IEEE TRANSACTIONS ON CONTROL SYSTEMS TECHNOLOGY, VOL. 15, NO. 2, MARCH 2007 233

Model-Based Control of an Integrated Fuel Cell and
Fuel Processor With Exhaust Heat Recirculation

Vasilis Tsourapas, Student Member, IEEE, Anna G. Stefanopoulou, Senior Member, IEEE, and
Jing Sun, Fellow, IEEE

Abstract—1In this paper, we consider the dynamic and controlled
operation of an integrated natural gas fuel processor system
(FPS), a proton exchange membrane fuel cell (PEM-FC), and
a catalytic burner (CB). The FC provides power based on the
electrochemical reaction of hydrogen. The FPS generates the
hydrogen from natural gas through catalytic partial oxidation
(CPOX) and the CB provides the energy for preheating the FPS
inlet flows by burning any excess hydrogen from the FC exhaust.
The coupling of these three systems poses a challenging optimiza-
tion and control problem. Optimization is performed to generate
the air and fuel flow intake setpoints to the FPS for various load
levels. The optimal flow setpoints are used in a static feedforward
map that ensures maximum efficiency at steady state. Linear
quadratic techniques are then used to develop a controller to
mitigate hydrogen starvation in the fuel cell and regulate CPOX
reactor temperatures. We show in simulations that the designed
observer-based feedback controller, which relies on temperature
measurements of two reactors, speeds up the transient response
fourfold, as compared to the baseline when the static feedforward
controller is employed.

Index Terms—Dynamics, feedback control, fuel cells (FCs), fuel
processor, modeling.

1. INTRODUCTION

UEL CELL (FC)-based power plants, given their high
F efficiency and clean exhaust, represent a great opportu-
nity in addressing energy and environmental issues. Proton
exchange membrane fuel cells (PEM-FCs) operate at low tem-
perature (<90 °C) and allow easier start-up and manufacturing
processes than other FC types. Due to the low temperature,
however, PEM-FCs require reforming hydrocarbon fuels to
gas rich in hydrogen. In this paper, we consider a natural gas
fuel processor based on a catalytic partial oxidation (CPOX)
reactor [1]. The fuel processor is then responsible for supplying
hydrogen to the FC stack to support the electrochemical re-
actions associated with the current drawn from the FC stack.
Typically, excess hydrogen is necessary to: 1) avoid lack of
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Fig. 1. (a) IHPS and (b) EHPS.

hydrogen, also known as hydrogen starvation, at the last cell in
the FC stack and 2) allow the FC to operate at higher hydrogen
concentration, and thus, higher stack efficiency. Operating with
excess hydrogen also provides a buffer during fast load changes.
Therefore, excess hydrogen supply might be beneficial for the
FC, but decreases the overall system (FPS + FC) efficiency and
requires safe discharge measures, such as adequate ventilation
or burning of anode exhaust gas.

One way to eliminate the excess hydrogen that does not par-
ticipate in the electrochemical reactions and, at the same time,
increase the system efficiency is to use it in a reactor after it exits
the FC anode exhaust. Specifically, a catalytic burner (CB) can
harvest energy from the excess hydrogen via oxidation with air.
This energy can be then used to preheat the FPS inlet flows. For
steady-state operation, as much as 16% efficiency improvement
can be achieved when the excess hydrogen in the FC exhaust is
burnt in a CB instead of burning a dedicated and separate stream
of natural gas in a CB (as shown in the two schematics in Fig. 1)
to provide energy for preheating the inlet fuel and air streams to
the FPS [2].

In this paper, we consider the exhaust heat recirculation
power system, referred to as internally heated power system
(IHPS) [Fig. (1a)], which results from the integration of a FC
stack that generates electric power, an FPS that produces a
hydrogen rich mixture to be fed to the fuel cell, and a CB that
recuperates any excess hydrogen leaving the FC to provide

1063-6536/$25.00 © 2007 IEEE
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Fig. 2. IHPS model state variables.

preheating energy. The closely coupled dynamics of the three
subsystems, together with the large thermal inertia and, there-
fore, slow transients associated with the fuel processor, impose
a very challenging control problem. The externally heated
power system (EHPS) is also shown in Fig. 1(b).

In order to achieve maximum overall efficiency, the integrated
IHPS has to work very close to its operating boundary as shown
later in this paper. This optimal set-point selection, however,
puts the system in a very vulnerable position during load! tran-
sitions. When the load is suddenly increased, the IHPS may not
be able to provide sufficient Hy and heat to sustain the opera-
tion under the new load condition. This can lead to temporary
H, starvation, thereby causing irreversible damage to the FC.
To avoid the Hy starvation, we simply require that the Hy pro-
duced from the FPS is higher than the hydrogen required for the
electrochemical reactions in the FC. Transient issues associated
with temporary hydrogen starvation can be avoided by slowing
down the current drawn from the fuel cell through a rate limiter
or a load governor [3]. The power deficit, in this case, can be
provided through hybridization [4], with an additional electrical
power source which will increase cost and system complexity.
Another typical approach that does not rely on hybridization is
to have the FPS produce excess hydrogen than that required.
However, this will lower the FC utilization and, in turn, the IHPS
efficiency.

