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Linear Quadratic Regulator for a
Bottoming Solid Oxide Fuel Cell
Gas Turbine Hybrid System
The control system for fuel cell gas turbine hybrid power plants plays an important role
in achieving synergistic operation of subsystems, improving reliability of operation, and
reducing frequency of maintenance and downtime. In this paper, we discuss development
of advanced control algorithms for a system composed of an internally reforming solid
oxide fuel cell coupled with an indirectly heated Brayton cycle gas turbine. In high
temperature fuel cells it is critical to closely maintain fuel cell temperatures and to
provide sufficient electrochemical reacting species to ensure system durability. The con-
trol objective explored here is focused on maintaining the system power output, tempera-
ture constraints, and target fuel utilization, in the presence of ambient temperature and
fuel composition perturbations. The present work details the development of a centralized
linear quadratic regulator (LQR) including state estimation via Kalman filtering. The
controller is augmented by local turbine speed control and integral system power control.
Relative gain array analysis has indicated that independent control loops of the hybrid
system are coupled at time scales greater than 1 s. The objective of the paper is to
quantify the performance of a centralized LQR in rejecting fuel and ambient temperature
disturbances compared with a previously developed decentralized controller. Results in-
dicate that both the LQR and decentralized controller can well maintain the system
power to the disturbances. However, the LQR ensures better maintenance of the fuel cell
stack voltage and temperature that can improve high temperature fuel cell system
durability. �DOI: 10.1115/1.3155007�

Keywords: SOFC hybrid, gas turbine, control design, relative gain array, linear qua-
dratic regulator, Kalman filter
Introduction
Because of high efficiency and low pollutant emissions charac-

eristics, solid oxide fuel cell/gas turbine �SOFC/GT� hybrid
ystems are receiving increasingly more attention as potential
uture electric power generators. The Department of Energy has
een supporting the development of SOFC/GT hybrids for distrib-
ted generation, as well as large scale stationary power applica-
ions �1–3�. SOFC systems are highly integrated electrochemical
enerators that directly convert fuel and oxygen to electricity.

SOFC systems contain hundreds to thousands of individual fuel
ells that must operate with sufficient electrochemical active spe-
ies at a constant temperature. To achieve high system efficien-
ies, it is desired to electrochemically react the majority of the
uel. However, fuel and oxygen cannot be depleted in the fuel cell
4–6�. Fuel and oxygen cannot be depleted in the fuel cell to
aintain fuel cell voltage, as well as to avoid oxidation and

eduction in the electrodes. The hydrogen and oxygen utilization
ust be less than 95% and 35%, respectively. In addition to not

epleting electrochemical reactants within the fuel cell, the fuel
ell operating temperature need to be maintained �4,7,8�. This is
oth to maintain ionic conduction of the electrolyte and to avoid
uel cell degradation through thermal fatigue. To maximize fuel
ell durability, the fuel cell temperature should be maintained
ithin 15°C, but ideally the less temperature variation the better.
he fuel cell voltage should also be maintained at all times to
void fuel cell degradation caused by high local heat production
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rates �4,9�. Good control systems and strategies are required to
operate these systems safely within tight operating constraints.
Control strategies must allow hybrid systems to follow a desired
load demand and to reject process disturbances, e.g., in ambient
temperature and fuel energy content on the system operating
conditions.

The system investigated in this work �see Fig. 1� is a 250 kW
bottoming SOFC/GT hybrid system, as described and modeled by
Mueller et al. �5�. The fuel cell provides approximately 85% of the
system power, the remainder comes from the gas turbine. Fuel is
internally reformed to hydrogen and carbon dioxide. This endo-
thermic reaction cools the stack �10�. Additional cooling needed
by the fuel cell is provided from air moved by the compressor. To
adjust to altering operating conditions, the air flow rate can be
manipulated via a variable speed operation of the gas turbine �11�.
The temperatures of the heat exchanger, turbine inlet, and cathode
inlet can be influenced by burning supplementary fuel in the com-
bustor. All system balance-of-plant components must operate in
unison for successful electrical generation. The gas turbine must
provide the necessary air for the fuel cell. On the other hand, the
fuel cell along with the supplementary combustor must generate
sufficient thermal energy to drive the gas turbine. Sufficient sys-
tem thermal exhaust must be recuperated to sufficiently process
the fuel prior to the fuel cell and to preheat the fuel cell inlet air
all so that the power generated by the fuel cell and gas turbine
meets the system power demand.

