of Energy Magazine, ship
power management controller, and energy recovery

e Advanced medium voltage DC (MVDC) technologies as an alternative to AC

e Continued discovery and invention (D&l) basic research efforts

The mid-term planning period introduces several new platforms: DDG(X) in FY 2031,
LCS(X) in FY2030, a large deck amphibious ship in FY 2024, and potentially an
additional variant of DDG 51 in the FY2022-2024 timeframe. Advanced weapons and
sensors with higher power demands as well as energy security will continue to be the
primary electrical requirement drivers during this period. Capabilities such as arctic
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operations, platforms with mission modules, and low observability may play key roles.
The power system envisioned for new ships in the period supports a modular approach
to allow the electric plant to scale up with changing weapons systems and loads over
the life of the ship. Recommendations are provided to continue successful/relevant
near-term efforts and demonstrate NPS for mid-term platforms.

The far-term involves additional uncertainty, but it is expected that additional directed
energy weapons requiring even more power will become available as well as higher-
powered sensors and rail guns of increasing size and capability. It is likely that Navy
platforms will operate these systems simultaneously. The Navy will also introduce
additional modular ships with modular mission payloads and electric power systems will
be required to provide improved power system flexibility. Far-term power systems are
anticipated to become more autonomous and simple to operate, smaller, lighter and
less costly.

This roadmap focuses and aligns the investments of the Navy, DoD, and industry with
the innovative power of academia. Near-term actions are required to support future
naval power systems and capabilities identified in current acquisition schedules. Ship
implementation of future technologies will require innovation that crosses engineering
disciplines. Relevant advances in naval architecture, electrical engineering, material
science, etc. are all expected to contribute to improvements in naval power systems.
The intent of this TDR is to inform innovation decisions by all concerned at all stages of
the NPS technology development process. This TDR will be updated approximately
every two years to provide revised predictions as legacy challenges are answered and
new ones identified.
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l. Introduction
Purpose

The purpose of this Naval Power Systems (NPS) Technology Development Roadmap
(TDR) is primarily to align electric power system developments with war fighter needs
and to enable capability based budgeting. Additionally, this NPS TDR is intended to:

e Establish planning information in order to provide appropriate, mature
technologies to meet platform timelines

e Establish a common thread for electric power systems requirements
across Navy platforms

e Guide Navy and DoD investments in electric power technologies and
products

e Develop common terminology and increase communication with industry

e Influence investments by other government agencies, academia and
private industry

The NPS TDR retains several tenets from the 2007 NGIPS TDR. These include a focus
on reducing total ownership costs, cross platform commonality, providing suitable
quality of service, power continuity, and open architecture.

This NPS TDR is not intended to provide the acquisition strategy or development
strategy for individual ship platforms or programs. The specifics of individual
development efforts will vary in terms of funding, progress, technical and programmatic
issues and future plans. Specific plans and actions are more properly addressed in the
context of those particular programs.

Background

In 2006, the Chief of Naval Operations directed that a Flag Level Steering Board be
established to provide guidance and oversight of power systems development, conduct
a comprehensive review of the technical challenges and recommend a path for fielding
electric power systems subsequent to DDG 1000 class. The Board was directed to
consider both surface ship and submarine future requirements and the power
infrastructure for electric weapons and sensors, as well as opportunities to back fit
technology to improve the capability and fuel utilization of the current fleet. It was
further directed to consider the proper pacing and focus of these efforts with respect to
the available Science and Technology (S&T) / Research and Development (R&D)
budgets.

In 2007, as a result of that Flag Board’s recommendations, ASN (RDA) established the
Electric Ships Office (PMS 320) within PEO Ships to develop and provide smaller,
simpler, more affordable and more capable electric power systems for all Navy
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platforms.> The Electric Ships Office Executive Steering Group (referred to as PMS 320
ESG after PEO Ships instruction dated 30 November 2007) was established to provide
centralized leadership.

The PMS 320 ESG issued the Next Generation Integrated Power Systems (NGIPS)
Technology Development Roadmap (TDR) in November 2007, which outlined the way
ahead for future integrated electric power and propulsion system development.? The
2007 NGIPS TDR described potential future integrated power systems (IPS)
developments in terms of various architectures as well as a functional breakdown of
modules and architectures.

Significant changes have occurred since the publication of the 2007 NGIPS TDR
including:

e The truncation of the DDG 1000 program at three ships

e The elimination of the CG(X) cruiser from the 30 year shipbuilding plan

e The shift of DDG(X) from FY 23 to FY 31

e The higher priority on fuel savings and energy security for both in-service
platforms and those under development

In response to these changes, PMS 320 has developed this update to the 2007 NGIPS
TDR. This update is broader in scope than the 2007 NGIPS TDR and includes back

fit of technologies into ships already in service and ships under construction, as well as
forward fit into new ships in the 30 Year Shipbuilding Plan. This update reflects the
focus on energy efficiency and energy security, the current NAVSEA corporate
alignment, a new approach to deriving electrical requirements, and evolving technology
alternatives. The 2007 NGIPS TDR has therefore been renamed the “Naval Power
Systems Technology Development Roadmap” (NPS TDR).