Operating at optimal steady state and, thus, capitalizing the
benefits of the IHPS will be made possible only if the controlled
system responds to FC load changes very fast. Otherwise, one
has to resort to suboptimal setpoints, i.e., to trade efficiency for
improved safety margin. In this paper, we design a controller
that is aimed at speeding up the natural IHPS dynamics while
maintaining optimum reactor temperatures and overall system
efficiency. The feedback controller is based on measuring re-
actor temperatures and estimating the spatially averaged com-
position of reactant flow through the series of IHPS components.
An earlier conference paper [5] reports the initial results on con-
trol design. This paper provides more in depth analysis of the
controlled system.

ITn this paper, the term “load” is synonymous to the current drawn from the
fuel cell.

II. OVERVIEW OF THE IHPS OPERATION AND
ITs DYNAMIC MODEL

The IHPS investigated in this paper, shown in Fig. 1(a), is
composed of five main reactors, namely, the hydro-desulfurizer
(HDS), the CPOX, the water gas shift (WGS), the preferential
oxidizer (PROX) and the CB. The first four reactors comprise
the FPS. The intended application for the IHPS is the generation
of power in a commercial building so natural gas is the targeted
fuel. Natural gas contains on average 95% of methane (CHy),
we thus assume that pure methane is supplied to the FPS to be
reformed into a rich Hy flow. A 200-kW PEM-FC uses the Ho
in the reformed flow to generate electric power. All FPS and FC
components operate at low pressures of up to 130 kPa.

A 19-state nonlinear, control-oriented, dynamic model of the
IHPS is developed in order to analyze its behavior [2], [5]. The
dynamic states of the model are indicated inside the volumes in
Fig. 2 while other important variables are also shown such as the
mass flow rates W, W,, W™X and WfIV;OX (see nomenclature
definitions in the Appendix). In [6], the initial model of the fuel
processor was developed. The model in [6] assumed constant
inlet temperature and did not include the heat exchangers and
the CB.

Some important assumptions about the developed model are
that all gases obey the ideal gas law and that each reactor is mod-
eled as a lumped parameter volume with homogenous pressure
and temperature distribution. The model is not suitable for start
up or shut down simulations because chemical kinetics for the
ignition/extinction dynamics have not been modeled. Finally,
the model is valid for the range of FC loads between 20% to
80% (i.e., 50-160 kW or 70-250 A). Within this range of loads,
the FC stack voltage varies between 0.71 and 0.64 V per cell
with a total of 1000 cells of 0.04 m? active area [7].

A brief description of the system operation is given in the fol-
lowing paragraphs with the governing dynamic equations sum-
marized in Table II located in the appendix. The calculations
for the chemical reactions in the CPOX and more details on the
modeling can be found in [2], [5], and [7].

The fuel (i.e., methane) flow into the system is defined
based on the valve command u ¢ and (A32) from the appendix.
The main air flow is supplied to the system by a blower (BL)
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Fig. 3. CPOX products as a function of Ap2c and reactor temperature.

which draws humidified air. The blower speed in revolutions
per minute (r/min) is calculated via (A31) as a function of the
air command u,. Using the calculated blower speed and the
blower map, the air flow is determined. The air and the fuel are
preheated in separate heat exchangers (HEX). The HDS is used
to remove the sulfur from the fuel flow [8], [9]. In this paper,
only pressure dynamics are considered in the HDS (A36). The
dynamic states in the HEX include mass (A33) and heat (A34).
Then, the two flows are mixed in the mixer (MIX) where the
partial pressure dynamics of the CH4 (A37) and the air (A38)
are taken into account. A static mixing relationship (A39) of
the two flows is used to calculate the temperature of the MIX
flow. The mixture is then passed through the catalytic partial
oxidizer (CPOX) where CHy reacts with oxygen to produce
H,. There are two main exothermal chemical reactions taking
place in the CPOX: partial oxidation (POX) and total oxidation
(TOX) given in [10] and [11] with their corresponding energy
release per mole of reactant (AH?)

1
(POX) CH4 + 502 — CO + 2H,

AH), = —0.036 x 10° J/mol 60
(TOX) CH4+ 205, — CO5 + 2H,0
AHY = —0.8026 x 10° J/mol. )

Hydrogen is produced only by the POX reaction while heat is
mostly generated by the TOX reaction. As shown in Fig. 3, the
distribution between the two is dictated by the reactor tempera-
ture T°P°* (A40) and the molar flow ratio of oxygen (O5) in the
air to CHy in the MIX defined as

Ao2c = no, [cH, - 3)

Moreover, since the CPOX products are also highly dependent
on the CPOX reactor temperature 7°P°%, the optimum balance
between the two reactions has to be determined.

Carbon monoxide (CO) is created along with Hy in the POX
reaction, as can be shown in (1). Since CO poisons the PEM fuel
cell catalyst, it has to be eliminated using water in the WGS re-
actor and air in the PROX. The latter are assumed to operate per-
fectly, thus, eliminating all the CO in the stream. In the model,
the PROX and WGS reactors are merged in one volume called
the WROX, where the total pressure dynamics (A41) and the
H, partial pressure dynamics (A42) are included. Note that it
might be necessary to include additional heat exchangers among
the WGS, PROX reactors, and the FC to achieve the optimum

inlet temperature for each reactor. These heat exchangers are ne-
glected here by assuming, for example, that the water sprayed
in the WGS offers the appropriate cooling of the flow streams
[12].