In previous studies, a decentralized controller was shown to be
viable for tracking system power, while maintaining the system
within operating constraints for the entire operating range subject
to ambient temperature fluctuations and fuel content perturbations
�5�. The decentralized controller contains four primary control
loops: �1� system power control via manipulation of the fuel cell

current, �2� stack temperature cascade control manipulating the air
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ow to the fuel cell via manipulation of the gas turbine speed, �3�
ombustor temperature control via manipulation of supplementary
uel flow to the combustor, and �4� cell voltage control via
anipulation of the anode fuel flow during fuel content

erturbations.
Relative gain array �RGA� analysis indicated �5� that the decen-

ralized control loops in the investigated system are coupled at
ime scales greater than 1 s �see Fig. 2�. The analysis of coupled
ime scales was done based on Refs. �12,13�. Due to the coupling,

centralized multi-input-multi-output �MIMO� controller is
xpected to provide control benefits. Decentralized controllers
ave demonstrated the capability of tracking system power during
ransients and disturbances while maintaining SOFC operating
onditions within constraints. However, centralized control may
rovide more robust and tighter control of the fuel cell that could
esult in improved durability, reliability, and overall longer system
ifetime—all of which are desired in practice.

Centralized multi-input-multi-output control systems have been
onsidered for advanced alternative power generation, including
ydro-electric �14�, wind generation �15,16�, energy storage
evices �17�, proton exchange membrane fuel cell systems
13,18,19�, and molten carbonate fuel cells �20�, but have not been
tudied extensively for solid oxide fuel cell gas turbine hybrid
ystems. The challenge in SOFC/GT systems is to track the
ystem power, while maintaining sufficient fuel within the fuel
ell and controlling the fuel cell and combustor temperatures as
lose as possible. The tight operating requirement with interac-
ions and coupling between gas turbine, fuel processor, and fuel
ell make SOFC/GT hybrid control particularly important.

We show how to address these challenges by developing a
entralized MIMO control system for SOFC/GT hybrid system.
pecifically, a linear quadratic regulator �LQR� was investigated

ig. 1 Bottoming SOFC/GT hybrid system with variable speed
T and supplemental oxidizer fuel

ig. 2 Relative gain array analysis †5‡ for fuel cell current/

ystem power input/output pairing
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to minimize output variance with minimal controller actuation
accounting for coupling within the system. Such feedback is ideal
for high temperature fuel cells gas turbine systems that must be
controlled with minimal variation during operation to maximize
system durability and reliability and to increase system lifetime.
In the paper, the performance of the linear quadratic regulator is
compared with a previously developed decentralized controller in
rejecting disturbances in ambient temperature and perturbations in
fuel content. Particular attention is taken in the ability of each
controller to maintain the fuel cell voltage and fuel cell
temperature, which is critical in ensuring system durability and
reliability. Development of the centralized control strategy is
divided into two steps: �1� model development and �2� controller
design. These steps are described in detail below and analyzed in
the context of tracking power and rejecting disturbances on the
system.

2 LTI Model Development
Development and evaluation of controllers is based on the non-

linear dynamic model developed by Mueller et al. �5�. The model
is based on physical modeling of the system, using mass and
energy conservation principles; it captures heat transfer in the heat
exchanger, reformer, and fuel cell, steam reforming and electro-
chemical kinetics, and gas turbine shaft dynamics and gas turbine
off-design performance from compressor and turbine performance
maps. Experimental validation of component models is presented
in Refs. �21–23�.

A linear quadratic regulator was designed in the MATLAB/
SIMULINK® framework based on a reduced order linear time-
invariant �LTI� model. Development of the reduced order LTI
model comprises three steps: �1� model linearization, �2� model
reduction, and �3� verification of performance of reduced order
linear model versus the nonlinear model.

