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Abstract

A novel SOFC system control strategy has been developed for rapid load following. The strategy was motivated from the performance of a
baseline control strategy developed from control concepts in the literature. The basis for the fuel cell system control concepts are explained by
a simplified order of magnitude time scale analysis. The control concepts are then investigated in a detailed quasi-two-dimensional integrated
dynamic system model that resolves the physics of heat transfer, chemical kinetics, mass convection and electrochemistry within the system.

The baseline control strategy is based on the standard operating method of constant utilization with no control of the combustor temperature.
Simulation indicates that with this control strategy large combustor transients can take place during load transients because the fuel flow to the
combustor increases faster than the air flow. To alleviate this problem, a novel control structure that maintains the combustor temperature within
acceptable ranges without any supplementary hardware was introduced. The combustor temperature is controlled by manipulating the current
to change the combustor inlet stoichiometry. The load following capability of SOFC systems is inherently limited by anode compartment fuel
depletion during the time of fuel delivery delay. This research indicates that future SOFC systems with proper system and control configurations

can exhibit excellent load following characteristics.
© 2007 Elsevier B.V. All rights reserved.

Keywords: SOFC; Decentralized controller; System control; Dynamic simulation; Time scale analysis

1. Introduction

The goal of this paper is to (1) identify and analyze chal-
lenges of load following in solid oxide fuel cells, (2) design
a system configuration and control strategy for rapid system
load following, and (3) discuss inherent load following limita-
tions for particular control architecture. In simple cycle solid
oxide fuel cell (SOFC) systems, all the power is generated by
the fuel cell. A reformer, combustor and blower are needed to
support the operation of the SOFC. To meet the power demand
the SOFC must generate power to meet both the external power
demand and the parasitic (or internal) power of the balance of
plant. SOFC system electrical power is generated from the elec-
trochemical potential between fuel at one electrode—electrolyte
interface and air at an opposing electrode—electrolyte interface.
SOFC electrochemical reaction rates are quite rapid, typically
occurring over time periods on the order of milliseconds [1].
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Since the electrochemistry directly produces the electrical work
output, SOFC technology should be able to achieve rapid load
following capability on the same order as that offered by the elec-
trochemistry. Load following problems occur when the response
of the fuel cell system cannot safely meet both the external sys-
tem power demand and the balance of plant power demand. The
limitations could result from conservative control techniques or
from inherently slow response of subsystem components, such
as flow or chemical reaction delays associated with fuel pro-
cessing equipment. In the case of slow subsystem response the
fuel cell performance must be slaved to the performance of the
subsystem.

A control system is needed to interconnect each of the system
components and to meet the power demand within the oper-
ating requirements of the system. Different control strategies
can be implemented with different performance. In this paper,
two different control strategies are presented. The first control
strategy is based on control concepts found in the literature
with some slight control improvements. The control concepts
are investigated in detail, with special attention to overall chal-
lenges and limitations. Based on the control transients, and
insight into control limitations, a new control architecture is
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Nomenclature

C solid specific heat capacity (kJ kg~! K—1)

Cy constant volume gas specific heat capacity
(kJ kmol~' K~ 1)

F Faradays constant (96,487 C mol 1)

h enthalpy (kJ kmol ™)

h¢ enthalpy of formation (kJ kmol~!)

i current (A)

J moment of inertia (kg m?)

keell number of cells in stack

number of reformers in system

mass (kg)

molar capacity (kmol)

molar flow rate (kmols~!)

pressure (kPa)

heat transfer (kW)

species reaction rate (kmol s~ 1

universal gas constant (8.3145Jmol~! K1)

time (s)

temperature (K)

utilization

volume (m?)

rotational velocity (rads—!)

rate of work (kW)

species mole fraction

XEE SQNTIZOTZZI S

Greek letters

y ratio of specific heats
n efficiency
0 density of solid (kg m~2)

Control variables

b feedback contribution

d demand value

e error between feedback and set point value
f feed forward contribution

g modified or governed signal

Nt fuel flow rate (kmols™')

P external power demand (kW)

Py, Fuel cell power (kW)

PB blower power (kW)

r reference set point value

RPM  blower shaft speed (rpm)

te combustor temperature (K)
Tsack  fuel cell stack temperature (K)
u system input

y system feedback value

developed. Improvements provided by this control strategy are
demonstrated and explained.

The key to demonstrating control concepts is to analyze the
system transient response in comparison to the system oper-
ating requirement. Ideally, an experimental system could be
used, however due to the cost and unavailability of such a sys-

tem, the transient response of a SOFC system was investigated
through dynamic modeling and simulation of an integrated sys-
tem. The model is nonlinear based on transport and conservation
principles. The modeling methodology used has been verified
experimentally and utilized for controls development in previ-
ous work [2-9]. Since the focus of the paper is controls, the
physical dynamic model is only briefly presented in Appendix
A.

2. Background

The challenge during load following is to safely operate the
system within known operating requirements and constraints.
General fuel cell system operating requirements as expressed in
the literature are:

(1) The steam-to-carbon ratio in the fuel cell fuel supply must
be greater than two to avoid carbon coking in the fuel lines,
reformer, and fuel cell stack [6,10-12].

(2) Electrochemically active fuel species (mainly hydrogen)
cannot be depleted in the fuel cell [6,10,13]. Sufficient fuel
and oxidant is required to support the electrochemical reac-
tions and must always be supplied to avoid electrode redox.
Preferably the fuel utilization remains less than 95% to
incorporate a margin of safety.

(3) Thermal stresses should be avoided throughout the system
to maximize material durability and lifetime.

a. Fuel and air temperatures at the entrance to the fuel cell
stack should be maintained to within 200K of the fuel
cell operating temperature [6,7,10,14,15].

b. Endothermic cooling caused by fuel reformation reac-
tions at the fuel cell anode inlet should be minimized.
The fuel is usually pre-reformed before entering the fuel
cell anode compartment [10,15,16].

c. Combustor and heat exchanger temperature extremes and
thermal transients should be minimized [11,17,18].

(4) Fuel cell degradation must be avoided.

a. The fuel cell operating temperature should be maintained
as close as possible to the design temperature (~10 K)
to avoid thermal fatigue [10,11,14].

b. The fuel cell voltage should be maintained at all times to
avoid high local heat production rates [10,16].

When operating a SOFC system, the above set of operat-
ing requirements must be satisfied at all times including during
transient operation. The fuel cell stack requirements are the most
stringent of any component in the system, but operating require-
ments of other major components and the entire balance of plant
must correspondingly be satisfied at all times.

A reasonable amount of controls research for SOFC systems
has been presented in the literature to ensure that these SOFC
operating requirements can be satisfied. Most research groups
have investigated overall system controls [4,6,8,10,11,13] while
some have investigated specific operating requirements in more
detail [5,7,14,19]. While the control strategies developed vary
to some extent, a seemingly effective control strategy to meet
system power demand and maintain the fuel cell operating
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requirements suggested by the literature includes the following
features:

(1) Manipulate current to follow the system power demand
[6,8,10,19].

(2) Manipulate fuel flow to maintain fuel utilization (operating
requirement 2) [5,6,10,13,19].