Technology Development Roadmap Construct

In developing the NPS TDR, the Navy adopted the Fundamentals of Technology Road
mapping approach developed by Sandia National Laboratories® and tailored it to meet
the needs of Naval Power Systems. The approach outlines the following as key steps
in developing a technology roadmap:

e |dentify the “product” that will be the focus of the roadmap (NPS TDR)
¢ |dentify the critical system requirements and their targets (Requirements
Pull)

! United States. Department of the Navy, PEOSHIPS INST 5400.8, 30 November 2007

% Naval Sea Systems Command, Washington, DC. “Next Generation Integrated Power System: NGIPS
Technology Development Roadmap,” 30 November 2007

% Sandia National Laboratories; Fundamentals of Technology Roadmapping; SAND97-0665 Distribution
Unlimited Release Category UC-900; Printed April 1997; Marie L. Garcia & Olin H. Bray
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e Specify the major technology areas, their drivers and their availabilities
(Technology Push)

e Align technologies as available with requirements

e |dentify technology availability gaps based on required needs and provide
development recommendations

Figure 1 illustrates the approach used by the TDR authors in drafting this roadmap. The
Sandia Process was modified to suit the Navy’s unique environment.

- - Requirements
- Capability Derived Electric Power Working Group

: System Requirements
Requirements / Requirements Current and Projected (;:c’-ﬁ‘)
Survey

l

Align Technologies
with Requirements
(Systems
Engineering)

Requirements Pull Identify Write

cas || TDR

Technology Push

Technology Benchmark I

Survey .

Today's

/ Technology \ Current and Technology
RFlto Technology Projected - Working
Industry Availability Technologies Group (TWG)
Industry Trends and Available Buy-In
Timelines

Figure 1: TDR Writing Approach

To facilitate the roadmap update, PMS 320 established both a Requirements Working
Group (RWG) and a Technology Working Group (TWG) with representation from all
organizations in the PMS 320 ESG as shown below in Table 1:
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Table 1: TDR Writing Organization

Requirements Working Group Technology Working Group
Lead: PMS 320 Lead: PMS 320
Naval Reactors Naval Reactors
OPNAV N97 NSWCCD
OPNAV N96 OASN RDA
OPNAV N95 ONR
OPNAV N45 PEO SHIPS
PEO Subs PMS 405
PEO Carriers SEA 052
PEO IWS SEA 05T
PEO LCS Subject Matter Experts as needed

PMS 405
UK Royal Naw (ESG Member)

The function of the RWG was to establish capability requirements from which current
and projected electric power systems requirements could be derived. The function of
the TWG was to benchmark today’s technologies, determine industry trends, and
establish current and projected available technologies. RWG and TWG activities were
conducted in parallel and later aligned through a systems engineering approach to
identify gaps where future electric power system requirements could not be met by
available technologies.

Page 4
DISTRIBUTION STATEMENT A: Approved for Public Release. Distribution is unlimited.



Il. Deriving Requirements

Establishing capability requirements was the responsibility of the RWG. The RWG used
a combination of direct interviews and surveys of stakeholders as well as a thorough
review of overarching Department of Defense and Navy guidance documents to extract
capability requirements statements. From these data sources, Navy fleet capability
requirements were documented and later organized into categories. These
requirements began with basic “need” or “shall” statements that described certain
capabilities. For example, “Shall Project Power Despite Anti-Access/Area Denial
Challenge” is a capability requirement derived from the National Security Strategy.

The identified capability requirements were then grouped based on the Universal Naval
Task List (UNTL), ensuring a common reference framework for requirements across the
Navy, Marine Corps, and Coast Guard. The established groupings represent general
areas that the sourced capability requirement statements fall into, with the
understanding that more analysis must be completed to determine exact mission
systems and electrical power requirements.

This NPS TDR identifies mission systems that satisfy Naval capability requirements and
affect Naval Power Systems technology developments for the near

term (0-10 years), mid-term (10-20 years), and far-term (20-30 years). These three
timeframes align with the Navy’s FY13 30-year Shipbuilding Plan shown in Table 2.
Mission systems currently integrated in the Navy and those programs in development
were all considered and recorded. Through collaboration with the appropriate program
offices and leveraging recent investigations, mission systems that require significant
electrical power were identified and their specific power needs derived.

Table 2: FY13 30-year Shipbuilding Plan

Near-Term (5-10 yrs) Mid-Term (10-20 yrs) Long-Term (20-30 yrs)
13| 14)15[{16(17]|18]19]|20{21|22)|23]|24[{25(26]|27]|28|29(30]|31]32|33[34]|35|36|37|38|39]|40|41(42
Aircraft Carrier | 1 1 1 1 1 1
Large Surface Combatant [2[1[2[2[2[2]2[2[2]2[3]2[3[2]3[2]3]2[2)2[2]2]2[3[3]3[3]3][3]3
Small Surface Combatant | 4 [4]14]12]2[3]3]3]3[3[3]3]3]3 @) 1 1]1)2]|3[4[4]4]4]2
Attack Submarines [ 2 [1[ 22222323212 a[afaJafaJa]aj@)afa[a]af2]1]2]1]2
Ballistic Missile Submarines P (1) 1 1laTafa]afalala]aT12
Amphibious Warfare Ships 1 (L) 1 1 (2) 1 21112 1 2 1
Combat Logistics Force 1 1 1111|1111 f1j1]1]1f1f1]1
Support Vessels | 1| 1 2 1112 213|121 111]2]12]13[2]2
Total New Construction Plan |10) 7 | 8 [ 9| 7|11 8 [12] 9 |12|13[12|10)9|6|[9|8|9|8|11|8|8|5[7]|7]10({8(f11|8]38
Note: Date corresponds to MSB of ship