2.1 Model Linearization. LQR state feedback design is
based on linear control theory. Therefore, the previously
developed nonlinear model �5� was linearized using MATLAB/
SIMULINK® built-in methods. To minimize numerical error and to
facilitate tuning of the LQR and Kalman filters, inputs and outputs
were scaled, as illustrated in Fig. 3. The following operating point
was selected for linearization:

1. fuel cell current=42 A
2. fuel cell temperature=1000 K
3. combustor temperature=1140 K
4. fuel utilization=85%
5. ambient temperature=298 K
6. fuel=100% methane

The operating point is a high power nominal operating
condition. From the operating point, the system was linearized in
the following form:

ẋ = Ax + Bu + B1tamb + B2xfuel

�1�
y = Cx + Du + D1tamb + D2xfuel

where x, u, and y, represent, respectively, the deviation of each
state, input, and output from the point of linearization. The states
represent the system species mole fraction, temperature, and shaft
speed from each of the transient conservation equation in the non-
linear model. Model inputs are the fuel cell current, gas turbine
power, anode fuel flow, and combustor fuel flow. System
measurable outputs were considered to be the system power, the
fuel cell temperature, the combustor temperature, the fuel cell
voltage, and the gas turbine shaft speed. In addition to the system
parameters, the linear state space representation accounts for
the effect of deviations in the ambient temperature �tamb� and the

fuel’s methane mole fraction �xfuel� on the system’s states and
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utputs. The model should match the nonlinear model’s dynamic
esponse close to the operating point.

Upon analysis of the linear system’s poles and zeros, it was
ound that the system was marginally stable. The gas turbine shaft
peed state was found to be on the real axis. The GT’s speed is
etermined from a dynamic momentum balance on the turbine
haft as follows:

J
d�

dt
= �turbine − �compressor − �generator = � � �2�

ince mechanical damping �friction� has been neglected, the
haft’s physical response characteristics lead to what is called
rigid body rotation.” Letting the output �=y and the input
�=u, this can be written as the following transfer function in the
aplace domain:

G�s� =
1

J · s
�3�

.e., it has a pole at the origin. To stabilize the GT, a local
roportional feedback loop for the turbine speed was added and
he linearization was repeated. To clarify this strategy, the
inearized plant, including the GT shaft speed feedback, is
ighlighted in Fig. 3.

Stabilizing the system in this way is justified because a
ommercial gas turbine will be equipped with a speed controller
s well. This way, the GT controller becomes an integral part of
he model and not of the centralized controller. With this GT shaft
peed feedback loop, the inputs to the controlled system are �1�
urbine speed setpoint, �2� fuel cell current, �3� anode fuel flow-
ate, and �4� combustor fuel flowrate.

2.2 Model Reduction. The linearized plant has 70 states. It is
esired to reduce the order of the plant model to make it less
usceptible to numerical error and to reduce computational bur-
en. The reduced order state space model has the same structure
s the full state model

ẋr = Arxr + Bru + B1rtamb + B2rxfuel

�4�
y = Crxr + Du + D1tamb + D2xfuel

In a first step, unobservable and/or uncontrollable states were
emoved since they do not contribute to the model’s input-output
ehavior. The resulting minimum realization has 58 states. In a

Fig. 3 Centralized control system
rejection
econd step the states with the least effect on the system response

ournal of Dynamic Systems, Measurement, and Control
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were removed. This was accomplished by determining each state’s
Hankel singular value. The Hankel singular value represents the
effect that each state has on the system response �12�. The states
with the least effect on the system response �smallest Hankel
singular value� were then removed in order of smallest to largest
Hankel value, ensuring the linear system’s time and frequency
responses were not substantially affected after each removal.

It was found that reducing the model to 27 states with Hankel
singular values greater than 10−3 reduced the model sufficiently
for control development and maintained good system
representation. Frequency responses of selected inputs/outputs for
the full state linear model and the reduced order linear model are
shown in Fig. 4.