(3) Provide water from an external source or re-circulate suffi-
cient anode depleted fuel to maintain a high steam-to-carbon
ratio (operating requirement 1) [6,10].

(4) Design and manipulate the SOFC balance of plant to main-
tain the fuel cell inlet temperature (operating requirement
3a) [6,7,10,14].

(5) Manipulate the cathode airflow rate to maintain the fuel cell
temperature (operating requirement 4a) [6-8,10,13,14].

(6) Limit the amount of current drawn to assure that electro-
chemically active fuel species are not depleted in the fuel cell
and that the fuel cell voltage remains at reasonable values
(operating requirements 2 and 4b) [6,8,10,19].

The baseline control design used here initially is based on
these six basic control concepts. Development and analysis of
the controller is presented. While the baseline control strategy is
effective and can be designed for significant load following capa-
bility, the baseline controller does not sufficiently control the
combustor temperature for rapid load following cases. Dynamic
simulation results indicate thermal transients in the combustor
are a cause of concern when the baseline controller is used. A
novel alternative control strategy is proposed to address the limi-
tations of baseline control design regarding control of combustor
temperature.

3. System

While this paper attempts to investigate SOFC systems and
controls broadly, a specific system is required to demonstrate
and investigate control designs of the concepts developed. To
meet this need, an integrated dynamic model of the 5 kW simple
cycle system, presented in Fig. 1, was developed. The system is
a typical simple cycle SOFC system in the 5 kW scale with key
design features that are included for load following capability.

In this system, a variable speed blower is used, such that the
air flow can be controlled to maintain the fuel cell temperature at

Fig. 1. Schematic of the nominal 5kW integrated SOFC system.

1150 K (control concept 5). The air is preheated using the com-
bustor exhaust. Two air-exhaust heat exchangers are utilized; a
high temperature (ceramic) heat exchanger and a stainless steel
heat exchanger. Typical stainless steel heat exchangers should
be maintained below 930 K but ceramic heat exchangers can
handle temperatures up to 1400 K [18] depending upon mate-
rial type and design. Use of a high temperature heat exchanger
is required in the current system because of high combustor
temperatures and the fuel cell requirement of high inlet air tem-
perature (1000K). Cold air can bypass the heat exchangers.
This allows for effective control of the cathode inlet temperature
(control concept 4).

Water required for fuel reformation is supplied to the system
from an external source (control concept 3). A steam prepa-
ration boiler is used to vaporize liquid water to steam using
the system exhaust. To minimize thermal gradients in the fuel
cell (operating requirement 3b), the natural gas-steam stream is
reformed prior to supply to the fuel cell anode compartment.
The heat required by the reformation is supplied by the system
combustor exhaust. In the current system configuration, it was
found beneficial to use the exhaust to heat the reformer using a
stainless steal heat exchanger placed between the two high tem-
perature heat exchangers to ensure a sufficient temperature in
the reformer. In the current configuration the reformer temper-
ature is sufficient to ensure more than 90% methane conversion
to hydrogen and carbon monoxide in the reformer.

The system is analyzed using a dynamic model. A summary
of the system dynamic model is presented in Appendix A. The
model is based on the physics and chemistry that govern the
fuel cell system, and is developed by resolving conservation of
mass, energy, and momentum principles, with corresponding
electrochemistry, chemical kinetics, heat generation, and heat
transfer. While the specific configuration used here has not been
verified experimentally, the model for different subsystems has
been verified experimentally with other configurations, and the
current approach has been used previously to investigate fuel
cell system control design [2-9].

4. Baseline design

It is known that the electrochemical time scale of fuel cells is
very rapid, on the order of microseconds [1]. Power electronic
response times are similarly fast. Because of the fast electro-
chemical response time in a SOFC, system load demands can
be met rapidly by manipulating the current using modern power
electronics [6,8,10,19].

If (a) hydrogen supply was unlimited, (b) thermal constraints
were not an issue, and (c) steam supply was certain, then SOFC
systems should have very rapid load following capability. SOFC
system dynamic response could be on the order of timescales
associated with system control strategies (e.g., milliseconds),
not exceeding those associated with electrochemistry and power
electronics. This would be the ideal case for a SOFC sys-
tem. However, a multitude of challenges and constraints (to
SOFC system transient load following capabilities) are imposed
by requirements of long-term reliability (which demands strict
control of thermal gradients and transients), and interactions
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caused by slower system component response times (reformer
flow response, and blower shaft dynamics), as discussed further
below.

4.1. Fuel depletion

Following a load increase in the fuel cell, all electrochemi-
cally active species in the anode compartment will begin to be
consumed in the fuel cell at a higher rate. In the current analyses
hydrogen (the most important electrochemically active species)
is assumed to be the only electrochemically active species. The
water gas shift and steam reformation reactions are resolved
such that carbon monoxide and methane will be converted to
hydrogen as hydrogen is consumed. Full system model simula-
tion indicates that for a large load increases the active species
within the fuel cell anode compartment will become depleted in
fractions of a second if new additional fuel is not supplied. As
an order magnitude time scale check, the time scale of hydro-
gen depletion within the fuel cell can be characterized generally
from mass conservation as:

UnFN in ((iz/il)U + Xmin — 1)

O(At) = — -
i (/iU —-U

ey

From constants for the system listed in Table 1, the order of mag-
nitude check results in approximately half a second for hydrogen
depletion consistent with model prediction. From system oper-
ating requirement 2, fuel must be maintained within the fuel cell
at all times. The rate of hydrogen consumption within each fuel
cell is directly proportional to the current

H5 consumed =

¥ @
Therefore, when current is increased, hydrogen consumption
within the fuel cell is increased. Since it is known that hydrogen
or fuel consumption is proportional to the current, it is possible
to control the system inlet fuel flow rate in direct proportion to
the current so as to maintain constant fuel utilization as follows:

[ kcell

_ oel 3
U2FXy, x 1000 ©)

in
where U represents the operating utilization, Xy, the inlet fuel
potential hydrogen content, and k. is the number of cells in the
SOFC stack. This is a popular fuel flow control strategy in litera-

Table 1
Values used in time analysis

i1 (A) 20 Initial current

ir (A) 70 Final current

Vi (V) 0.8 Initial voltage

Vo (V) 0.67 Final voltage

R () 0.0046 Internal resistance

P (kPA) 101.325 Operating pressure

U (%) 85 Steady state operating utilization

Xmin (%) 5 Minimum fuel cell hydrogen mole percent
AT (K) 10 Temperature increase

T (K) 1150 Fuel cell temperature

Trer (K) 955 Reformer temperature

AWpiower (W) 200 Blower power increase during transient

ture [5,8,19] called current-based fuel control. If hydrogen could
be instantaneously supplied to the fuel cell using current-based
fuel control, and thermal restrictions did not apply, then SOFC
systems could exhibit transient load following capabilities that
are only constrained by the time scale of the electrochemistry.