O = New Ship Class Insertion

Figure 2 illustrates the general path to establishing capability requirements, determining
applicable mission systems, and then deriving electrical power system requirements to
accomplish those capabilities.
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Capability Requirements

Data Mine ~]

Derived Electric Power

Mission Capability > System Requirements [
Requirements | _— ¢ Current and Projected
Survey
Mission System

Requirements Pull ——

Figure 2: Capability Requirements Approach

The capability requirement groupings were evaluated for their overall impact on Naval
Power Systems. Meeting average power and pulse power requirements have the
greatest impact on NPS. Thus advanced sensors and advanced weapons are identified
as “Primary Drivers” for NPS. Energy security is also considered a primary driver.
Those capability requirement categories that require further analysis have been
identified as “To Be Determined.” The remaining capability requirement groupings with
lesser NPS impacts were identified as “Secondary Drivers.” Based on this process,
Table 3 below shows the relationship based on the capabilities relevant to naval power
systems.
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Table 3: NPS Relevant Capabilities

Ope_lfggli)nal Primary Drivers Secondary Drivers To Be Determined
Deploy/Conduct Advanced Propulsion
Maneuver
Mission Modules /
Develo Interfaces
Intelli en%e Advanced Sensors
9 Arctic Operations
Employ Advanced Active Protection
Firepower Weapons
Perform
Logistics & Increased Energy Renewaple Energy
. . Alternative Fuels
Combat Service Security
Support
Exercise Communications &
Command & Information
Control Security
Protect the Low Observability
Force

Increased average power and pulse requirements, along with required power to all other
shipboard systems, will provide new challenges in the near, mid, and far-term Naval
Fleet. Next generation radar systems have large power requirements to operate
continuously and effectively, as well as require pulse (ripple) power. Advanced
Weapons mission systems also have increasing derived power requirements.

These escalated power and pulse requirements occur in the near-term (5-10 years) and
only increase further with additional capability developments. For ships with electric
propulsion, large amounts of electric power will be required to deploy and maneuver,
and the need to manage and reallocate power to mission systems will increase. The
fuel efficiency potential of a common electric power bus for propulsion, weapons, and
ship service enabling the use of the most efficient prime mover lineup will be examined
as part of the ship acquisition process. A compounding requirement is the goal to
reduce fleet fuel consumption by 15% by the year 2020.* This is not a derived electrical
requirement, but will drive and affect Naval Power Systems. The fuel reduction goal
does not have a baseline year determination with specific numerical statistics and
therefore will require further analysis for electrical requirements comparison. Overall,
this goal creates an operating environment where additional power is required with

*United States. Department of Defense. Operational Energy Strategy: Implementation Plan. Assistant
Secretary of Defense for Operational Energy Plans & Programs. 2012. Web.
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greater fuel efficiency. Therefore, the derived capability requirements for the near, mid,
and long-term all require increased power production with increased operational
efficiency. Table 4 shows derived electrical requirements for anticipated future
advanced sensor, weapons, and energy security.
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Table 4: Derived Electrical Power Requirements

WEAPONS SYSTEMS
[ Near-Term (5-10 yrs) [ Mid-Term (10-20 yrs) [ Long-Term (20-30 yrs)

[13]14]15] 16 17] 18] 19] 20 21] 22| 2324 25] 26 27 28] 29[ 30]31[32|33[34]35]36[37[38[39] 40[41] 42
"gf;:’rn Multi-Mission  [Multi-Mission Multi-Mission
"gi:;:’rn Multi-Mission Multi-Mission
Pulse

st Electronic Warfare
Power
Pulse
Advanced Weapons
Mission

Electronic Warfare
Power

Pulse

Mission
Power
Pulse

Crowd Control/Small Boat Defense

SENSOR SYSTEMS

[ Near-Term (5-10 yrs) [ Mid-Term (10-20 yrs) [ Long-Term (20-30 yrs)
[13]14]15]16]17]18[19]20] 21] 22| 23] 2425 26] 27 28] 29[ 30]31[32[33]34]35] 36] 37[ 38[ 39[ 40 41] 42
Mission
Power AAW AAW AAW

Mission
Power

ISR/AAW

Pulse

Advanced Radars Mission

Power ISRIAAW

Pulse

AAW/Surface Search

Mission
Power
Pulse

Operational

There were also capability requirements whose mission systems must be further
analyzed to determine electrical power requirements. Examples of these include the
capabilities facilitated through the use of Mission Module / Interfaces (e.g. LCS Mission
Modules). Mission Module / Interfaces cover a wide variety of capability requirements
across multiple naval mission systems and the definitive requirements for each platform
or mission system are not yet known. These systems must be individually analyzed to
determine the specific capability requirement they provide and the electrical power
requirements for each.