The Hs-rich mixture leaving the WROX enters the anode of
the fuel cell stack where the electro-chemical reaction takes
place to convert Hs to electrical power. The anode model in-
cludes the total pressure and the Ho partial pressure dynamics,
specified in (A43) and (A44), respectively. The reacting Hs is
given as a function of the demanded load (A45) and the re-
sulting voltage as a function of Hy pressure and the demanded
load (A46). The flow from the anode is then supplied to the CB
where the excess Hs is burnt using the air supplied through a
blower. The temperature dynamics in the CB are given in (A49),
where the heat released from burning the Hs is a function of
the air-to-Hs stoichiometry in the CB (AS51). Finally, the flow
from the CB is fed to two separate heat exchangers (HEX—hot
side), one to preheat the air and one to preheat the fuel flows
before they enter the FPS. The utilization of this heat results in
increased overall efficiency of the system. The model without
the CB has been verified with a higher order model [7], while
the CB model trends and qualitative response have also been
verified [13].

A similar FPS configuration is studied in [14], where a
dynamic model of the system suitable for observer design
and start up analysis is presented. Sommer in [15] develops
a dynamic model of an autothermal reformer. The effects of
volume sizes on the system’s transient performance, as well
as the benefit of the heat capacity of each volume that acts as a
buffer during transients are analyzed. The need for precise inlet
flow control can also be inferred. An explicit dynamic model
for direct reforming carbonate fuel cell stack is developed
in [16]. Using thermodynamic principles and mass/energy
conservation, the authors of [16] develop a 10-state model
suitable for transient analysis and validate it with a higher order
model and experimental results. During transient operation
temperature overshoot problems are observed, similarly to our
analysis. The authors of [17] develop a model to study the
performance on a steam reformer and a PEM FC-based system.
Using a simple rate limiter control of the input flows they
also note the possibility of overheating the catalyst bed. In
[18], a molten carbonate dynamic model is developed and
the authors note the coupling between the load following
capabilities and the input flow scheduling during a transient
as well as the temperature and Hy production fluctuations. In
[19], after using a dynamic model to examine the transient
system behavior of a 1-mW FC power plant, the authors reach
the conclusion that feedback control is required to enhance
the load following capabilities of the system. Finally, similar
studies using dynamic FPS-FC models can also be found in
[20]-[23].

All dynamic studies of IHPS mentioned in this literature re-
view concur, explicitly or implicity, to the need of feedback con-
trol of the inlet air and fuel flows to the system. Several authors
also mention that feedforward scheduling of those flows is in-
adequate in order for the system to meet the load following re-
quirements, a conclusion that will be supported by the open loop
analysis in this paper (Section IV).
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III. STEADY-STATE EFFICIENCY OPTIMIZATION

For the system to work efficiently in an integrated fashion,
each component has to be conditioned properly in terms of its
operating temperature, humidity, and pressure. This is achieved
by controlling the air and fuel intakes of the FPS. The strong
physical coupling of the IHPS components will dictate the op-
timal set-points for the system.

To determine the optimal steady-state operating points with
respect to the overall system efficiency, the following optimiza-
tion problem is formulated:

V. Ist
Mips = — e | . @)
) ( THPS Wf i QSII_I{{;)

The objective is to maximize the overall efficiency nigps, which
is defined as the ratio of the FC electric power output V' - I, over
the energy used W- Qgg{‘,, where W is the amount of fuel used
and Q{4 its lower heating value. The optimization variables
are the fuel valve command u s and the air blower command u,,
both ranging from 0% to 100%, corresponding to fully closed
or fully open actuators, respectively.

The gradient method is employed to solve the optimization
problem [24]. The corresponding iterative algorithm is given as

max
(us ua

Up+1 = ax - Vigps + ug )

where ay, is the iteration step, Viyps (us) is the gradient vector
which corresponds to the mpps increasing direction and u =
[uf uq]T. The iteration step size ay, is kept constant until no
new direction can be found for nrgpg to increase, and ay, is then
reduced by the bisection method up to the desired accuracy.

Convergence of the gradient algorithm to a global maximum
can be verified given the convex form of the efficiency map for
the whole range of FC loads. An example of the efficiency map
is given in Fig. 4 for the FC load of 100 A. The maximum
efficiency for this load is 33.6% while the optimal setpoint is
[u} uk] = [20.75 29.00].

Using the same procedure for each operating load, the optimal
steady-state setpoint map can be determined for the actuator in-
puts uy, = [u} u*]" and other critical operating variables
(for example, T ") that can serve later as controller setpoints.
The optimization results are shown in Fig. 5 and can be approx-
imated by the regression expressions

wh =7-107"I% — 0.0003I3 + 0.0637I7

— 4958115 + 149.12 (6)

uph =0.31351 — 2.3897 (7
W; =5-10""I — 0.0005 (8)
W7 =0.0003 - Iy — 0.0023 9)

where W and W, are the corresponding optimal flows in (kg/s)
of air and fuel when using v} and uj. These four curve fits for
the optimal setpoints are valid for the range of FC loads between
20% and 80%.

As illustrated in Fig. 4, the optimal operating setpoint lies
close to the operating boundary of the system, where the oper-
ating boundary is defined as the locus of points where nps =
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0%. Outside this boundary the produced Hs is less than that re-
quired by the FC. This trend is observed for the whole range
of operating loads of the system. As a result, the system is sus-
ceptible to steady-state Hy starvation when there are uncompen-
sated loads during steady-state and transient operation. To avoid
modeling errors and to react fast to load variations, a combina-
tion of feedforward and feedback control is designed.

It is important to point out that according to the optimization
results, all the optimal operating points, independent of the load
applied to the FC, occur at A\f), = 0.69 and T°P°** = 980 K.
Note that the optimization of the overall IHPS efficiency (4)
leads to a CPOX oxygen to carbon ratio (Af,¢) that is greater
than the value corresponding to the maximum Hs production for
the CPOX reactor (A\p2c = 0.5 as indicated in Fig. 3).