In practical systems, the flow of hydrogen to the fuel cell
cannot increase instantaneously because of delays in fuel deliv-
ery, preparation, and processing. This delay can include flow
delays in valve actuation, flow delay in the fuel desulfurizers,
delays caused by the reformer chemical kinetics including those
from insufficient heat transfer to the reformer and insufficient
reformer residence time, as well as reformer mass flow delays.
The model considered in this paper resolves the reformer in a
quasi-two-dimensional manner, capturing the chemical kinet-
ics of steam reformation (implementing the kinetics models
from [20,21]), the heat transfer from the exhaust stream to the
reformate stream required to balance the endothermic steam ref-
ormation reaction, as well as the reformer mass flow delay due to
pressure transients in the reformer as explained in [22,23]. Note
that flow delays associated with actuators and the desulfurizer
are not physically resolved but are essentially lumped into the
reformer mass flow delay.

Fuel flow delays are cause for concern because for suffi-
ciently large load increases, hydrogen can become depleted in
the fuel cell before the reformer exit fuel flow is sufficiently
increased. In the ideal case that the reformer exit stream com-
position can be maintained during transients, the mass flow
response of the reformer can still limit or affect the dynamic
system performance. The reformer exit flow does not increase
instantaneously with an increase in reformer inlet flow due to
flow restrictions between the reformer and anode. The pressure
gradient across the flow restriction must increase before the flow
into the reformer increases. The mass flow delay due to pressure
effects in the reformer volume alone can be longer than the time
for the hydrogen within the fuel cell to become depleted. From
mass conservation

dN

dr =.in_N0ut+ZR (4)

And the orifice flow equation

&)

By assuming current based fuel control, 100% methane con-
version, a steam to carbon ratio of 2, and ideal gas, the order
of magnitude first approximation for the fuel flow rate at the
reformer exit increase to steady state can be estimated as:

V Skeen3 1 AP,
. % (i —i1) ©)

From constants for the system listed in Table 1, considering
a 20-70 A instantaneous load increase in the present system,
the order of magnitude check results in approximately 3 s for
the reformer fuel flow rate to increase to steady state values.
Considering only the mass flow delay in the reformer, 3 s for
the fuel cell-fuel flow to increase, is long enough for fuel to



312 F. Mueller et al. / Journal of Power Sources 172 (2007) 308-323

e

[ ]

b

'y rPfc+ - i

K-l
+ & ( )Psgs +
TYPfc

U

f\

+
'S
A

Fig. 2. Fuel cell power controller with reference governor (y indicates system
feedback value, r indicates reference set point value, e indicates error between
feedback and set point value, g indicates modified/governor contribution, u
indicates system input value, f indicates feed-forward contribution, b indicates
feedback contribution, d indicates demand value).

become depleted in the fuel cell. The order of magnitude time
analysis illustrates the problem of fuel cell-fuel depletion during
reformer flow delays.

Since it is necessary that sufficient hydrogen remain in the
fuel cell, the current drawn from the fuel cell during load
increases should be limited (governed) by the available rate of
hydrogen supply. This is particularly true during the time of the
reformer flow delay that can occur during large load transients.

To ensure that electrochemically active fuel is not depleted
in the fuel cell, voltage measurement can be used to indicate
depleting species within the fuel cell. Specifically, the fuel cell
voltage is strongly dependent on hydrogen concentration. The
dependence of voltage on hydrogen concentration in the anode
compartment is classically evaluated from the Nernst equation.
In particular, since fuel cell voltage rapidly adjusts to the lim-
iting local species concentrations in the cell, the voltage can be
measured in real time, providing rapid, robust, and cost effective
information on electrochemically active species within the fuel
cell. Deducing hydrogen concentration in the anode compart-
ment via monitoring voltage is consistent with hydrogen sensors
that have been developed based on the electrochemical poten-
tial of hydrogen [24-28]. To avoid hydrogen depletion within

Table 2
Controller constants

the fuel cell, the fuel cell power can be governed as illustrated
in Fig. 2 by limiting the fuel cell power demand whenever low
voltage operating conditions are observed. Thus, fuel cell power
demand is constrained whenever hydrogen becomes depleted in
the fuel cell anode compartment.

Under normal operating conditions the fuel cell power
demand (system output power demand plus parasitic power,
labeled blower power, demand) is controlled by manipulating
the fuel cell current using the feedback and feed-forward con-
troller, as shown in Fig. 2. When the fuel cell voltage (yy)
becomes less than a minimum set value (ry,, ) the fuel cell
power demand (rp, ) is lowered to a modified power demand
(gp)- The fuel cell power (yp, ) is then controlled to the modi-
fied power demand (gp) by manipulating the current drawn from
the fuel cell (;). Constants for each controller are presented in
Table 2. Current feed-forward is based on the reference system
power demand. A steady state current versus reference power
look-up table is used to determine the feed-forward current
(f;) from the reference power demand. All of the feed-forward
control logic in this paper is based on system steady state oper-
ation look-up tables. Since the response of electrochemistry
is fast (assumed instantaneous in the model) large feedback
gains can be used in a stable fashion to control the system
power.

This control strategy will prevent the fuel cell voltage from
dropping below a minimum value; ensuring that the active
species in the fuel cell anode compartment will not be depleted.
If the active species becomes depleted then the fuel cell
chemical potential becomes zero, and the corresponding fuel
cell voltage becomes zero. While still connected to a load that
draws current, anode materials may be oxidized (to consume
oxygen ions and produce electrons) in the place of fuel. This can
be followed by reduction once fuel is returned to the interface,
but, repeated redox of this type can severely damage a fuel
cell anode. A sufficiently large gain (Ky) must be used so that
the power will effectively control the voltage to prevent anode
redox.

Power controller with reference governor

Kpy, (AkW™) 50

Ipy, (AKW™) 5

"Vain (V) 0.65

Ky (kW V™) 100

Sat (kW) >0
Blower cascade controller

rTstack (K) 1150

K7, (pmK™h) 300

Krpm (x 1073 kW rpm™!) 2

Sat (kW) 0.015-0.5
Fuel cell current combustor temperature controller

K (AKT) 1.2

Rate (Ks™1) 4+0.02

Sat (A) 10-85

Fuel flow fuel cell power controller
K p (x1070kmol kW~1) 35
Ip, (x1077 kmol kW~1) 1

System power feedback proportional gain
System power feedback integral gain
Cell minimum voltage

Fuel cell power reference governor gain
Power reference governor saturation

Reference fuel cell operating temperature
Temperature feedback proportional gain
Shaft speed feedback proportional gain
Blower power saturation

Combustor temperature feedback gain
Combustor temperature set point ramp rate
Current saturation

Fuel cell power feedback proportional gain
Fuel cell power feedback integral gain
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When a power reference governor is implemented to avoid
hydrogen depletion, the fuel cell fuel flow cannot be controlled
solely using current-based fuel control. This is because when the
fuel cell current is limited due to low fuel cell hydrogen concen-
tration the system inlet fuel flow is automatically lowered if only
current-based fuel control is used. This is problematic since the
current was reduced due to insufficient fuel being sent to the fuel
cell anode compartment. To avoid this challenge the system inlet
flow rate is set to the larger of the two flow rates as determined
by (1) current-based fuel control and (2) feed-forward fuel flow
based on the fuel cell power demand. It could be possible to
operate the controller with only the feed-forward controller, but
implementing current-based fuel control is a practical strategy
for dealing with errors in the feed-forward look up table, system
degradation, or other system performance changes.