2.3 Verification of Performance of Reduced Order Linear
Model Versus the Nonlinear Model. To evaluate the effects of
linearization and model reduction, the open loop time responses of
the full linear, the reduced linear, and the nonlinear models were
compared for a representative disturbance. A 40°C diurnal
temperature fluctuation and a 5% decrease in the fuel’s methane
mole fraction were selected �Fig. 5�. This provides a means to
evaluate the system linearization, model reduction, and the open
loop response of the system. It is important to note that in all time
response figures, time “0” represents the time of the instantaneous

r robust tracking and disturbance

Fig. 4 Selected Bode frequency response of the full state
linear model „solid line… and the reduced order linear model
fo
„dotted line…
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uel composition perturbation. Presented simulations are 48 h to
emonstrate 24 h of diurnal temperature perturbation before and
fter the fuel composition perturbation.

�a� Ambient temperature perturbations. The response to a
40°C diurnal temperature fluctuation is shown in Fig. 6.
Both the linear and reduced order model response match
the nonlinear system well. The simulated diurnal tem-
perature fluctuation causes fluctuations in system power
of more than 5 kW, in stack temperature of more than
10°C, and in combustor temperature of more than 20°C.
This demonstrates the need for a feedback controller on
the system.

�b� Fluctuations in fuel composition. In addition to ambient
temperature perturbations, disturbances in the fuel con-
centration can affect the system substantially. The open
loop responses of the three system models to a 5% reduc-
tion in the fuel’s methane mole fraction are shown in
Figs. 7 and 8 for a short and long time scale, respectively.
In both time scales, the linear models are a decent
approximation of the nonlinear model’s dynamic
behavior. Fuel composition perturbations cause a slight
drift away from the equilibrium point. It will be shown,
that feedback is beneficial in keeping the system close to
the equilibrium point. The 5% reduction in the fuel
methane mole fraction results in a 10 kW reduction in
system power, a 30 mV reduction in average cell voltage,
and a 40°C reduction in the combustor temperature. This
demonstrates that small changes in the fuel composition

Fig. 5 Simultaneously simulated in
methane mole fraction at time 0 and

Fig. 6 Nonlinear, linear, and reduce
40°C diurnal temperature perturbat
lines overlap in all the figures and t

power, fuel cell temperature, rpm, and c

51002-4 / Vol. 131, SEPTEMBER 2009
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can have substantial effects on the fuel cell power and
combustor temperature and need to be compensated for
by the controller.

3 Control Design
As shown above, disturbances in ambient temperature and fuel

composition have a substantial effect on the system’s operating
point, i.e., feedback control is required for disturbance rejection.

The centralized control structure contains two feedback gain
matrices: �1� the LQR feedback gain and �2� the Kalman filter
gain. To decouple the design process, the feedback gains were
determined as follows.

1. The state feedback gain was determined in the reduced order
linear model.

2. The Kalman filter was added to the state feedback controller.
3. The complete designed controller was implemented in the

full nonlinear system.

Because the LQR’s state feedback is only proportional, a small
tracking error will exist. Therefore, a small integral gain feedback
loop on system power is added to the control design, as shown in
Fig. 3.

3.1 Linear Quadratic Regulator. The LQR feedback gain
�Kstates� is determined by minimizing the following cost function:

ntaneous 5% decrease in the fuel’s
0°C diurnal temperature fluctuation

rder model open loop response to a
. Note that the linear and reduced
all the lines overlap in the system
sta
d o
ion
hat
ombustor temperature figures.

Transactions of the ASME

 Terms of Use: http://asme.org/terms



f
i
c

J

Downloaded Fr
J =�
0

�

�yTQy + uTRu�dt

�5�
y = Cx + Du

Performance of the LQR is tuned via Q and R. In their simplest
orm, these are diagonal matrices. The main goal of the controller
s to track the system power as closely as possible. Fuel cell and
ombustor temperatures should be maintained close to their

Fig. 7 Nonlinear, linear, and reduc
response to an instantaneous 5%
fraction. Note that the linear and redu
that all the lines overlap in the rpm a

Fig. 8 Nonlinear, linear, and reduc
response to an instantaneous 5%

fraction. Note that the linear and reduce
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setpoints of 1000 K and 1140 K, respectively. GT shaft speed and
cell voltage are allowed to vary but must remain in a safe
operating range. There are no hard constraints on the system
inputs.

Table 1 summarizes the initial guess for the LQR weights. A
large weight will be used for system power, a smaller weight for
stack and oxidizer temperatures, and a small weight for GT shaft
speed and voltage. The input weights are all small.