In order to explain this result, one has to notice that while
both POX and TOX reactions in (1) and (2) are exothermal, the
TOX releases 20 times more heat than the POX reaction. The
CPOX temperature, which is highly coupled to the Hy produc-
tion in the case of the integrated IHPS, is a function of both the
heat released by the reactions inside the CPOX and the temper-
ature of the incoming air and fuel flows. Moving Agac towards
0.5 will promote Hy production but suppress the TOX reaction
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which only occurs for A\gac > 0.5. Thus, the contribution of the
TOX reaction to the CPOX temperature will be reduced and, as
a result, the CPOX reactor has to rely on preheating the inlet
flows by the CB. Since both variables (the Hy and heat) are es-
sential for the system to function properly, the optimal point
(AHac = 0.69) reflects a balance between the Hy production
in the FPS and heat generation in the CB and the CPOX reac-
tors for steady-state operation. Thus, the overall IHPS optimum
cannot be defined through optimization of individual compo-
nents.

Another interesting optimization result is the Hy utilization
(Un, ) in the FC shown in Fig. 6 and defined as

Hy reacted W™
Un, = -

~ Hpsupplied W™

(10)

where W ¥ is the amount of hydrogen supplied to the FC (i.e.,
exiting the WROX) and W2 is the amount of H, consumed in
the FC at a given load. The need for decreasing the Hy utilization
as load increases is dictated not only by the need for excess
H, for preheating as load increases, but also by the fuel cell
efficiency. At higher loads, excess He promotes the fuel cell
efficiency and, in turn, the overall system efficiency of the IHPS.
Indeed, the Hy utilization in both the ITHPS [Fig. 1(a)] and the
EHPS [Fig. 1(b)] are found to be equal after dedicated EHPS
optimization was performed. Thus, the need for decreasing the
utilization at high loads is mostly due to the requirement for high
FC efficiency (37% at max load). This is the case for both IHPS
and EHPS, independent of the H, recirculation loop.

The THPS will exhibit higher efficiency and lower fuel con-
sumption when compared against the EHPS as shown in Fig. 7.
Note that the efficiency shown in Fig. 7 is the FPS efficiency
defined as

Wrox Ho
WHQ Qv

(11)
Wy Qi

TIFPS =

At high loads, an efficiency increase of up to 12% and a fuel
consumption decrease of up to 16% can be achieved. Thus, the
addition of a hydrogen recirculation CB is quite beneficial for
such a fuel processing unit.

IV. OPEN-LOOP DYNAMIC ANALYSIS

Examining the transient performance of the system using
static feedforward control enables us to gain insight on the
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Fig. 7. Efficiency and fuel consumption of IHPS and EHPS.

system dynamics. The open-loop system dynamics are exam-
ined by utilizing the optimal steady-state setpoint maps derived
from the optimization results, where for a given load, the fuel
and air operating setpoint are defined by the feedforward maps
(6) and (7).

The open-loop response of the system for two consecutive
load steps is shown in Fig. 8. For the initial small step of
90-100 A, the fuel processor provides the fuel cell with the
required amount of Hy in order to meet the load demand. For
the second larger step of 100-150 A though, the Hs generation
is below the demanded H; level for a considerable period of
7 s. Starving the fuel cell for 7 s can cause power loss and
membrane damage while it jeopardizes the life span of the
stack [25]. Moreover, a 65° overshoot in the CPOX temperature
within 15 s is observed, which can have damaging conse-
quences for the CPOX reactor. Both issues are highlighted on
Fig. 8. Since the feedforward maps correspond to maximum
efficiency steady-state operation, it is not surprising that the
open-loop control is inadequate in preventing Hs starvation
when a large load step is applied.

In order to identify the root cause of the Hy starvation and
temperature overshoot of the IHPS, we consider three critical
processes that affect the generation of Hs during load changes.
Analyzing those processes will provide insight in the control
problem and the system design. The first critical process is found
to be the CB temperature variation during a step change in load.
When a step load is applied, the H, flow is depleted at a rate
faster than it is produced, due to the slow time constant of the
FPS. This results in reduction or even elimination of the Hs flow
to the CB, which, in turn, results in a temperature reduction in
the CB and eventually a temperature reduction of the inlet air
and fuel flows. However, the thermal inertia and relatively large
time constant of the CB prevents the temperature from drop-
ping quickly, therefore, helping to maintain the temperature at
a level that does not affect the Hy production. A comparison
of the IHPS, where the CB temperature is a function of the Hy
present in the anode exhaust, with an imaginary system where
the CB temperature is maintained constant at a nominal value,
is given in Fig. 9(a) and (b). The two responses are almost iden-
tical, with the constant CB temperature response [Fig. 9(b)] ex-
hibiting slightly less Hy starvation. Consequently, the CB tem-
perature variation during load increase is not the main cause of
the Hy starvation problem.
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Furthermore, the feedforward controller, which is based on
steady-state optimization, places the system close to its oper-
ating boundaries and, therefore, makes it susceptible to Hs star-
vation. A suboptimal map corresponds to increased excess fuel
usage which implies increased Hy production in steady state.
As aresult, the difference between the required Hs and the pro-
duced is increased leading to increased safety margins at the
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price of reduced efficiency. In the case of a suboptimal setpoint,
shown in Fig. 9(c), there is an efficiency reduction from 33.5%
to 28.7% but the severity of the Hy starvation is reduced sub-
stantially.