4.2. Fuel cell thermal management

The temperature of the fuel cell stack must be closely main-
tained during transient operation. As the current is increased both
the power and heat generated within the fuel cell increase, which
within a typical operating envelope follow a linear proportional-
ity that relates current to voltage through the Ohmic resistance.
Research has been indicating that variable speed actuation of air
is beneficial for effectively controlling temperatures in SOFC
systems [6-8,10,13,14].

Manipulating the air flow to control the fuel cell temperature
is effective because the thermal response time of the fuel cell
stack is larger then the time scale of air actuation. On an order
of magnitude time scale analysis, the thermal response time can
be approximated with out considering convective cooling from
the air as:

mCAT _ AT (MmeaCmea + MgasCy + mpCp)AT

O(Ar) = Om (Ai/nF)ht — A(iV)

(N

And the blower response time can be approximated on an
order of magnitude scale as:

(Gira/Bmm)? — (i /fmm)?)  J
2 A Wblower

O(Ar) = ®
where the initial and final mass flow rate to maintain the fuel
cell air between inlet and outlet temperature (73, and Toy) can
be evaluated from an energy balance as

_, (i/nF)ht = (V)
" hou(Tou) — hin(Tin)

For alarge power increase for system values presented in Table 1,
the fuel cell thermal time scale is on the order of 217 s and the
blower air response time is on the order of 3 s indicating the
blower response is significantly faster than the fuel cell thermal
response time.

The time scale in which the air flow can be manipulated
depends upon the blower moment of inertia and the amount
of power used by the blower. Therefore, the time scale of the
blower can be controlled to meet the thermal operating require-

C))

m;

o e

[FFieu] [FFee |

frem fog
Momck  STatmck brrwm + ErPm bpg + deg
g K /g K O SAT
. Tetack N RPM +~
Yatnc YreM

Fig. 3. Blower cascade controller (y indicates system feedback value, r indicates
reference set point value, e indicates error between feedback and set point value,
g indicates modified/governor contribution, u indicates system input value, findi-
cates feed-forward contribution, b indicates feedback contribution, d indicates
demand value).

ment of the fuel cell. Even for small blower power, the time scale
associated with increasing air flow is significantly smaller than
the stack thermal time scale. This indicates the air can effectively
be manipulated to control the fuel cell temperature.

To increase the air flow rate, following a load change, a cas-
cade blower controller is utilized as shown in Fig. 3. The fuel
cell stack temperature (y7,, ) is controlled by manipulating the
blower shaft speed feedback (brpn). The blower shaft speed
(yrpm) is then controlled by demanding more blower power
(bpp). To control both the fuel cell stack temperature and blower
shaft speed as quickly as possible, a feed-forward, and feedback
control is used in each. Feed-forward control is required because
the response time of the fuel cell stack temperature is large and
because only small variations in fuel cell temperature occur in
the immediate aftermath of dynamic load variations. If feed-
forward control were not used thermal “runaway” might occur.
Constant values used in the cascade fuel cell temperature and
blower shaft speed controller are presented in Table 2.

In order to meet both the external and blower power demand
the fuel cell power demand set point (rp, ) is set equal to the
system power demand (7},) plus the blower power demand (dpp).

rp. = rp + dp (10)

In order to limit the impact of the blower power demand on load
following, the blower power demanded from the fuel cell is not
the actual power sent to the blower. Instead, the actual blower
power (upp) is taken to be the actual fuel cell power (yp,,) minus
the load power demand (r;,) with the blower power constrained
to be positive

UpPB = YpP — Ip (11

In this way, the system power output (yp) will be equal to the
power demand, unless the blower power (upg) becomes zero

Yp = YpP, — UPB (12)

Once the fuel cell power set point is tracked (due to integral
feedback) the blower power demand will be the actual blower
power. This approach forces the blower power to be manipulated
as quickly as possible, but limited to values that do not negatively
affect the system power response. By controlling the blower
power and fuel cell power in this fashion, the blower power
demand actually provides a slight buffer for the system power.
This is acceptable since the fuel cell thermal response time scale
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is so much larger than other system response times. In effect,
the blower power is increased as fast as possible minimizing
negative effects to the system power response. In the system
used here, the fuel cell stack was designed to provide as much
as 10% of total power to the blower (system parasitic loads).
Hence saturation (Sat) is used such that the blower power will
not ever demand more than 10% of the system power demand,
as shown in Fig. 3.

In addition to the fuel cell temperature, the fuel cell inlet
air temperature must also be controlled to avoid large thermal
gradients in the fuel cell. To control the cathode inlet air in the
current system, the amount of air bypassing the high temperature
heat exchangers is manipulated. This can be accomplished by
a simple feed-forward and feedback controller. Since the time
scale for manipulation of the control valves is significantly faster
than the thermal response time of the system, this type of con-
trol is straightforward with heat exchangers that are sufficiently
sized.

To help clarify input and output pairing and the control struc-
ture the overall integrated baseline controller is presented in
Fig. 4. In summary, the controller is composed of five primary
components, a blower cascade controller to control the fuel cell
stack temperature by manipulating the blower shaft speed my
demanding the fuel cell to generate more or less power for the
blower, a blower power saturation such that the blower power
evaluated to be the difference between the system (external)
power demand and the fuel cell power is always equal or greater
than zero, a fuel cell power controller to manipulate the current
such that the fuel cell meets both the system external power
demand and the blower power demand without depleting all the
fuel within the fuel cell, a fuel flow controller to operate the fuel
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Fig. 4. Integrated base line controller (y indicates system feedback value, r
indicates reference set point value, u indicates system input value, d indicates
demand value).

cell at constant fuel utilization, and a cathode inlet temperature
controller to control the cathode inlet air temperature.

4.3. Simulation results

Results from simulation of the baseline controller imple-
mented into the integrated dynamic model of the system are
presented in Fig. 1. An instantaneous system load demand
increase from 2 to 5 kW, occurring at time =0, was simulated.
The system power, voltage, and current response are shown in
the uppermost plot of Fig. 5.

With the rapid current response caused by the combination of
feed-forward and feedback control with large gains the system
power was able to follow the load demand for approximately a
third of a second (Fig. 5). Hydrogen stored within the volume of
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Fig. 5. Short time response to a simulated 2—5 kW load increase with the baseline controllers implemented.
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the fuel cell compartment provides a slight capacitance such that
the power demand could be initially tracked. After a fraction of
a second the hydrogen within the fuel cell anode compartment
started to become depleted causing the fuel cell voltage to drop
below the minimum 0.65 cell voltage criterion used in the power
reference governor. Because of this low fuel cell voltage condi-
tion, the reference governor loweres the system power demand
to avoid hydrogen depletion in the fuel cell and to maintain a
minimum fuel cell voltage. From the middle plot of Fig. 5 it
can be seen that the fuel cell anode exit mole fraction (XH,)
did not reach zero. However, if the power demand had not been
lowered, the hydrogen would have become depleted, the fuel
cell voltage would have plunged, and the fuel cell anode would
begin to oxidize.