Performance of state feedback control was evaluated using the

order model open loop short time
rease in the fuel’s methane mole

d lines overlap in all the figures and
combustor temperature figures.

order model open loop long time
rease in the fuel’s methane mole
ed
dec
ce
nd
ed
dec
d lines overlap.

SEPTEMBER 2009, Vol. 131 / 051002-5

 Terms of Use: http://asme.org/terms



s
t
f
i
i
u
m

S

S
F
C
T
C

I

C
T
A
C

S

S
F
C
T
C

I

C
T
A
C

0

Downloaded Fr
ame disturbances used above for model validation �Fig. 5�. With
his initial tuning, the controller demands a negative combustor
uel flow, which is not possible. While this could be addressed by
ncreasing the combustor fuel input penalty, it was found that
ncreasing the penalty cost functional on voltage led to conditions
nder which this negative flow was no longer required. Further-
ore, it was found that reducing the GT shaft speed weight

Table 2 Tuned LQR weights

etpoint weights: Q

ystem power 500
uel cell temperature 200
ombustor temperature 200
urbine speed 0.01
ell voltage 200

nput weights: R

urrent 10−5

urbine speed setpoint 10−5

node fuel flow 10−5

ombustor fuel flow 10−5

Table 1 Initial guess of LQR weights

etpoint weights: Q

ystem power 500
uel cell temperature 200
ombustor temperature 200
urbine speed 1
ell voltage 1

nput weights: R

urrent 10−5

urbine speed setpoint 10−5

node fuel flow 10−5

ombustor fuel flow 10−5

Fig. 9 Controlled system response

linear model

51002-6 / Vol. 131, SEPTEMBER 2009
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resulted in better control of the fuel cell temperature. This is
because varying the speed of the GT varies the air flow through
the fuel cell thus facilitating improved control of the fuel cell
temperature. The adjusted LQR weights are shown in Table 2.

The response of the retuned LQR is presented in Fig. 9. Applied
to the linear model, the LQR can track power to within 10 W and
maintain the fuel cell temperature to within 2°C. The fuel cell
voltage and combustor temperature are essentially constant.
Please note that in controlled system responses, the controllers are
active from the beginning to the end of the simultaneous fuel
composition disturbance and diurnal ambient temperature distur-
bance of the simulation, with time 0 indicating the time of the
instantaneous fuel composition perturbation.

3.2 Kalman Filter. Since only a few of the linear model’s
states can be measured, states must be estimated, e.g., via a
Kalman filter, to implement the LQR. For the system shown in
Eq. �4�, it takes the following form:

ẋ̂r = Arx̂r + Bru + B1rtamb + kest�y − Crx̂r − Du − D1tamb� �6�

The states �x̂r� are estimated from the known state feedback
inputs and outputs and the ambient temperature change. Note that
perturbations in the fuel’s methane mole fraction �xfuel� are not
included because they are not measurable. The estimator gain kest
updates the states such that the measurements are correctly
predicted by the linear model.

The filter is tuned by adjusting the process and measurement
noise covariance matrices via the Kalman command in MATLAB

�see Ref. �12� for general information on Kalman filters�. With
these covariance matrices the Kalman filter gain can be tuned to
be more sensitive to process �state� noise or to measurement �out-
put� noise. The error in the estimated states will primarily be
caused by perturbations in the fuel’s methane mole fraction, which
cannot be measured directly. To determine initial covariance
values, the effect of fuel perturbations �xfuel� on the states �via B2r�
and the measurements �via D2� was investigated �Eq. �4��. The
effects on the states are approximately three orders of magnitude
stronger than the effect on the measurements. As an initial guess,
the process covariance noise was set to 10−4, and the measurement

f the designed LQR applied to the
o
Transactions of the ASME
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ovariance noise was set to 10−7. After a few iterations it was
ound that decreasing the penalty on the measurement covariance
oise to 5�10−9 resulted in better control.

The performance of the feedback control using estimated states
s similar to the performance of the feedback control from actual
tates. Slight error in tracking the combustor temperature resulted
rom state estimation because the states are estimated without
nformation about fuel variations. Immediately after a change in
he fuel’s methane mole fraction, there also is a voltage tracking
rror because voltage depends on the fuel composition.