The third and most important cause of the Hy starvation can
be attributed to reactor sizing issues. The large residence time
of the HDS, due to the slow kinetics of the fuel desulphuriza-
tion [26], imposes the requirement of a relatively large volume
compared to the adjacent volumes of the MIX and the HEX.
The combination of the large volume in the fuel path, the small
volume of the air path, and the large flow of air compared to the
fuel flow causes the MIX pressure to build up at a rate faster than
the HDS pressure during transients. In turn, the pressure dif-
ference between these volumes initially exhibits an undershoot
until the HDS pressure manages to build up again as illustrated
in Fig. 10. Since flow is a function of the pressure difference
(Phdas — Pumix), the same undershoot is observed for the fuel
flow (W) which causes the oxygen-to-carbon ratio Apac to
overshoot.

Based on the CPOX reaction map, given in Fig. 3, an over-
shoot in Ap2c from its nominal steady-state operating point of
0.69to 1.15, implies a steep decrease in Hy production. One way
to avoid this is by decreasing the HDS volume in the model. The
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responses of the original system, with V"4 = 0.3 m? [27], and
of an imaginary system that has a considerably smaller HDS
volume of 0.1 m? are given in Fig. 9(a) and (d), respectively.
For the latter case, the H, starvation problem is significantly
mitigated. If future advances in the desulphurization process
produce more compact HDS reactors, then the transient perfor-
mance of the system would improve. Note that recent advances
in desulphurization technology allow the use of multiple smaller
HDS reactors [28], [29] which would require precise switching
control.

A straight forward solution to the transient problems is to
apply an air rate limiter since the air flow chokes the fuel flow
during transients. Such a configuration is shown in Fig. 11. A
rate limiter to restrict the current drawn from the fuel cell is also
required since the air rate limiter alone does not eliminate the Ho
starvation problem due to the system dynamics. For a load step
of 100 to 150 A, a 2%/s rate limiter and a 10 A/s rate limiter
for the air command and the current demand, respectively, are
required.
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Given the nonlinear dynamics of the plant, a constant rate
limiter is not suitable for all load transitions. If this solution is
pursed, a more elaborate load governor would be required, as
presented in [3], or a scheduled filter rate, as in [30]. However,
limiting the rate of load change would slow down the system
response and lead to deteriorated load following performance.
Rate limiters or load governors are add-on mechanisms that are
applied to systems whose control capabilities have otherwise
been fully explored.

V. FEEDBACK CONTROL DESIGN AND ANALYSIS

In this section, we investigate the effectiveness of using ob-
server-based feedback control in improving the transient per-
formance of the IHPS. In particular, our objective is to reduce
the Hs starvation problem and to control the CPOX temperature
overshoot while maintaining efficient steady-state operation by
utilizing the optimized feedforward maps.

The control architecture is based on setpoint error regulation,
using the setpoint maps defined in Section III through the plant
optimization. The controller is implemented by augmenting in-
tegrators to the estimator-based feedback controller. In deciding
which signals need to be regulated and are best suited as feed-
back variables in the controller, one has to consider the control
requirements (namely, anode Hs partial pressure and 7°°P°* reg-
ulation), the sensitivity of measured signals to the fuel and air
actuators, as well as the ease of measuring those signals. Ide-
ally, we would choose the CPOX temperature 7°°P°* and the par-
tial pressure of Hy leaving the anode as the feedback variables,
as they are linked directly to the control objectives [7]. Unfor-
tunately, hydrogen partial pressure P, is difficult to measure,
while estimating it requires elaborate modeling of the fuel cell
polarization characteristics [7], [31]. We, thus, choose the CB
temperature 7°" instead. The CB temperature 7°" is closely
coupled to the Hy starvation problem. During transient opera-
tion, reduction of 7" from its optimal steady state value 7'°*
implies reduction of the Hy leaving the anode exhaust and, in
turn, Hy starvation. The only drawback of using 7" instead
of Py, is the slow dynamics due to the associated thermal in-
ertia. As we show later, this drawback can be eliminated by
a model-based closed-loop estimator that compensates for the
slow 7°°* dynamics.

The IHPS model developed can be expressed as a function of
the states z, the inputs u, and the disturbance w as

= f(z,u,w) (12)

with the linear approximation of the IHPS plant being
0t =Ap, -6+ By - du+ B, - dw (13)
bz =C, - bz (14)

where 6(-) = (-) — (+), and (-), refers to the linearization set-
point. The model has 19 states (Fig. 2) and two inputs, namely
the fuel and air command. The current is treated as a measured
disturbance to the system. The performance variables consid-
ered are the CPOX and CB temperatures

2 = [Tcpox TCb]T. (15)

u=[uy ua]T w = Iy
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The medium load of 100 A is chosen as the linearization
point. At that load, the optimization yielded steady-state fuel
and air input commands of 20.75% and 29%, respectively.

By looking at the eigenvalues of the linearized IHPS plant,
there is a large difference between the smallest (—0.024786)
and the largest one (—7062.4), indicating a very stiff system
(cond(A,) = 8.4313-10") with potential difficulties in tuning
and assuring performance robustness. In addition, the normal-
ized condition number of the observability gramian is very large

cond [Qops, {c=c:}]
cond [Qobs,{C=T1010}]

=25-10" (16)

ON =

where cond, (Qops indicate the condition number and the ob-
servability gramian, respectively.