Arctic Operations is another capability requirement category that will require further
analysis to determine Naval Power System impact. It may evolve into a ‘high’ impact
capability requirement in the near-term. The specific requirements and associated
mission systems are scheduled to be defined by the Arctic Roadmap due to be
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published in 2014.> The overall impact on Naval Power Systems of Alternative Fuels
and Renewable Energy is also currently low, but due to future energy needs and global
political tensions, these categories could produce capability requirements that have a
significant impact on Naval Power Systems.

Communications & Information Security currently maintains many Uninterruptible Power
Supply (UPS) requirements, while requiring increased bandwidth and information
security. Evidence suggests that the proliferation of UPS’s aboard ships is creating an
undue maintenance and logistics burden for the fleet. This suggests that a uniform
strategy for handling the very high quality of service requirement for computers and
communications equipment may be required. Overall, this capability requirement
category needs additional information for emergent power continuity and quality of
service requirements.

In addition to derived electrical requirements, other requirements were identified that are
consistently described in the majority of data-mining sources and utilized by almost
every stakeholder and subject matter expert. These requirements, which are referred to
in this NPS TDR as ubiquitous requirements, are considered universally important to the
Navy and generally had varying metrics. In this NPS TDR, ubiquitous requirements are
used as “measures of goodness” to determine best solution set that meets a set of
derived electrical power requirements.

The NPS TDR identifies the following ubiquitous requirements:

e Improved Personnel and Ship Safety

¢ Reduced Operations and Sustainment Cost

e Reduced Acquisition Costs

¢ Reduced Manpower

e Improved Survivability, Maintainability, Reliability
e Reduced Environmental Impact

e Performance improvements above threshold

e Commonality, Modularity, Open Architecture

® United States. Department of the Navy. U.S. Navy Arctic Roadmap. Vice Chief of Naval Operations.
2009. Web.
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These ubiquitous requirements will adapt with time and will be updated in future NPS
TDR iterations. The ubiquitous requirements are listed below in no particular order
(Table 5).

Table 5: Ubiquitous Requirements

Ubiquitous Requirements

Improved Personnel and Ship Safety

Reduced Operations and Sustainment Costs
Reduced Acquisition Costs

Reduced Manpower

Improved survivability, maintainability, reliability,
and availability

Lowered environmental impact

Performance improvements above threshold
Commonality, modularity, open architecture
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lll. Technology Availability, Benchmarking, and Trends

Establishing the current and projected technologies available was the responsibility of
the Technology Working Group (TWG). The TWG consisted of members from various
organizations throughout the Navy spanning a variety of technical areas, including the
Office of Naval Research, Naval Reactors, NAVSEA 05, ASN RD&A, Directed Energy
and Electric Weapons Systems program office (PMS 405), PEO Ships, PEO Carriers
and NSWCCD-SSES.

The Technology Working Group (TWG) was responsible for:

e Categorizing naval power system technologies

e Determining the relevant metrics to track by category

e Baselining current metrics for each technology area

e Determining industry trends and metrics in each category for the next 30 years
e Identifying opportunities for commonality

e |dentifying technology application opportunities and development timelines

Figure 3 below illustrates the general process followed by the TWG:

Technology Push —

Technology Benchmark
Survey ,
Today’s
Technology Curn_ent and
RFl to Technology Projected
Industry Availability Technologies
Industry Trends Available
Data Mine and Development
Timelines

Figure 3: Technology Process

The TWG collected documents from sources that include but are not limited to the oil
and gas, telecommunications, automotive, renewable energy and power industries.
This data set of industrial information was reviewed and used to determine baselines
and trends. This section of the TDR is focused on benchmarking the current state of
the art and identifying industry trends.

It is important to note the following sections report on industry technology baselines and
trends without the injection of Navy investment. This industry centric perspective was
adopted to understand what developments are ongoing now and will occur in the future
without Navy intervention. This viewpoint provides an understanding of the areas where

Page 12
DISTRIBUTION STATEMENT A: Approved for Public Release. Distribution is unlimited.



industry will develop technologies that can support Navy systems and the level of
investment the Navy will have to make in areas where there is a gap between what the
Navy needs and what industry is developing.

Once the industry trends are identified, potential navy applications are discussed along
with a brief analysis of some of the design constraints imposed on technologies for
military applications. This section fundamentally seeks to address the following
guestions: what technologies existing in industry today can directly transition to the
fleet, which technologies need modification or further development prior to transition,
and which technologies will not transition? The answer to these questions requires a
thorough understanding of the Navy application, the performance requirements needed
for the Navy application, the operating environment and the technical specifications for
the commercial device.