3.3 Integral Power Feedback. To ensure zero tracking error
f the system power, integral control of the system power is
mplemented via manipulation of the stack current. This was
pplied to the SOFC rather than the GT because its power can
irectly be controlled via the stack current and because this is a
ery fast acting controller. The other controlled variables �fuel cell
emperature, combustor temperature, voltage, and gas turbine
haft speed� are not augmented with integral control because
ffset-free tracking is not essential.

Control Results
To demonstrate controller performance both the original decen-

ralized controller and LQR are compared for a 20% reduction in
he fuel’s methane mole fraction and a 40°C diurnal temperature
erturbation �Fig. 10�. The LQR is applied to both the linear and
onlinear models. Figures 11 and 12 show, respectively, the
esults for the long term and the short term responses.

Fig. 10 Simultaneously simulated
fuel’s methane mole fraction at tim
perturbation

Fig. 11 Controlled system long-term
Fig. 10 using the control system w

decentralized feedback controller

ournal of Dynamic Systems, Measurement, and Control
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In the nonlinear model the LQR tracks the power with
zero offset, the stack temperature within 5 K, the combustor
temperature within a few kelvin, and the cell voltage within a few
millivolts. This shows the system can robustly track power, while
rejecting disturbances. The largest offsets from desired setpoints
are in the fuel cell and combustor temperatures. These offsets are
attributed to errors in the estimated states, since fuel composition
information is not accounted for in the estimator �Eq. �6��, as well
as to the nonlinear behavior of the system. Nonetheless, the
controller is capable of rejecting the applied disturbances with
only minor offsets from desired operating conditions. Both of
these disturbances are very large compared with the disturbances
such a system will likely see in practice. The controller can handle
even larger disturbances; however, the variations in the fuel cell
and combustor temperature will become bigger.

Compared with the decentralized controller the centralized
controller performed slightly better. Due to the integral feedback
on power, both controllers track the system power offset-free. The
central controller maintains the cell voltage and the stack
temperature within tighter bounds than the decentralized
controller. The decentralized controller was able to maintain the
cell voltage within 0.1 V, while the LQR maintained cell voltages
within 0.04 V for a 60% cell voltage control improvement. In
terms of the fuel cell temperature, the decentralized controller
maintained the fuel cell temperature within 14 °C, while the LQR
maintained the fuel cell temperature within 8 °C for a 40%
improvement in fuel cell temperature control. Such improvement

% instantaneous reduction in the
, and a 40°C diurnal temperature

0 h… response to the disturbance of
LQR feedback controller and the
20
e 0
„4
ith
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n the fuel cell voltage and fuel cell stack temperature correlate to
ncreased fuel cell durability, reliability, and overall system life-
ime.

The centralized controller performed better then the
ecentralized controller because the central controller manipulates
ll inputs based on all the outputs, accounting for interactions
mong them. For example, the LQR responded to the fuel
erturbation, by manipulating the fuel flow, maintaining close
ontrol of the fuel cell voltage during the transient. The decentral-
zed
ontroller also responded to the fuel perturbation by manipulating
he fuel flow, but was not able to maintain the fuel cell voltage, as
ell as the centralized LQR. The centralized LQR is able to

ccount for such interactions and allowing for direct trade-offs
mong different objectives while the decentralized controller
annot.

On the other hand, the decentralized controller achieved better
ontrol of the oxidizer temperature, which was controlled
ndependently by manipulating the oxidizer fuel flow. Because
ejection of fuel perturbations and maintenance of cell
emperature are more important than tight control of the oxidizer
emperature the new controller is an improvement over the
reviously developed decentralized control strategy.

Discussion
Both the decentralized and centralized controllers are stable and
aintained the system within operating constraints during the fuel

omposition and ambient temperature disturbances. A centralized
ontroller is a higher order controller that is generally more chal-
enging to implement in a system. However, centralized MIMO
ontrollers can be effectively used to more closely maintain the
uel cell voltage and minimize fuel cell temperature variations due
o disturbances. In the present analyses the centralized controller
chieved a 40% reduction in the fuel cell temperature fluctuation
aused by the disturbances. Such an improvement can improve
uel cell durability, reliability, and stack lifetime in the field.