A balanced realization [32, p. 372-376] shows that only five
states are needed to describe the dynamics of the chosen per-
formance variables. This plant will be referred to as the bt-plant
and can be expressed as

0@y = Apt - 0T + B - 6u + By - 0w (17
62 = Cbt(sflfbt (18)
where 6z = T'6x. Analyzing the balanced transformation

matrix 7', we conclude that the important original states are
Pphds eb | pepox | parox and m/ This is inferred by ex-
amining the rows that 6orrespond to relatively large Hankel sin-
gular values in the five-row transformation matrix 7. As ex-
pected, since we want to monitor the static and dynamic be-
havior of 7°°P°* and 7P, the balanced states in turn depend
on T°P°* and T’ as well. Moreover, the transient behavior of
H; production and, thus, 7°°°% and 7" is highly coupled with
PPs due to the transient effects analyzed earlier in Section IV.
Finally, the fact that P°* is important can be attributed to its
correlation to the Hg production from the FPS and, in turn, to
the 1°°P°X,

Checking the condition number of the observability gramian
of the bt-plant we have

cond [QL’{,S, {c:cbt}] —34.3. (19)

The step responses of the linear bt-plant and the nonlinear
full-order plant are shown in Fig. 12. It is interesting to note
that even though the dc-gain of the u,-to-T°P transfer function
is zero, the transient dynamics are captured while for the rest,
the responses of the bt and nonlinear plants are similar. Thus,
as far as T°P°* and TP are concerned, we can conclude that no
dynamic (transient) or static (dc-gain) information is lost by the
truncation of the original plant.

A. Controller Design

A first approach to the controller design is the derivation of
full-state feedback control which is designed using the LQR
technique. The estimator design follows next. The estimator is
based on the bt-plant (17) and (18) and is expressed as

6z
Ont = (At —L-Cht) - 0Zut +[L  But Bwbt]: | 0u

w

(20)
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Fig. 12. Nonlinear and bt-plant response to individual 0.1% steps in (u,, s,
Iy ) from (29, 20.75, 100) to (29.29, 20.96, 101).

where the estimator gain is defined as
L=SCLR;! (21)

and S is the solution to
ApS + SAL, — SCLRI'CLS+QrL =0 (22

with process noise covariance (01 and the measurement noise
covariance Ry,
QL = I(mxm) + 100 - By B, R =100 I(5x2). (23)

The estimator-based linear control law is

U — Uy = _Kp : (:fjht - xbtw) - KI -q (24)
where Tt = 0Zpt — Tht, . SO (24) becomes
U= Uy — Kp - (0&pe +T(zo — zw)) — K1 - q (25)

where T' is the 5 x 19 transformation matrix and z,, and w,,
satisfy the steady-state condition of (12) as

f (@, U, w) =0 (26)

with u,, being the optimal steady-state operating setpoint as
defined by the optimization. Note that when implementing the
linear control law to the nonlinear IHPS plant, the (-),, terms
are given by a feedforward map as a function of the load. At the
linearization load of 100 A, z, = Tw|,y_100 and Ty, = T2,.
Using (25) has several advantages over using constant setpoints.
Since at steady state both u — u,, and x — z,, go to zero, ¢ has
to go to zero as well. Thus, even if the feedforward u,, and z,,
maps are not perfect, it will take a longer time for the integrators
to become saturated. Compared to u—u, and z—z,, another ad-
vantage is the initial step at the time of the load step that comes
through the feedforward maps, which helps speed up the tran-
sient performance of the system.

Furthermore, in (25), q are the integrator states of 7°P°* and
T defined as
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Fig. 13. Estimator-based controller applied to nonlinear plant.

where T°P°*" and T°"" are the desired steady-state points as ob-

tained in Section III. The control gain for the augmented bt-plant

(i.e., the bt-plant augmented with the two integrators) is
[K, K1) = Rg'BL,,P

aug

(28)
and P is the solution to the Riccati equation

PAgug + AL

aug

—1pT T
P — PBaug R B,y P + CpygQ ik Cang = 0.
(29)
The weighting matrices Q) g and Ry used for the controller in-
puts and the outputs, respectively, are

Qx =diag([10.510.1]),  Rgx = diag([1010]). (30)

The tuning matrices for the design of K, and K are chosen
in order to achieve the desirable overshoot of the fuel and slow-
down of the air command. Given the fuel actuator saturation
constraints (if applicable), the gains can be tuned accordingly.
The tuning gains for the design of L are chosen in order to
achieve the desired matching between the full-state feedback
and the estimator-based controllers responses.

Finally, a schematic of the application of the estimator-based
controller to the nonlinear model is given in Fig. 13.

B. Performance Evaluation of the Closed-Loop System

The feedback controller manages to improve the transient
performance of the IHPS as shown in Fig. 14. It overshoots the
fuel and slows down the air command initially, in order to reg-
ulate Ap2c around its optimal value and reduce the undershoot
of fuel flow that is observed during open-loop operation. As a
result, the Hs production increases smoothly and the Hy starva-
tion problem is reduced.

Furthermore, the CPOX reactor temperature overshoot is sub-
stantially reduced. Application of the observer-based feedback
controller yields a small overshoot which is negligible com-
pared to the open-loop performance where 7°P°* overshoots to
1060 K within 15 s.

