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Energy and environmental challenges

!

Increasing energy use 

Increasing impact on the environment 

Increasing resource scarcity



Advanced power systems

!

Fuel flexibility 

Reduced emissions 

Efficiency 

Availability 

Economics 

Carbon footprint



Increasingly complex energy systems

Require advanced sensor and control systems



Opportunity space

• Sensors are rapidly becoming ubiquitous and 
inexpensive 

• Computers are become ubiquitous and “free”



Agent based control systems

• Current top-down methods of controls will not 
work with the coming flood of data 

• Self organization appears to offer flexibility, 
scalability, and robustness for sensor network 
controls of complex systems 

• Stigmergy provides a low level rule set for self 
organization



• Increasing complexity between systems and 
subsystems 

• No algorithmic structure or research on self 
organization control of process systems  

• No stigmergy-based sensor framework available

Challenges
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vessels representing the fuel cell cathode volume. The airflow 

at the compressor discharge is routed through the heat 

exchangers to recuperate heat from the turbine exhaust before 

passing through the cathode fuel cell volume.  From the 

pressure vessels used to represent the fuel cell cathode volume, 

the airflow passes through the combustor driven by the fuel cell 

model and then through another pressure vessel representing 

the post combustion components of the system before entering 

in the turbine scroll, as shown in Figure 1. 

 

 
 

Figure 1: Flow Diagram for the Hybrid Performance Simulation 
Facility at NETL 

 

This is contrasted to standard turbomachinery in which the 

compressor, the combustor, and the turbine are located in a 

small volume.  Specifically, the volume of a fuel cell/gas 

turbine is several times bigger than the original 

compressor/turbine volume, as shown in Figure 2. In this 

scenario, the larger compressor/turbine volume causes several 

control issues [3][4][5]. 

 

 
Figure 2: Comparison between a Standard Compressor/Turbine 

Volume and a Hybrid Configuration 

 

 

Facility Description 
 

Gas Turbine (C-100, T-101, G-102) 

A 120kW Garrett Series 85 auxiliary power unit (APU) is used 

for the turbine and compressor system, and consists of single 

shaft, direct coupled turbine (T-101) operating at a nominal 

40,500rpm, a two-stage radial compressor (C-100) and gear 

driven synchronous (400Hz) generator (G-102). The electrical 

generator is loaded by an isolated 120kW resistor bank (EL-

105). The compressor is designed to deliver approximately 2 

kg/s at a pressure ratio of about four. The compressor discharge 

temperature is typically 475K for an inlet temperature of 298K. 

The combustor and original fuel system was removed.  

 

Electric Load (EL-105) 

A continuous variable load bank is used to absorb electric 

power produced by turbine generator. An automated control 

algorithm or the operator can specify the electrical power 

demand in kW units, and eight resistors are independently 

triggered.  

Cold-Air Bypass (FV-170) 

The cold-air bypass valve is used to bypass air from the 

compressor directly into the turbine inlet through the post 

combustor volume. 

Hot-Air Bypass (FV-380) 

The hot-air bypass valve is used to bypass air from the 

recuperators exit directly into the turbine inlet through the post 

combustor volume. The opening time constant for achieving the 

63% of the value is 0.6 s 

Fuel Valves Line (FV-408, FV-430,FV-414) 

An industry standard double block (FV-408, FV-430) and bleed 

(FV-414) ON/OFF fuel valve are used to cut and vent the fuel 

from the line to the atmosphere. 

 

Instrumentation 
Rotational Speed Measurement (ST-502) 

Rotational speed is measured by an optical sensor (ST-502) 

which picks up laser light reflected from a rotating target on the 

end of the generator shaft and transmits the pulse train to the 

frequency input of the control system. The optical sensor 

provides a 1,200Hz signal at the nominal 40,500 rpm turbine 

speed with observed standard deviation in measurements of 50 

rpm or 0.12% relative error in the precision of the 

measurement. The dynamic range of the speed variable is 1,000 

to 50,000 rpm. 
 