With the reference governor, the system power was reduced,
and the hydrogen within the fuel cell was not depleted. As more
fuel was supplied to the fuel cell following the saturation, the
fuel cell hydrogen mole fraction increased. The natural gas fuel
flow to the system increased almost instantaneously because of
the feed-forward action of the controllers. The flow from the
reformer to the fuel cell was delayed by both from the chemical
kinetics and mass flow dynamics in the reformer. Once sufficient
hydrogen reached the fuel cell anode compartment the system
power was tracked. It is important to note that the reformer
energy conservation, heat transfer and chemical kinetics have
been captured in the model. The reformer system simulated
includes thermal management to assure that sufficient methane
conversion is sustained during the transient. At low power the
reformer exit reformate temperature is 964 K. A few seconds fol-
lowing the transient the reformer reformate temperature drops
to 950K due to increased endothermic cooling followed by a

1156

longer-term transient that stabilizes at a steady state temperature
of 907K for high power conditions. The reformate tempera-
ture changes with operating power, but the reformer temperature
is maintained at levels sufficient for methane chemical conver-
sion. With decreased reformer temperature the resulting methane
concentrations at the reformer exit increase. The high reformer
temperature in the present system is a result of the reformer
integration with fuel cell exhaust through two heat exchangers
and is not a coincidence. With temperature thus maintained, the
reformer residence time is designed to be longer than the chem-
ical kinetics required ensuring sufficient methane conversion.

The blower was used to provide some buffer for the sys-
tem power. The blower shaft speed demand set point, the actual
blower shaft speed, the blower power demand set point, and the
actual blower power are plotted in the third plot of Fig. 5. Follow-
ing the load increase the blower shaft speed demand set point and
the blower power demand set point increased instantaneously
due to the feed-forward portion of the blower controller. The
actual blower power increases initially but becomes zero when
the hydrogen became depleted in the fuel cell. This provided a
slight buffer for the system power response. The blower power
is later allowed to increase once the system power set point was
met. The blower shaft speed then increased to the demanded
shaft speed in approximately 5 s.

In the baseline control simulation the system power reference
governor was actuated to limit the current to avoid hydrogen
depletion in the fuel cell anode compartment to account for the
reformer flow delay. As soon as the fuel flow reached the fuel
cell, the system power could be tracked exactly. Overall, the
system power was able to track the instantaneous power demand
increase from 2 to 5 kW within about 3 s.
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Fig. 6. Thermal response to a simulated 2—5 kW load increase with the baseline controllers implemented.
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As shown in Fig. 6 the magnitude of the temperature rise was
less than 10 K. The fuel cell electrolyte temperature response
remained within operating requirement. This is because the
blower response is much faster than the thermal response of
the fuel cell. The blower air flow can effectively be controlled
to maintain the fuel cell temperature sufficiently; although the
precipitous temporary drop in blower RPM required by the cur-
rent power controller might be undesirable. The cathode inlet
temperature (Fig. 6) was controlled to within a degree of the set
point temperature by manipulating the heat exchanger bypass
valve. This simulation demonstrates that if only the fuel cell
thermal response is considered, an SOFC system can rapidly
follow significant dynamic variations in power demand in the
time it takes for fuel flow manipulations to reach the fuel cell
anode compartment (to avoid hydrogen depletion). The fuel cell
inlet temperature and electrolyte temperature can be controlled
without affecting the system load following capability.

With sufficient attention to controller and fuel cell system
design, the above results establish that control of fuel cell tem-
perature does not limit SOFC transient load following capability.
On the other hand, the response of the combustor tempera-
ture for the previous simulation may be of some concern. The
combustor temperature response is shown in Fig. 7. Within
ten seconds of the power demand increase the combustor exit
temperature fluctuated close to 100 K. Initially, the combustor
temperature decreases slightly because more fuel is consumed in
the fuel cell immediately following the load change and before
the fuel flow rate can be increased. This results in less fuel being
sent to the combustor, lowering the combustor temperature ini-
tially. After the additional fuel enters and exits the fuel cell
(at essentially constant utilization) the combustor temperature
significantly increases as shown in Fig. 7. The increase in tem-
perature is caused because the combustor fuel flow increases
before the combustor air flow increases, which leads to a tem-
porary increase in the combustor fuel to air ratio.

The baseline control design produces a SOFC system with
very effective dynamic load following capability. This capability
is fundamentally limited by depletion of hydrogen (electrochem-
ically active species) in the anode compartment caused by fuel
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flow delays in the system. The simulation indicates that ther-
mal gradients in the combustor are also a case of concern. In
the baseline controller design the combustor temperature could
in part be controlled by manipulating the air flow rate more
quickly. However in this case the blower parasitic power would
affect the system power output response. In the current strat-
egy, a tradeoff must be made, either the combustor temperature
is not controlled tightly, or more blower power is utilized to
mitigate combustor temperature transients at the expense of
tracking the system power. The two problems with the base-
line controller thus are hydrogen depletion and the combustor
temperature blower parasitic power tradeoff.

These two problems are actually coupled. It could be possible
to send more fuel through the system to avoid hydrogen deple-
tion, essentially flooding the fuel cell, but this would result in
high combustor temperatures. Hence, with this control structure
it is challenging to further improve and optimize load follow-
ing because of the coupling between (1) hydrogen depletion, (2)
the combustor temperature, and (3) parasitic power losses. An
alternative control strategy and system control structure may be
able to control combustor temperature, while at the same time
improve system dynamic load following capability. Such a con-
trol structure will be aimed at resolving the tradeoff between the
combustor temperature and blower power. However, hydrogen
depletion will remain a fundamental limitation to SOFC system
load following capability.

5. Improved control strategy and design
5.1. Fuel cell current combustor temperature controller

In the baseline controller, it is difficult to control the com-
bustor temperature, because the air flow rate cannot increase
as fast as the fuel flow rate without affecting the system
power. The new control approach is to manipulate the fuel
cell current to control the combustor inlet stoichiometry. In
order to limit the impact of the blower power demand on
load following, varying the fuel cell current will vary the
amount of hydrogen consumed, which will affect the amount
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Fig. 7. Combustor temperature, and combustor fuel flow and air flow ratio response to a simulated 2—5 kW load increase with the baseline controllers implemented.
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Fig. 8. Fuel cell current combustor temperature controller (y indicates system
feedback value, r indicates reference set point value, e indicates error between
feedback and set point value, g indicates modified/governor contribution, u
indicates system input value, findicates feed-forward contribution, b indicates
feedback contribution, d indicates demand value).

of hydrogen entering the combustor and thus the combustor
temperature.

This can be accomplished by a simple fuel cell current feed-
back controller on the combustor temperature as shown in Fig. 8.

Increasing the SOFC current to decrease the combustor fuel
content to control temperature will result in increased fuel cell
power. This is beneficial because the increased fuel cell power
is sent to the blower thereby increasing the air flow rate. The
increase in fuel cell power also results in increased heat gener-
ation within the fuel cell. In essence, the new control strategy
is transporting the transient combustor temperature problem to
the fuel cell in the form of additional heat generation within the
fuel cell while the air flow rate is still increasing. Shifting the
extra heat from the combustor to the fuel cell is possible through
the manipulation of the fuel cell current. The current has a faster
response time than the combustor temperature response due to
transport delays through the reformer and fuel cell. This shift is
advantageous because the additional heat generation within the
fuel cell can be safely managed since the thermal capacitance of
the fuel cell is large, and extra power generated will allow the
blower to counter the heat.