It is important to note that the performance achieved with
the proposed controller, that utilizes only temperature measure-
ments, is comparable to the performance of the controller de-
veloped in [1] for the FPS-FC system, that utilizes 7"?°* and
ya, = Pft/P*" (i.e., Hy partial pressure sensor). The latter

measurement is significantly faster than 7P, since it involves
pressure dynamics instead of temperature but is only available
for experimental investigations. Thus, implementing a CB into
an FPS, besides increasing significantly the steady-state effi-
ciency, also provides an indirect measurement of the Ho star-
vation that is easy to measure and can be utilized to control the
transient response.

Finally, as shown in Fig. 14, even though the Hy starvation
problem is substantially alleviated compared to the open-loop
case, there is still a short period of hydrogen starvation of about
0.9 s. Obviously, the Hy production, due to the system dynamics
(mainly due to the volumes involved), cannot follow the desired
step response. Thus, a load rate limiter is still required to elim-
inate Hy starvation.

In combination with the designed estimator feedback con-
troller, a very fast rate limiter of 40 A/s is adequate to mitigate
the Hy starvation problem completely compared a 10 A/s limiter
required for the open-loop case. Thus, with feedback control, the
maximum allowable speed for load application is increased by
a factor of 4.

C. Robustness Evaluation Against CPOX Clogging

A well recognized problem for CPOX-FPS systems is CPOX
reactor clogging due to carbon build up and deformation caused
by excess temperature. Risk of CPOX clogging due to carbon
formation is increased when reforming diesel or gasoline
fuels, given their increased carbon concentration, but is still an
issue when reforming natural gas. Deformation of the CPOX
catalyst can easily occur if the CPOX temperature exceeds the
meltdown temperature of the catalyst or backbone material
(1000-1100 K), which is caused by Ap2c increase [33].

Clogging of the CPOX reactor leads to increased CPOX pres-
sure drop. Given the low-operating pressure of the system ex-
amined in this paper, even small increase in the CPOX reactor
pressure drop can increase the Hy starvation problem during a
transient. In order to simulate the CPOX clogging scenario using
the model developed in this paper, the CPOX outlet orifice is
decreased up to 30% and the corresponding starvation period is
recorded.

In Table I those results are shown for the IHPS both
for the closed- and the open-loop IHPS configuration
during a 100-150 A FC load step. As far as H, starva-
tion, it can be shown that the closed-loop control scheme
exhibits satisfactory performance for up to 30% valve
reduction while the open-loop scheme is not able to pro-
duce enough Hs when the valve reduction is over 8%.
At 30% reduction the feedback (FB) control scheme ex-
hibits almost the same period of hydrogen starvation as
the open-loop scheme exhibits at 0% orifice reduction.
As far as T°P°* overshoot is concerned, the FB control
scheme exhibits an acceptable value (less than 2%) for
CPOX orifice reduction up to 30%. We can conclude that
the robustness of the designed FB scheme is satisfactory
against CPOX clogging.

D. Robustness Evaluation Against CB Parameter Uncertainty

Since the CB temperature is a critical measurement in the de-
signed feedback controller, it is vital to ensure the performance
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Fig. 14. Comparison of estimator FB, open-loop (OL), and state FB performance.

TABLE 1
H> STARVATION PERIOD (SP) AND TcP%* VERSUS CPOX OUTLET ORIFICE

max

S1ZE REDUCTION DURING A 100-150 A LOAD STEP

Orifice Re- Closed Loop Open Loop
duction

(%) SP TP SP Topo%

(sec) X) (X)

0 0.9325 | 995.99 6.8749 1055.6
6 1.1095 | 998.38 9.5279 1047.5
12 1.5359 1001.2 Inf 1044
18 3.4581 1004.5 Inf 1041.4
24 4.4326 1008.4 Inf 1038.5
30 6.1035 1013.2 Inf 10353

robustness of the system against uncertainty of the CB model
parameters. The dynamic response of the CB is mainly a func-
tion of the physical constants, namely the CB mass, meP, and
the CB catalyst bed heat capacity, c§,.;, which appear in the
model as ¢, = mPesy 4. The nominal value of ¢, used in
the model and the observer design is based on approximate data
(mfPy = 10kg, B} .q = 500 J/kg-K, dpa, = 5000 J/K [13]). Es-
timation though of the heat capacity and the mass can vary sig-
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Fig. 15. Closed-loop step response with 0.8¢cp, @cp, and 1.2¢cy,.