Where applicable, some of the key metrics to trend and benchmark each of the product
areas are included. The goal of these descriptions is to highlight where industry is
today and determine what the key drivers for industry will be going forward. Based on
the knowledge of where industry is going, the Navy can determine how to apply those
expected technological developments and begin to bridge gaps between what the Navy
needs, what industry will be able to provide, and when industry will provide it.

TWG action officer technology surveys, subject matter expert interviews, and an
Industry RFI were used as additional sources of information for this TDR. The TWG
grouped the technologies into the following six (6) product areas that were determined
to be the main building blocks of the power system.

e Controls

e Distribution

e Energy Storage

e Electrical Rotating Machines
e Power Converters

e Prime Movers

Product areas are defined as the categorization of technologies, equipment, and
products by function. The products the Navy has developed or intends to develop in
each product area constitute the Navy’s product line. Metrics were developed to show
how each category evolves over time as well as to compare products within each
category. This comprehensive set of metrics was also used to baseline each product
area.

Technology trends for each product area are discussed below and were developed by
investigating selected metrics determined by the TWG to have the most effect on the
future of Naval Power Systems.
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Controls
Industry Controls Benchmark

The traditional study of control systems is typically limited to the fields of applied
mathematics that lend themselves to the stability and control of dynamic systems.
However, in practice, control systems are multi-disciplinary constructions that apply
methods and concepts from a wide range of engineering fields. As such, when
analyzing the benchmarks for industry’s control systems, one must look outside the
traditional realm of control theory as it is defined in the academic sense.

At the highest level, a control system can be broken down into three main areas. These
areas are not mutually exclusive; however, they serve to allow one to decompose a
particular control system implementation and to compare it to other designs. They also
allow for decomposition of the technology development problem one is faced with when
attempting to characterize the types of research investments that are required to
advance our capability to perform the control function. The three areas are
architectures, algorithms, and communications.

Architectures refer to several aspects of the control system. In centralized control
architectures, all the control decisions are made at a centralized location and
communicated to the actuators. In centralized control architectures, all information
upon which control decisions are based is processed at a single location. Distributed
control architectures distribute system intelligence from the enterprise or plant level
down to individual systems and components, enabling encapsulation of the
consequences of failures. Other control architectures of interest include hierarchical,
heterarchical, and hybrid structures.

Algorithms refer to the policies by which control decisions are made. At the lowest
level, feedback control algorithms such as proportional, integral, derivative (PID) or full
state feedback methods are used to stabilize and control individual elements in the
system. For example, a PID controller may be used to control the speed of a motor or
the behavior of a power converter. Monitoring algorithms refer to the ways in which
data, typically from sensors, are utilized and turned into information. Human system
interface (HSI) algorithms refer to ways in which data is manipulated to make it
appropriate for human interface with the control system, as well as methods which
enable the human and the autonomy in the control system to interact and provide inputs
to the system in a synergistic manner. Optimization algorithms are a class of algorithms
which are used to determine the most appropriate allocation of system resources.

Communications refers to the host of technologies that are employed to transfer data
and information across the control system. This includes field bus technologies that
allow for communications at the lowest level of the control system, communication
protocols which standardize communications and allow for the development of
interfaces, and networked control system communication methods such as agent
communication languages.
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Benchmarks for control systems require further definition and quantification because
they aren’t standardized across industries; measures tend to be application and industry
specific. General areas of interest for this TDR fall into the three control system main
areas and are generically outlined below:

Algorithms
e Decision/response time

e Quality of response

e Usability (operator training requirements, operator intervention required)
0 Appropriate autonomy
o Intuitive, user optimized human machine interface (HMI)

e Stability

Architectures
e Location of control intelligence (local, central, distributed)

e Degree of openness

Communications
e Expressiveness (communicate correct info)

e Succinctness (ability to communicate quickly enough)

e Bandwidth and efficiency (throughput)

e Interfaces and protocols

e Security (Information Assurance, Anti-tamper, Cyber security)

Key Industry Control Trends
The following industries drive controls technology improvements:

e Automotive (production, vehicle maintenance and control)

e Aviation
e Computing
e Oiland gas

e Smart grid, renewables, utility interface
e Telecommunications
e Process control industries

Control algorithms will trend toward optimization solutions for determining which power
sources and distribution paths shall be utilized given available power resources,
distribution paths, and demand signals from numerous sources including weapons
systems. This optimization will require more computing speed or mathematical
techniques to rapidly solve complex equations, enabling real time or near real time
control. Advances in hardware speed and capability will enable faster and better quality
responses by control algorithms, architectures, and communications. Resilient control

Page 15
DISTRIBUTION STATEMENT A: Approved for Public Release. Distribution is unlimited.



including cyber security algorithms will provide defense in depth to casualty situations,
errant sensors, and cyber attacks, allowing the control system to continue to function.
These control techniques will be completely autonomous.