The new control strategy manipulates the SOFC fuel utiliza-
tion during transients to maintain the combustor temperature.
Controlling the combustor temperature in this manner can
also be considered an alternative control strategy for avoid-
ing fuel depletion in the fuel cell, similar to the voltage
governor presented in Fig. 2. In the decentralized control
case, it is only possible to directly control as many out-
puts as manipulated inputs. In this new proposed control
structure explicit control of fuel utilization is replaced by
explicit control of the combustor temperature. However by
controlling the combustor temperature, safe limit on fuel uti-
lization is maintained. The fuel cell outlet or combustor inlet
fuel content is the main variable that affects the combustor
temperature, together with the air flow rate. The combustor
temperature is rapidly affected by decreasing fuel content (i.e.
depleting SOFC exit fuel content) such that current will not
deplete fuel in the fuel cell to maintain the combustor tempe-
rature.

Fig. 9. Fuel flow fuel cell power controller (y indicates system feedback value,
r indicates reference set point value, e indicates error between feedback and set
point value, g indicates modified/governor contribution, « indicates system input
value, findicates feed-forward contribution, b indicates feedback contribution,
d indicates demand value).

Even though it is desired to manipulate utilization during
transients, it is desired to maintain constant fuel utilization at
steady state. To maintain constant utilization at steady state,
the combustor temperature set point (r;,) is varied. Note that
the respective combustor temperature set points where deter-
mined from steady state operation of the baseline control system.
The fuel cell current-combustor temperature controller is illus-
trated in Fig. 8. Constants used in the controller are presented in
Table 2.

With the fuel cell current essentially used to control the com-
bustor temperature, the system power is varied by manipulating
the fuel flow rate, and the system power is not controlled directly
by the fuel cell current. Instead, the fuel cell power (yp,. ), equal
to the external power demand (rp) plus blower power demand
(dpp) is controlled (see Fig. 9) by manipulating the fuel flow rate
(UN)-

Controlling the fuel cell power through fuel flow is more
sluggish than control by manipulating the current. Following a
transient or disturbance the fuel cell power will not be tracked
exactly. However, the tracking error will first affect the blower
then the system power output. Recall that the blower power is
used as a buffer on the system power output, thus small errors in
fuel cell power tracking will not affect the ability of the system
to track power demands. Since the fuel cell thermal capacitance
is large, temporary offsets between the blower power demand
and actual blower power is acceptable, particularly since excess
power, once the fuel enters the fuel cell, can be used to ramp up
the blower. Integral feedback is used to ensure zero steady state
tracking.

B(s)~ Blower Cascade
Controller

S(s)~ Blower Power
Saturation (upg>0)

P(s)~ Fuel Flow Fuel Cell

- Power Controller

T(s)~ Combustor Temperature
Controller

C(s)~ Cathode Inlet
Temperature Controller

G(s)~ SOFC System

Fig. 10. Integrated novel controller (y indicates system feedback value, r indi-
cates reference set point value, « indicates system input value, d indicates demand
value).



318

The reformer flow delay is a fundamental limitation to
transient load following. The new integrated control strategy
(demonstrated in Fig. 10) contains an external loop where fuel
is manipulated to control power. To avoid oscillation caused by
the fuel delay, feedback gain in the external loop cannot be too
large. The other control loops in the system are faster inner loops
which maintain the system operating condition. This structure is
effective because the faster inner loops can reject disturbances
and transients caused by the delay limited external loops. Even
though the inner loops are inherently more responsive than the
external loop, careful consideration (through simulation in this
case) must be taken in designing feedback gains to avoid insta-
bilities due to coupling. For example, the effects of fuel flow and
current are coupled to both the fuel cell power and combustor
temperature, and to avoid instabilities due to coupling the gains
cannot be made too high. Feedback gains used in this controller
are presented in Table 2.

5.2. Simulation results

To compare the load following capability of the alternative
control design to the baseline design, an instantaneous system
load demand increase from 2 to 5 kW was simulated with the new
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controllers implemented in the system. The short-time response
is presented in Fig. 11. Initially the fuel cell power rapidly
increased due to feed-forward actuation of the current based on
the power demand. In this time the system power was tracked
and the increased fuel cell power was absorbed as in increase
in the blower power. Shortly after the combustor temperature
decreased because of increased electrochemical reactions in the
fuel cell without an increase in fuel flow. Due to the combustor
temperature feedback the current was decreased such that more
fuel could be reacted in the combustor instead of the fuel cell
maintaining the combustor temperature. Since the fuel cell cur-
rent was decreased (in control of the combustor temperature)
the overall fuel cell power decreased, causing an initial decrease
in blower power and secondary decrease in the system power
output. As more fuel reached the fuel cell and the combustor the
fuel cell voltage and current increased, such that the instanta-
neous load power demand was tracked within approximately a
second and a half.

Similar to the baseline, the system cannot track power exactly
because of the reformer flow delay causing the fuel to become
depleted in the fuel cell. Nonetheless, the system power response
tracked demand better using the novel alternative controller.
Since the fuel flow is directly manipulated to control the fuel
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Fig. 11. Short time response to a simulated 2—5 kW load increase with the novel controllers implemented.
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cell power, more fuel was sent through the reformer during the
time period when the power was limited due to hydrogen deple-
tion in the fuel cell. This helped to more quickly increase the
fuel flow to the fuel cell up to the level required for the increased
load power demand.

Manipulating the current to control the combustor tempera-
ture was effective. From Fig. 11, it can be seen that the combustor
remained within approximately 10° of the set point value. Once
the fuel flow rate increased, and before the air flow rate can be
increased, the combustor temperature rises. However, in this case
the combustor temperature rise was less severe, because manipu-
lation of the fuel cell current effectively controlled the fuel-to-air
ratio in the combustor by lowering the inlet fuel flow. Note also
that the current is able to control the combustor temperature
without saturating.

Dynamics in the fuel cell power from manipulating cur-
rent to control the combustor temperature are absorbed by the
blower. It can be seen from Fig. 11 that the actual blower
power does not track the blower power demand initially. The
power fuel flow feedback gain cannot be too large if instabil-
ities are to be avoided, therefore, the feedback cannot make
up for all of the tracking error during the transient. How-
ever, a mismatch between the actual blower power and blower
power demand set point is acceptable from a system operating
requirement standpoint. Simulation indicates that the fuel cell
temperature remained within approximately 10° of the set point
value.

Following the slight mismatch between system power and
power demand caused by hydrogen depletion, the power demand
was tracked (Fig. 12). The combustor temperature was main-
tained within 20° of the set point during the entire period of the
simulation, including during the time when the set point temper-
ature was lowered to raise the fuel utilization. This demonstrates
that the current can be effectively manipulated to control the
combustor temperature. For most of the power transient the
system efficiency remained above 50%. Manipulating the com-
bustor temperature set point allowed for the steady state fuel
utilization to be approximately 85%, even though the fuel uti-
lization varied during the transient.