Due to the relative complexity of developing centralized

Fig. 12 Controlled system short-ter
Fig. 10 as controlled by the LQR fee
feedback controller
ontrollers compared with decentralized controllers, it is not

51002-8 / Vol. 131, SEPTEMBER 2009
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expected that fuel cell manufactures will immediately implement
centralized controls in first generation systems. However, as high
temperature fuel cell technology matures, the development and
implementation of centralized controllers for high temperature
fuel cells may provide performance improvements as well as
durability, reliability, and system lifetime improvements.

6 Conclusions
The LQR was developed and implemented in MATLAB/

SIMULINK® and was applied to a detailed nonlinear model of the
system. This allowed for evaluation of the centralized controller
compared with a decentralized controller for hybrid systems. As
predicted by RGA analysis, the central controller performed better
than the decentralized controller in rejecting common distur-
bances to hybrid fuel cell systems.

The overall performance of different control designs can vary
depending on the cycle. The overall system configuration used for
this research was designed with controllability in mind. The
variable speed turbine and supplementary combustor fuel allow
for effective response to operating conditions and disturbances.
Other system configurations might not be as amenable to
decentralized control and may benefit even more from centralized
controllers, as investigated in this study.
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A, B, C, and D � state space matrices

G � transfer function
J � moment of inertia �kg m2�, LQR cost function
K � feedback gain matrix
P � steady state error covariance
Q � LQR output weight matrix
R � LQR input weight matrix

tamb � variation in ambient temperature from 298 K
u � input deviation from operating point
x � state deviation from operating point

xfuel � deviation in fuel’s methane mole fraction
y � output deviation from operating point

k, K � gain

reek Letters
� � angle �rad�
� � torque �kg m2 s−2�

ubscripts and Abbreviations
amb � ambient

C � compressor
comb � combustor

est � estimator
FC � fuel cell
G � generator
r � reduced order system

sys � system
SS � steady-state

T � turbine
temp � temperature

eferences
�1� Williams, M. C., Strakey, J., and Sudoval, W. U. S., 2006, “DOE Fossil En-

ergy Fuel Cells Program,” J. Power Sources, 159�2�, pp. 1241–1247.
�2� Williams, M. C., Strakey, J. P., and Surdoval, W. A., 2005, “The U.S. Depart-

ment of Energy, Office of Fossil Energy Stationary Fuel Cell Program,” J.
Power Sources, 143�1–2�, pp. 191–196.

�3� Williams, M. C., Strakey, J. P., and Singhal, S. C. U. S., 2004, “Distributed
Generation Fuel Cell Program,” J. Power Sources, 131�1–2�, pp. 79–85.

�4� Stiller, C., Thorud, B., Bolland, O., Kandepu, R., and Imsland, L., 2006, “Con-
trol Strategy for a Solid Oxide Fuel Cell and Gas Turbine Hybrid System,” J.
Power Sources, 158�1�, pp. 303–315.

�5� Mueller, F., Jabbari, F., Brouwer, J., Roberts, R., Junker, T., and Ghezel-
Ayagh, H., 2006, “Control Design for A Bottoming Solid Oxide Fuel Cell Gas

Turbine Hybrid System,” The 4th International Conference on Fuel Cell Sci-

ournal of Dynamic Systems, Measurement, and Control

om: http://dynamicsystems.asmedigitalcollection.asme.org/ on 02/06/2015
ence, Engineering and Technology,, Irvine, CA, June 19–21, ASME.
�6� Kandepu, R., Imsland, L., Foss, B. A., Stiller, C., Thorud, B., and Bolland, O.,

2007, “Modeling and Control of a SOFC-GT-Based Autonomous Power Sys-
tem,” Energy, 32�4�, pp. 407–417.

�7� Inui, Y., Ito, N., Nakajima, T., and Urata, A., 2006, “Analytical Investigation
on Cell Temperature Control Method of Planar Solid Oxide Fuel Cell,” Energy
Convers. Manage., 47�15–16�, pp. 2319–2328.