 

 

Fuel Cell Simulator Flow (FT-380) 

Primary airflow through the fuel cell simulator is measured at 

the entrance of V-301 using an annubar flow meter (FT-380) 

similar to FT-110. The combined temperature of the mixed 

streams from the heat exchangers (TE-326) is measured just up-

stream of the hot-air bypass valve, FV-380. Pressure is 

• Hybrid fuel cell and gas turbine system 

• Can test dynamic performance of any advanced power 
system based on a gas turbine recuperated cycle

Hyper facility



Pilot scale plant for testing control strategies

hybrid technology.  NETL maintains a leadership position in this type of numerical 
simulation.  As technical issues and potential benefits of the technology were 
identified, the need for hardware became apparent.  An experimental test facility 
was designed and built at NETL’s Morgantown site as a resource to researchers 
and industrial developers of hybrid systems.  The facility is the only one of its kind 
anywhere in the world.

 
The experimental facility simulates a fuel cell through a combination of hardware and 
software.  This hardware (pressure vessels, piping, and a burner) is coupled to heat 
exchangers and a turbine in order to evaluate the dynamics of a fully integrated system.  
Because the fuel cell is simulated, a variety of fuel cell types and geometries can be 
tested without risk to such an expensive component of the system.  Development of 
controls for hybrids sometimes requires extended operation of the system at unstable 
conditions.  In determining the operating boundaries of the system, preliminary tests 
would have resulted in the destruction of many fuel cells.  A diagram of the type of 
simulated hybrid system is shown in the following figure.
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The test facility was designed to isolate and independently instrument each 
component of the system and is capable of simulations for systems up to 1MW.  
Recently, a variable load bank was added to the facility to control turbine speed 
independently from the fuel input.  This allows researchers to conduct a wider range 
of fuel cell transient simulations and to impose a load profile on the turbine in the 
system.  The addition of a dSpace simulator has expanded the capabilities of the 
fuel cell simulation to include spatial resolution of fuel cell components in real time.  
In the last year, several control strategies have been successfully demonstrated, and 
development of a controller is underway through a collaboration with a local university.

Opportunities
The Hyper experimental facility and modeling results are available for public research 
collaboration with universities, industry, and other research institutions.  In addition 
to planned NETL studies, the Hyper facility is intended to provide a test platform for 
novel sense and control strategies that may emerge from university or small business 
research projects. Collaboration with academic, non-profit, or commercial research 
groups can be arranged under a variety of cooperative programs, such as a Cooperative 
Research and Development Agreement, and student or visiting scholar programs.



• Testing time is expensive 

• Facility reconfiguration takes time 

• An extensible testing interface is needed

Using Hyper



MESA

Merged Environment for Simulation and Analysis 

• Cyber-physical hybrid 

• Separable virtual interface for offline interaction 

• Extensible to maintenance, training, and test 
design



Overview

Hyper Virtual 
Interface

Virtual 
Plant

MESA
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Setup, configure, and gather data





Modes of operation

Hyper Virtual 
Interface

Virtual 
Plant

MESA

Stand alone operation of the physical facility
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Modes of operation

Hyper Virtual 
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Virtual 
Plant
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coupling the virtual and physical plants
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Goals

1. Test advanced control algorithms 

2. Develop stigmergic and other distributed 
controls algorithms  

3. Develop tools for human-computer 
interaction with complex engineered systems
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Currently available for testing
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Goals

1. Test advanced control algorithms 

2. Develop stigmergic and other distributed 
controls algorithms  

3. Develop tools for human-computer 
interaction with complex engineered systems



Distributed controls algorithms

1. How to identify agent groupings 

2. How to understand the information flow and 
the impact of changing information flow 

3. Develop and test specific stigmergic 
controls algorithms



GeneratorTurbineCompressor

Load bank

Post-combustor

Combustor

Air plenum

Real-time fuel 
cell  model

Air

Bleed-air valve

Cold-air bypass valve

Hot-air 
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Natural 
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Hyper component subsystems



1 air plenum model 11 cold air bypass valve

2 combustor model 12 hot air bypass valve

3 post-combustor model 13 ambient conditions model

4 gas turbine model 14 fuel cell model

5 empirical back-pressure 
database

15 pipe 1 model

6 compressor model 16 pipe 2 model

7 heat exchanger model 17 pipe 3 model

8 generator model 18 pipe 4 model

9 stack model 19 pipe 5 model

10 bleed air valve model 20 pipe 6 model

Models representing Hyper operation



• mass flow, temperature, and pressure data

• one-way coupling between adjacent components 

in direction of airflow

• empirical database for turbine back pressure

• two-way coupling between gas turbine model 

and compressor model

Local data exchanges
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Computational 
workflow
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Information flow
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GeneratorTurbineCompressor

Load bank
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Combustor

Air plenum

Real-time fuel 
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Hyper facility major components



Directed graph of system
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