The blower power is used as a buffer to improve load fol-
lowing. This may be of some concern since the blower is used
to control the fuel cell temperature, and control of the fuel cell
temperature is crucial to fuel cell stack robustness and life. How-
ever, simulation results shown in Fig. 13 indicate that with the
improved control strategy the fuel cell temperature can be effec-
tively controlled to within 10° for this very significant 150%
load power demand increase (2-5 kW). Slight variations in the
blower power, caused by transients in the fuel cell did not sig-
nificantly affect the fuel cell thermal response because the heat
capacity and thermal time response of the fuel cell are large.
Simulation further indicates that the controlled cathode inlet
temperature response is also well maintained during the tran-
sient. Therefore, it appears that the fuel cell thermal response is
sufficiently controlled for the current significant, instantaneous
increase in power. Overall it has been demonstrated that the
alternative controller can load follow within hydrogen deple-
tion constraints, while maintaining system parameters within
operating requirements. An overview of how each operating
requirement is addressed in the alternative controller in the spe-
cific system is provided below.

(1) Water is supplied externally to the system in proportion to
the fuel flow rate to ensure sufficient steam-to-carbon ratio
in the reformer and anode compartment.

(2) To maintain the combustor temperature hydrogen cannot
be depleted in the fuel cell anode compartment. The fuel
cell current is manipulated to control the combustor tem-
perature.

(3a) The system heat exchangers are designed such that fuel
cell heat is provided to the inlet air to raise the air temper-
ature to within 200° of the fuel cell operating temperature.
The cathode inlet temperature can be closely controlled by
bypassing air around the heat exchangers.

(3b) An external steam reformer is incorporated within the sys-
tem. The system configuration is designed (a) such that the
reformer operating temperature is sufficiently high and (b)
with aresidence time longer than the kinetics time such that
high methane-to-hydrogen conversion can be achieved.
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Fig. 13. Fuel cell thermal response to a simulated 2—5 kW load increase with the novel controllers implemented.

(3c) The current is manipulated to control the combustor
temperature and heat exchanger temperatures can be suf-
ficiently maintained.

A variable speed blower is used, to manipulate the air flow
to control the fuel cell temperature to within 10° during
transients and to within a few degrees at steady state.

By maintaining sufficient electrochemically active species
in the fuel cell anode compartment, the voltage is main-
tained above a minimum value.

(4a)

(4b)

It has been demonstrated that load following in the simu-
lated system is limited by the amount of electrochemically active
species (hydrogen) available within the fuel cell anode compart-
ment. Therefore, it appears that SOFC systems can be designed
to load follow exactly with the strict limitation of hydrogen
depletion. The extent in which a particular fuel cell system
design can load follow depends in how fast hydrogen can be
provided to the fuel cell anode, upon the amount of hydrogen
that is “stored” within the fuel cell anode compartment, and upon
the operating conditions before and after a load transient.

6. Discussion

From the perspective of mass, momentum, and mass conser-
vation, and the operating requirements and simulation results
presented herein, it appears that SOFC systems can be designed
to have significant load following capabilities. Conducted simu-
lations reinforce the fact that even though SOFC systems are
nonlinear coupled systems, decentralized linear controls can
be effectively utilized to control properly designed integrated
SOFC systems. A fundamental limitation to SOFC system load

following capability is hydrogen depletion in the fuel cell anode
compartment. The innovative control strategy was more effec-
tive at mitigating reformer flow delay affects on the system than
the baseline controller. A perfect load following SOFC system
could not be produced in the current effort. Potential system
design solutions that could address the fundamental limitation
of SOFC system load following caused by hydrogen depletion
include:

(1) The power that cannot be met through the fuel cell can be
provided by an external source. For example the grid could
be used to “make up” the power that the fuel cell itself cannot
provide.

Energy storage such as through batteries, capacitors, and
flywheels could be used to meet the power demand that
cannot be met by the fuel cell during transients.

Systems could be designed to have improved load fol-
lowing at the cost of efficiency, such as by lowering the
steady-state fuel utilization. This would results in essen-
tially storing energy within the fuel cell anode compartment
to avoid hydrogen depletion limitations. Advanced control
strategies, may be able to use this fact to vary utilization
depending on the time of day to improve load following
capability when transient load increases can be predicted.
It may also be possible to “flood” the reformer during a
load transient such that the fuel flow to the fuel cell would
increase and allow for quicker load following. However, the
amount of current drawn from the fuel cell is limited and
therefore the extent to which the reformer can be “flooded”
is also limited by the need to control the combustor temper-
ature.

©))
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(4) More effective cycle configurations, system components
and more advanced controls can be developed to improve the
system load following. For the current SOFC system, load
following was limited by the reformer flow delay and the
amount of hydrogen stored in the fuel cell. If the reformer did
not have such a flow delay, hydrogen could be supplied to the
fuel cell anode compartment more rapidly to avoid hydrogen
depletion. Development of pure internal reforming systems,
where the fuel enters the fuel cell directly could also signif-
icantly improve load following since these systems would
have essential no fuel flow delay. This may, however, come
at the expense of increased thermal gradients in the cell.

Each of these potential control solutions for advancing SOFC
load following capability has a different cost associated with
its use. Determining the lowest cost option for the design of
any particular level of load following capability is not trivial,
and depends upon the performance requirements of the system,
and the dynamic nature of the load. The challenge of hydro-
gen depletion has been identified as a fundamental limitation
to SOFC system load following capability that has not been
resolved herein.

7. Summary

Dynamic modeling has been used to design and evaluate con-
trols for advancing load following capability in SOFC systems.
Fuel cells inherently have rapid load following characteristics,
however, the load following capability of practical SOFC sys-
tems must be limited to maintain the SOFC system parameters
within operating requirements. Dynamic modeling provides an
effective means to investigate controls without risking loss or
deterioration of expensive SOFC systems. Using the a first prin-
ciples integrated dynamic model of a SOFC system it has been
shown that fuel cell anode compartment hydrogen depletion
fundamentally limits load following capability. Controlling the
fuel cell electrolyte temperature, the fuel cell inlet tempera-
tures, and combustor temperature are not limiting challenges as
demonstrated by dynamic system simulations in which a novel
alternative controller was used. The fuel cell stack temperature
can be controlled by manipulating the airflow, the anode and
cathode inlet temperatures can be well maintained by properly
sizing system heat exchangers and bypassing air, and the com-
bustor temperature can be controlled by manipulating the fuel
cell current.

Three innovative control concepts have been investigated:

1. The fuel cell current can be manipulated to control the com-
bustor temperature. Essentially the current can manipulate
the fuel flow to the combustor to control the combustor tem-
perature.

2. The air blower power can be used to buffer the system power
response without affecting the fuel cell thermal response.

3. A variable speed blower control strategy can be utilized to
maintain the fuel cell temperature. This control technique is
shown to be very practical.