�8� Ferrari, M. L., Magistri, L., Traverso, A., Massardo, A. F., 2005, “Control
System for Solid Oxide Fuel Cell Hybrid Systems,” ASME Turbo Expo 2005:
Power for Land, Sea and Air, ASME, Renoe-Tahoe, NV, pp. 1–9.

�9� Selimovic, A., Kemm, M., Torisson, T., and Assadi, M., 2005, “Steady State
and Transient Thermal Stress Analysis in Planar Solid Oxide Fuel Cells,” J.
Power Sources, 145�2�, pp. 463–469.

�10� Dicks, A. L., 1998, “Advances in Catalyst for Internal Reformation in High
Temperature Fuel Cells,” J. Power Sources, 71, pp. 111–122.

�11� Roberts, R., Brouwer, J., Jabbari, F., Junker, T., and Ghezel-Ayagh, H., 2006,
“Control Design of an Atmospheric Solid Oxide Fuel Cell/Gas Turbine Hybrid
System: Variable Versus Fixed Speed Gas Turbine Operation,” J. Power
Sources, 161�1�, pp. 484–491.

�12� Skogestad, S., and Postlethwaite, L., 1996, Mutivariable Feedback Control
Analysis and Design, Wiley, New York.

�13� Pukrushpan, T. J., Stefanopoulou, G. A., and Huei, P., 2005, Control of Fuel
Cell Power Systems: Principles, Modeling, Analysis, and Feedback Design, J.
M. Grimble and A. M. Johnson, eds., Springer, London.

�14� Kishor, N., Singh, S. P., and Raghuvanshi, A. S., 2006, “Dynamic Simulations
of Hydro Turbine and Its State Estimation Based LQ Control,” Energy Con-
vers. Manage., 47�18–19�, pp. 3119–3137.

�15� Ko, H.-S., Jatskevich, J., Dumont, G., and Yoon, G.-G., 2008, “An Advanced
LMI-Based-LQR Design for Voltage Control of Grid-Connected Wind Farm,”
Electr. Power Syst. Res., 78�4�, pp. 539–546.

�16� Ekelund, T., 2000, “Yaw Control for Reduction of Structural Dynamic Loads
in Wind Turbines,” J. Wind. Eng. Ind. Aerodyn., 85�3�, pp. 241–262.

�17� Shen, J.-Y., and Fabien, B. C., 2002, “Optimal Control of a Flywheel Energy
Storage System With a Radial Flux Hybrid Magnetic Bearing,” J. Franklin
Inst., 339�2�, pp. 189–210.

�18� Varigonda, S., Kamat, M., and Bortoff, S. A., 2006, “H-Infinity Control Design
for a Stationary Fuel Cell Power Plant,” American Control Conference, Mine-
apolis, MN, Jun. 14–16.

�19� Pukrushpan, J., Stefanopoulou, A., Varigonda, S., Eborn, J., and Haugstetter,
C., 2006, “Control-Oriented Model of Fuel Processor for Hydrogen Generation
in Fuel Cell Applications,” Control Eng. Pract., 14�3�, pp. 277–293.

�20� Jurado, F., 2005, “Robust Control for Fuel Cell-Microturbine Hybrid Power
Plant Using Biomass,” Energy, 30�10�, pp. 1711–1727.

�21� Mueller, F., Brouwer, J., Jabbari, F., and Samuelsen, S., 2006, “Dynamic
Simulation of an Integrated Solid Oxide Fuel Cell System Including Current-
Based Fuel Flow Control,” ASME J. Fuel Cell Sci. Technol., 3�2�, pp. 144–
155.

�22� Roberts, R., and Brouwer, J., 2006, “Dynamic Simulation of a Pressurized
220 kW Solid Oxide Fuel-Cell-Gas-Turbine Hybrid System: Modeled Perfor-
mance Compared to Measured Results,” ASME J. Fuel Cell Sci. Technol.,
3�1�, pp. 18–25.

�23� Kuniba, Y., 2007, Development and Analysis of Load Following SOFC/GT
Hybrid System Control Strategies for Commercial Building Applications, Uni-
versity of California, Irvine, Irvine, CA.
SEPTEMBER 2009, Vol. 131 / 051002-9

 Terms of Use: http://asme.org/terms