How Industry Controls Trends Apply to Naval Power Systems

Power system nodes and the associated input/output signals and control functions will
continue to increase to support future power system architectures. These architectures,
resulting from a technology pull created by high power sensor and weapons
technologies, drive more autonomy into power system management, a major function of
the machinery control system. Autonomic control will be a requirement of the power
management system as the complexity of control decisions is increased to optimize
electric plant configurations for a mission or scenario. Power management systems will
autonomously determine and actuate electric power systems such that: the optimal
amount of power is available for mission and user systems, power is controlled in a
resilient and robust way, computation and communication occurs rapidly enough to
maintain power during steady state and transient operation, and systems are capable of
physical plant recognition for optimal reconfiguration during casualty events. Power
system management must also be cost effective and enable energy efficient operation,
system and device prognostics, and real time situational awareness for the operator.
Lastly, the system will be subject to certification, such that it meets the Technical
Warrant Holder’s standards as a mission critical system.

The Navy will rely primarily on commercially developed technology for computing
hardware platforms, displays, networking technology, sensor technologies, and other
associated controls hardware. Computer hardware platforms will likely be based upon
digital control system or programmable logic controller (PLC) technology. Systems will
be open architecture and ensure commonality across systems and platforms to reduce
cost. Advancements in control architectures, algorithms, and communications
implemented in the power management software will be key areas of research and
development to supplement advancements in smart grid/micro-grid control.
Centralized control architectures are very common for small systems and on legacy
navy machinery control systems, but for larger distributed systems problems such as
robustness and communication complexity lead designers to look for other options.

Communications technology will likely leverage commercial technology advancements.
In addition, connectivity with mission systems or combat systems will increase, driving

authentication of data transmitted between systems. This may require development of
techniques that authenticate in very near real time.

Generally, it is anticipated that future Naval Power Systems will be increasingly complex
and require increasing levels of autonomy. The Navy is in process of defining the
minimally acceptable requirements for the benchmark areas of architectures,
algorithms, and communications. Navy control systems should be compatible with
evolving open architecture objectives.
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Distribution

In power systems, the distribution equipment exists to transmit power, to configure a
power system via connecting/disconnecting equipment and to provide protection of the
connected equipment from electrical faults. The distribution technologies include, but
are not limited to, circuit breakers, fuses, protective relays, switchboards and cables.
While low voltage power distribution equipment will still exist within naval power
systems, this discussion on distribution is focused on medium voltage 1-13.8KVAC or 1-
20kVDC equipment to support emerging higher power needs (discussed in sections IV
and VI).

Industry Distribution Benchmark

Circuit Isolation and Fault Interruption

In medium voltage applications vacuum breakers have replaced air, SF6 and oil
technologies®’. Typically medium voltage breakers do not incorporate any protection
features and protection is performed entirely by external protective relays. Vacuum
circuit breakers (VCBSs), fused vacuum contactors, and fused disconnects dominate the
medium voltage AC circuit isolation and fault interruption market.® Presently, ANSI or
IEC certified VCBs provide superior control and protection of medium voltage power
equipment. Typical VCBs handle continuous and fault currents of approximately 3-4kA
and 40-60kA respectively. VCBs are applicable to medium voltages in range of 1-
35kVAC.

Industry use of medium voltage medium frequency distribution is not common, but
VCBs appear applicable with appropriate deratings. VCBs used in AC systems are not
directly applicable to DC systems as VCBs rely on the zero crossing of the alternating
current waveform. DC fault isolation is typically accomplished using large air circuit
breakers or employing a power converter in combination with upstream AC circuit
breaker. IEC standards for DC air circuit breakers are generally applicable up to
3000VDC, but breakers are available up to 3600VDC at 4000A with interrupting ratings
of 100kA for locomotive and industrial applications.®

Protection and Control Logic

The relay functions include metering, protection, automation, control, digital fault
recording, reporting and HMI. Multi-function relays use sensors and logic for control
and are easily tailored, comprehensive and dependable. The fastest algorithms that
have no intentional delay (i.e. differential or instantaneous overcurrent) respond to faults
in about one electrical cycle or approximately 16 msecs. Arc fault protection systems
can detect the visible light emissions from arcing faults in several milliseconds. When

® http://www.csanyigroup.com/comparison-between-vacuum-and-sf6-circuit-breaker

" Eaton White Paper WP083001EN “Replacement of hydro plant generator oil circuit breakers with
modern vacuum technology.” September 2012.

8 http://electrical-engineering-portal.com/circuit-breakers-classified-by-interrupting-medium

® http://www.secheron.com/uk/products-services/gamm4-dc-circuit-breakers.html
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combined together, the circuit protection and relay total response time (fault initiation to
isolation) are typically in the sub second range, with fastest responses in approximately
100 msecs. On-line partial discharge systems are available for electrical insulation
systems for fault risk analysis and condition based maintenance.

Switchboards

The protection relays and breakers are integrated into switchboards that are typically
naturally or forced air cooled. ANSI standards define metal enclosed and metal clad
construction for switchboard enclosures. These are large enclosures and tailored
based on various driving requirements including: enclosure tightness (NEMA or IEC
ingress protection), degree of electrical isolation and compartmentalization (metal clad
vs. enclosed construction), and arc fault resistance. Typically, up to two breakers can
be stacked within a single vertical section unit when the continuous currents are below
1-2KA per breaker. Above this level only a single breaker can be installed per vertical
section based on thermal limitations.