8. Conclusions

From the simulation results with the developed controllers
implemented, it seems reasonable that SOFC systems should
be able to load follow in the time required for changes in fuel
flow to reach the anode compartment. A control structure has
been designed to mitigate the effects of hydrogen depletion but
some means of energy storage will be needed to resolve the
problem in practical systems if ideal load following is to be
achieved. Nonetheless, it has been shown that future SOFC sys-
tems with proper system and control design should have superior
load following capabilities. It will take time for SOFC system
manufactures to gain confidence in their systems and controls.
However, major improvements in SOFC load following capabil-
ity are possible, and the rapid load following capability of SOFC
systems could become a major competitive advantage, which
would further motivate the advancement of SOFC systems.

Appendix A. Summary of dynamic system model

Each of the six primary system components (SOFC, steam
reformer, steam preparation boiler, oxidizer, heat exchangers,
and blower) are modeled individually and integrated to form the
system. The flow between each of the components is resolved for
molar flow rate, species concentration (CH4, CO, CO», H>, H;0,
N>, O»), temperature and pressure. To resolve the molar flow
rate, species concentration, temperatures and pressure, a control
volume conservation analysis is conducted in each component
using the well stirred assumption.

A.l. Heat exchangers and steam preparation boiler

Heat exchangers in the model are modeled as presented in
[3,6,8]. Each heat exchanger is discretized into hot and cold
streams and the plate separating the two streams. The three
control volumes are then used to discretize the heat exchanger
into five nodes in the stream-wise direction. The temperature
and species mole fractions in gas control volumes of the heat
exchanger, as well as the combustor and fuel cell model, are
determined from solution of the dynamic energy and species
conservation equations in the general form:

NCV% = Ninhin — Nowthout + Y Qin— > Wou (Al
Ndjfi = NinXiin — NouXiou + Ri (A2)
where the exit molar flow rate is found from:

Now = Nin + Y _ Ri (A3)

The temperature of solid control volumes is found from solv-
ing the dynamic solid-state energy conservation equation in the
general form:

dT . .
PVC- =D 0= Wou, (A4)
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Convection heat transfer between each stream and the plate
is modeled using Newton’s law of cooling, and Fourier’s
law is used to model conduction heat transfer along the heat
exchanger plate. The steam reformation boiler is essentially
a heat exchanger between the fuel and steam mixture and the
fuel cell exhaust where the latent heat of water evaporation is
captured in the first node of the heat exchanger.

A.2. Combustor

The combustor is modeled as a single control volume as pre-
sented in [5,6,8]. The combustor contains two inlet streams (i.e.,
anode exhaust, and cathode exhaust) and a single exhaust stream.
To simplify the model, the combustor is assumed to operate
adiabatically with complete fuel oxidation. Then the exit mole
fractions can be determined from Eq. (A2) and the outlet temper-
ature from Eq. (A1l). The thermal capacitance associated with
the mass of combustor and catalyst is included in the energy
conservation equation.

A.3. SOFC

Each cell unit in the stack, i.e., cathode gas, cathode, elec-
trolyte, anode, anode gas, and separator plates (interconnects)
are assumed to operate identically, such that simulation of a
single cell unit is taken as representative of the entire stack
performance. The cathode gas, electrode—electrolyte assem-
bly, anode gas, and separator plate each represent a single
bulk control volume of the fuel cell model. Convection heat
transfer is modeled between each gas and solid control vol-
ume (e.g., cathode gas and electrode—electrolyte assembly;
anode gas and electrode—electrolyte assembly; anode gas and
separator plate). Note that radiation heat transfer between
the electrode—electrolyte assembly and the separator plate is
neglected because in the planar, co-flow, intermediate tempera-
ture fuel cell design, heat exchange is dominated by convection.

Temperatures and species mole fractions in the anode
and cathode gas streams are determined from dynamic Egs.
(A1)—(A3). Eq. (A4) is used to determine temperatures in the
anode electrode plate, and electrolyte. To avoid algebraic equi-
librium constraints, steam reformation chemical kinetics from
[20,21] are based on the exit flow conditions are used in the
anode control volume as was done in [3,5,6,8]. Electrochemical
reaction rates in the SOFC are determined from the current, an
input to the fuel cell model, based on Faraday’s law and SOFC
half reactions.

The fuel cell exit flow is evaluated from the orifice flow
equation:

Pin_Pout

Nout = No AP
o

(AS)
where Poy is atmospheric pressure and Py, is the fuel cell pres-
sure evaluated as:

dP _ RT

5 = v Nin = Now+ > R) (A6)

Since the electrochemistry and power electronic time scales
are very fast, it is assumed that the current changes instanta-
neously in the fuel cell. The corresponding voltage is determined
quasi-steadily using time variant fuel cell exit temperatures,
and species mole fractions. The electrochemical voltage model
presented in [3,5,8], is used to account for Gibbs free energy,
activation polarization, and concentration polarization. The
Ohmic polarization model is adapted from [29] to capture tem-
perature effects on the Ohmic resistance.

A.4. Steam reformer

The steam reformer model was adopted from [5,8]. The
heat required for steam reformation is supplied by the system’s
exhaust. To capture reformation kinetics and heat transfer the
reformer is discretized using three control volumes, the reformer
channel, a separator wall, and the exhaust stream. The three con-
trol volumes are then used to discretize the reformer into five
control volumes along the stream wise direction. The reformer
was discretized in the flow direction because of the importance
of heat transfer between the exhaust and the reformate stream.
The temperatures and species mole fractions in the reformer
model are determined from Eqgs. (A1)—(A4). As was accom-
plished in the fuel cell model, the chemical reaction rates are
determined based on each nodes exit conditions. Convection
heat transfer between the exhaust and the reformer separator
wall, and between the separator wall and the reformate stream
is resolved. Fourier’s law is further used to capture heat transfer
along the separator wall. A reformer flow delay was evaluated at
the reformate exit. The pressure within the reformer is evaluated
from:

dP  RT
dt VvV

From which the reformer exit flow can be determined from

(Nin — Now + Y Ri) (A7)

Pi _Pout

Nout = No AP
[}

(A8)
where Py, is the reformer pressure and Py, is the fuel cell pres-
sure. This simulates a first order fuel flow delay to the fuel
cell.

A.5. Blower

The variable speed blower model represents the variable fre-
quency drive (VFD) blower motor and blower blades of the
system. The governing equation of the blower is the state space
representation of the blower rotational velocity obtained from a
dynamic shaft torque balance:

dw

Jw E =( Wmotor - Wthermo) 1000

where the blowers thermodynamic work is evaluated from:

Pout v=1/y
—1
<Pamb)

(A9)

. 1 yRTamp
Wihermo = -—==
ny—1

(A10)




F. Mueller et al. / Journal of Power Sources 172 (2007) 308-323 323

With the blower efficiency assumed to be 85%. The compressor
outlet pressure and outlet flow rate are modeled to be linearly
proportional to the blower shaft speed

15 (ikPa) RPM (rpm) + 101.325 (kPa) (A1)
= — m . a
U= 5000 (rpm) P
0.0008 (kmol s~ 1)
- RPM Al2
out 5000 (rpm) (rpm) ( )

where the nominal blower shaft speed is 5000 rpm correspond-
ing to a blower pressure of 15kPa and a blower air flow rate
of 0.0008 kmol s~!. Assuming a linear relationship between the
shaft velocity, flow rate, and pressure ratio in the blower is a
good simple first approximation [8].
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