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Combining Hardware and Software for
Accelerated Technology Development
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Achieving the highest efficiency and
flexibility with the lowest emissions
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SOFC- Solid Oxide Fuel Cell ~ K ,
SOEC- Solid Oxide Electrolysis Cell w—
ICE- Internal Combustion Engine
TES- Thermal Energy Storage

HX- Heat Exchanger

CC- Carbon Capture TES
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Hardware Simulations NATIONAL

Changing the
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Hardware in the Loop N=[er
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Typical Application for
Controls Testing

Simulation of the Physical System
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Simulation Model Under Test
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Actuators
Physical N ri External
[ Be::\:::r (—— Hardware CPS I\;I.:::leelsc Stimuli ]

Internal
Sensors

Cyber Physical Systems are used to replace physical systems that: Accuracy ShE

1. areirreplaceable, Numeric
. Models

2. are expensive,

3. can’t meet performance targets.

4. don’t exist...yet
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Pacemaker

Replacing the Irreplaceable
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Highest Risk in Technology Development
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Highest Risk in Technology Development
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The Hybrid Performance Project Facility =My
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Replacing Components that Don’t Exist...Yet LABORATORY
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The Hybrid Performance Project Facility N=|anona
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Technology Development Flexibility

Heliostat field  Solar tower

CSP/Fossil Hybrid

Hyper Facility

Reconfigurability
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Cyber-Physical Reformer ARPA-E N=|arona
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CPS Reformer and SOFC Pressure Test (ARPA-E INTEGRATE)

The test facility is under design for a 20 kW demonstration of an SOFC/GT automated Hybrid

The facility will also represent a pressurized Cyber-Physical reformer platform
Under ARPA-E INTEGRATE, the facility will be used for pressure testing 10 kW SOFC Stacks
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Working toward the
—= development of
23 g N dynamic controls to
achieve the highest
degree of
disturbance
rejection, enabling
novel cycles
commercialization
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Multi-Objective Optimization

- Model Predictive Control
Optimizer Machine Learning

Neural Networks
Biomimetic Algorithms

SCADA Controller

Supervisory Control and Data Acquisition

Set points based on
state cost functions

Time Scale: Minutes or Hours

Dynamic Control Time Scale: ps to ms

Distributed, Centralized, Agent -Bz

Turbine Steam

Frequency Speed Pressure

Mass Flow
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Two (2) agent controller
demonstrated on laboratory power
equipment in the Hyper facility
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Reconfigurable on different power plants
Multi-agents emulate intelligent control
Agents can coordinate their behavior to achieve multiple objectives

Load following was achieved while minimizing the transient impact on efficiency
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Valve are saturated when
fully closed making
conventional control

unstable

P. Pezzini, D. Tucker, and K.M. Bryden, Turbine speed control in a direct-fired fuel cell hybrid system,

SUstainable PolyEnergy generation and HaRvesting —LEAP 2019, Savona, Italy, September 5, 2019, 10 pp. 25
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» New fossil technologies will be required for transition to economically
viable renewable generation assets

» Integrated energy systems will be needed to meet the flexibility demands

» Key dynamic interactions need to be characterized/quantified

» Cyber-physical systems can enable exploration of highly mtegrated
systems at lower cost : <

» Co-design will be essential in future
power systems

» Any power system that cannot be
controlled is not technically feasible,
economically viable, and has no market

» A new paradigm for controls development
IS required to meet future power needs |

» A systematic approach to CPS is essential
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Cyber-Physical Systems are Awesome!!!
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