DC switchgear is typically available up to about 3000-4000VDC. IEC series specifies
requirements for DC switchgear and control gear and is intended to be used in fixed
electrical installations with nominal voltage not exceeding 3000VDC. The breakers
cannot be vertically stacked as significant vertical space is necessary for arc chutes.

Cables and busways

There are a variety of cable and busway technologies, including: cabling, bus-duct and
bus-pipe. Cabling is the most widely used technology because of its low cost, flexibility,
and field adaptability by installation electricians. Most medium voltage cable insulations
use XLPE (cross-linked polyethylene), TR-XLPE (Tree-Retardant XLPE) or EPR
(ethylene propylene rubber). Overall, the lifespan of existing cable (aluminum or
copper) technology is quite good so long as it is installed per its design specifications.
Cables in service in most industrial applications have shown lifespans of 30-40 years.*°

Where higher power density, modular installation capability, higher mechanical/
environmental protection, or tight bend radius is required then bus-duct or insulated
bus-pipe (IBP) may be selected. Bus-duct and IBP use rigid conductors. Bus-duct
typically uses a combination of air and insulation to provide medium voltage rating. I1BP
uses solid insulation materials and can be encased in a stainless steel pipe. These
technologies are installed in sections and bolted together.

Copper and aluminum are the industry standards for conductors and which one is used
depends on the application. Where weight is an issue, aluminum provides a better
solution because it is lighter than copper, however when more power density is needed,
the higher conductivity (and thus smaller size) of a copper cable is selected.

10 hitp://wvww.windpowerengineering.com/design/electrical/cables/2012-trends-in-cables/
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Industry Distribution Trends

In addition to cost and efficiency, developments in power distribution are driven by the
following:

1. Safety - Recent recognition of the dangers of arc faults based on updates to
NFPA 70E and IEEE 1584 have led to the increased use of fault current limiters,
multifunction relays, arc fault detectors, remote racking systems, and arc
resistant switchboards.

2. Reliability - Reducing the scope and frequency of outages is a key driver for
electrical distribution systems. The Primary trends that enable this goal are:

a. System Networking — connecting distribution systems together to provide
greater power handling and redundancy

b. Additional isolation - divides the distribution system into smaller sections
and reduces the interrupted area

3. Distributed Generation - The introduction of power from wind, solar, energy
storage and co-generation of power from factories requires that the grid
accommodate distributed generation sources. Renewable power systems such
as solar and wind are increasingly utilizing DC distribution.

Circuit Isolation and Fault Interruption
For AC systems the circuit isolation and fault interruption trends appear to be
evolutionary improvements in size and reliability of VCBs. Developments will continue
in fault current limiters, including solid-state and high temperature superconducting.
The fault current limiters support the introduction of distributed generation and
increased system networking without experiencing fault currents problems. There is
little effort on technologies specific to medium voltage medium frequency. DC air circuit
breakers will continue evolutionary developments. Additional DC solutions are being
investigated and developed for medium voltage DC circuit isolation include:

e Building protection concepts into power conversion

e Solid state and Hybrid circuit protection
e Other advanced DC breakers technologies

11,12

Protection Logic

The networking of systems, increased number of isolation points, and increased use of
distributed generation have driven the need for more comprehensive and complex
protective relaying. Protective digital relays continue to incorporate more and newer
functions within a single relaying unit at reasonable cost. Increased communication
between relays enables a system view for better overall coordination response. Multiple

! Yinger, R.J.; Venkata, S.S.; Centeno, V.A.; , "Southern California Edison's Advanced Distribution
Protection Demonstrations,” Smart Grid, IEEE Transactions on , vol.3, no.2, pp.1012-1019, June 2012
2 vang, J.;, "Protection issue discussion of DC network development: Circuit breaker or fault-tolerant
converter," Developments in Power Systems Protection, 2012. DPSP 2012. 11th International
Conference on , vol., no., pp.1-6, 23-26 April 2012
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settings groups allow protective responses to be tailored based on system operating
configurations. The adoption of advanced communication and adaptable settings leads
to greater automated operation and service restoration increasing safety and power
reliability.** Additionally, these multifunction digital protective relays are being adopted
into lower power and voltage systems, further increasing reliability, safety and control
granularity.

Cables

The wind power industry utilizes cables in environmental conditions that can expose
them to temperatures as low as -40 degrees C leading to insulation break down. The
wind power industry also uses low smoke cables and places a strong emphasis on
cable flexibility due to tight confines in the nacelle.* HTS cables are being installed
throughout the world as a means to efficiently address increased power demands. HTS
cables have negligible resistance and therefore can increase overall system efficiency
by reducing the cable losses and provide up to 9x increase in current density.”® Recent
technical investments have focused on reducing the size of terminations and improving
cooling systems. Carbon nanotubes present promising conductor technology with up to
5 times the conductivity of copper at room temperatures. Nanostructure carbon
(Covetics) and carbon nanotubes can be incorporated with metals such as copper and
aluminum to significantly increase the conductivity.'®*’

Industry Distribution Trends Relation to Naval Power Systems

The Navy has 4160VAC air circuit breakers (ACBs) and 13.8kVAC VCBs and the
associated protection relays and switchboards. In the near-term, the Navy will continue
to adopt commercial VCBs and protection relays with minimal modifications. Navy
derating of circuit breaker ampacity is typical based on navy’s operating environment
and testing requirements. Circuit ampacities should be kept below approximately 3000-
4000A to leverage commercial devices. In some applications the associated
switchboards will be similar to commercial marine where space permits. However,
many planned ships will not be able to accommodate the physical size of typical
commercial marine switchboards. The Navy will need to develop militarized
switchboards accommodating state-of-the-art commercial VCBs and protection relays.
These switchboards will need to address the naval operating environment for shock,
vibration, EMI, high ambient temperatures, confined maintenance space, and water-mist
fire suppression systems. The physical size must be similar to Navy’s present ACB
based 4160VAC switchboards and incorporate newer safety capabilities where possible
(i.e. closed door test position, grounding methods, continuous thermal monitoring, arc

'3 Jecu, C.; Raison, B.; Caire, R.; Chilard, O.; Grenard, S.; Deschamps, P.; Alibert, P.; , "MV distribution
protection schemes to reduce customers and DGs interruptions," PowerTech, 2011 IEEE Trondheim ,
vol., no., pp.1-7, 19-23 June 2011

4 «Cables in Renewable Energy Systems: A New Market or More of the Same?” ICF News July 2008.

'* Hirose, Masayuki et al. “Study on Commercialization of a Superconductor”. SEI Technical Review No.
62, June 2006.

'8 http://www.helixmaterial.com/Ordering.html

" «Global Nanomaterials Opportunity and Emerging Trends”. Lucintel Brief, March 2011.
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fault detection, arc resistance, etc.). The physical size limitations may drive ampacity
rating limits to approximately 1200-2000A to ensure two circuit interrupting devices can
be stacked vertically using natural convection cooling. Forced air cooling or other
cooling methods will likely be required to extend current handling above these levels for
stacked breakers.

Navy medium voltage cabling/bus systems must pass gas-flame circuit integrity and
watertightness testing. For many Naval applications cabling is a mature, relatively low
risk component with specifications and characteristics defined by MIL-DTL 24643, MIL-
DTL 24640, MIL-DTL 915 and characterized in MIL-HDBK 299. The Navy uses copper
conductors and silicon glass insulation (up to 4160VAC) for its cables. As voltages
increase above 4160VAC the silicon glass insulation system is no longer applicable and
the Navy has opted to use ethylene propylene rubber.

The Navy will need to invest in distribution equipment that enables advanced power
systems to clear faults faster and eliminate power interruptions to high power loads with
high Quality of Service (QoS) requirements. The power density at the power levels
required for future Navy applications and the shock and vibration requirements will drive
the Navy to develop its own switchboards. In medium voltage DC applications the Navy
will likely also need to develop the circuit interruption and protection relay systems that
are power dense, address combat faults, and can respond in milliseconds
(approximately 1-10). The power density and speed of this protection equipment does
not appear to be met by current industry trends. Industry MVDC circuit protection and
possibly fault current limiter technology developments may be relevant to this Navy
effort.

These future Naval power systems will require medium voltage, high current capacity,
tight bend radius and low volume cabling/bus systems. There are a number of options
that should be monitored or developed by the Navy. While it has not passed Navy
testing to date, IBP may prove advantageous®® to meet these requirements. IBP would
introduce new integration challenges. Long IBP runs, connections between IBP
sections, and interfaces through watertight boundaries present challenges associated
with hull flexure, survivability, electrical continuity, and electromagnetic considerations.
Carbon Nano-tubes, metals infused with carbon nano-tubes and Covetics should
provide significant improvements, but presently these technologies are immature and
are heavily focused on material science.

While the Navy can leverage technology developments used in commercial HTS power
systems, these commercial HTS systems focus on liquid nitrogen cooling at 77K, which
is prohibitive in most Navy applications due to boil-off and expansion in emergency
conditions.

18 http://www.nsrp.org/6-Presentations/Joint/100411 Ship Installation of Insulated Bus Pipe Burley.pdf
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Energy Storage

An energy storage system generally includes the energy storage media and any power
conversion components for interfacing with the electrical power system/load. The
energy storage media is the actual repository of stored energy. Media of interest
include batteries, capacitors, and flywheels. This section focuses on rechargeable
energy storage media (with associated monitoring/management controls).

Industry Energy Storage Benchmark

Today, Industry uses energy storage for many functions including:
e Generation/distribution management
o0 Load leveling (store energy during off-peak hours when generation cost is
low and use it when cost is high during high electrical demand)
o Bridging power (maintain power levels during lulls in renewable sources,
e.g. wind changes)
o Peak demand service (augment generation source for short duration)
0 Reactive power compensation
e Load management
0 Uninterruptible Power Supply (UPS) — (e.g. data centers,
telecommunications)
o Filtering to reduce harmonic distortion
o Buffer between grid and uniquely demanding manufacturing loads (e.g.
arc furnace)
o Propulsion power (Hybrid