nificantly based on whether the catalyst, the pipes, or the shell
of the reactor are taken into account.
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TABLE 1I
LIST OF GOVERNING EQUATIONS FOR IHPS MODEL
Description Equation
Newton’s Law : BL drpm® _ i(uiT B — rpm®) (A31)
’ ' dt w100 PMref TP
Piank — P!,
. us tank hex
Fuel flow inlet : W= —W, _— (A32)
=00 ™ AProm
dmhe:h/c hexp /e hexp,
Conservation of Mass: HEX h/c sides —a =XW;, T =W,y € (A33)
thez h
Conservation of Energy: HEX h/c sides d—};/c = E(Wi:z"/cc}xn (Tin — Treg)) —
h h/c h - <
= S (Wt /Py Touy "'* = Trep)) £ UA - (LMTD) (A34)
(Tin _ Tin) _ (Tout _ Tout)
Logarithmic Mean Temperature Dif ference LMTD = h < (Tm*;m) - (A35)
dphds RThds
Ideal Gas Law : HDS = (Whezs — whds) (A36)
dt Mch, Vhds
dpmic RT™iz .
Ideal Gas Law: MIX, CHy CHs _ 2 (Whds _ pmiz yrepoz) (A37)
dt MC Hy ymiz CHy
dpmiz miz .
Ideal Gas Law : MIX, Air e e L(W”"a — T W PO (A38)
dt MV iz c air
. cp,, vyhdsThds +ep . Wchez“TChEI“
Static Temperature Relationship: MIX pmiz — —Clls bt hen (A39)
CPcH, Whds +cp,, WeeTe
: dreros 1 cpox ( mix mix cpox cpox
Conservation of Energy: CPOX TR W(W (eB™(T —Tref) —Cp (T —Trey)) +
P
+ Nomer (S (=AH,) +(1-5) - (-AH,,)) +
+Noyri,co (8- (-AHR,,) + (1= B) - (-AH,,))) (A40)
) deTO$ RT’LUTOZ proz
Ideal Gas Law : WROX S = Tpureryrar (W WU L Wos 4 W) (A41)
dPPTeT  prures
. p— wWTroT cpox wTroxT wroxr
Ideal Gas Law : WROX, H i, v ((1+77 YWekor — guroryy ) (A42)
2
an an
Ideal Gas Law : AN aper_ _RT* (W“”‘"l‘ —wen — Wrmt> (A43)
dt Manyan Hy
AP pren
Ideal Gas Law : AN, Hs 2 = = (g¥roTWWTOT _ p0n AN _ W, ener (A44)
dt My, van Hy Ha Ho
) nlst
Hj reacts in FC W';lezact =My, o5 (A45)
) . Ist Ist 2
Voltage Calculation : V = Neept | a1 — a2 — a3 (7) (A46)
Acell AceuPr,
1 mheTh/e
Ideal Gas Law : CB Pheanse = —— T prhesnse (A47)
vheznse prhetnse
dmcb .
Conservation of Mass: CB T waen 4 Wwaireb _ b (A48)
3 dTCb 1 n ,a n
Conservation of Energy: CB —— = ————— (WP (T — Tres) +
dt meb ek
bed” Pbed
+ “/aichCa}sir (Taircb _ rcf) _ chc%{z(ch _ Tref) + ch‘b) (A49)
1 mcb
Ideal Gas Law : CB P = _— — _RT*® (A50)
Veb ppeb
QH2 W airch
Heat released from Hy in CB Qcb = JLHV.  pin dywen (AS1)
T My, H2’ 342
In this section, we examine whether the hydrogen production VI. CONCLUSION
or the CPOX temperature response is affected significantly
by varying ¢, in the plant model while keeping the same The integration of a fuel processor system with a PEM-FC

observer. Fig. 15 shows the response of the plant with and a CB is examined in this work. The system reforms methane
0.8¢ch, ¢cp, and 1.2¢, during a 100-150-A load step toahydrogen rich gas to be utilized in the fuel cell. The steady-
change with the observer-based controller designed at the state operating setpoints that yield the maximum overall effi-
nominal value ¢.,. The hydrogen starvation period and the ciency of the system are determined for a wide range of FC
maximum CPOX temperatures remain practically unchanged loads. Utilizing those setpoints, the open-loop transient charac-
in all three cases. We can conclude that the IHPS performance teristics of the IHPS are analyzed. It is shown that the open-loop
does not deteriorate significantly when there is uncertainty transient issues are strongly influenced by the size of the desul-
in the CB parameters. phurizer (HDS). The significant pressure drop of the fuel flow
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TABLE 111
NOMENCLATURE DEFINITIONS

Symbol Description
Acen Area of each cell in FC stack
F Farraday’s Constant
Ise FC Current
M Molar weight
Neen Number of cells in FC stack
P Pressure
Q Heat
Qrav Lower Heating Value
Qobs Observability gramian
R Gas Constant
T Temperature
U Hy H> FC Utilization
\% Volume
w Mass Flow
AH Enthalpy of formation
n Efficiency
cp Specific Heat
m Mass
Ug Air Setpoint
uy Fuel Setpoint
x Mass fraction

Sub(Super) scripts / Acronyms

CHy or f Methane

Ho Hydrogen

O2 Oxygen

* Denotes Optimal/Desired Values
a Air

bed Property of the reactor bed
in Incoming flow Property
nom Nominal Value

out Outgoing flow Property

ref Reference Value

FC Fuel Cell

FPS Fuel Processor System
an/AN Anode

bl/BL Blower

cb/CB Catalytic Burner
cpox/CPOX Catalytic Partial Oxidizer
hds/HDS Hydro-Desulphurizer

hex h/c JHEX Heat exchanger hot/cold side
mix/MIX Mixer

tank Tank

wrozx/WROX Water Gas Shift & Preferential Oxidizer

across the HDS reactor degrades the transient performance. Due
to the relatively slow dynamics along the fuel path associated
with the HDS, Apac deviates from its steady-state value during
a transient. In turn, this causes a large overshoot in the CPOX re-
actor temperature and an undershoot in the Hy production flow
rate during open-loop operation.

Our analysis shows that implementing a CB in the FPS system
does not degrade the transient performance but provides an ef-
ficiency boost of up to 16% and fuel economy of up to 12%. In
addition, the CB serves as an Hy sensor to the system. During
transients the CB temperature variations exhibit the same trends
with the Hy flow entering the CB and can be used as a feedback
control variable. A feedback controller is designed to mitigate
the transient problems identified. Using only reactor tempera-
ture measurements, namely the CPOX and CB temperatures, as
inputs to the feedback controller, it is shown that satisfactory
closed-loop transient performance can be achieved. Fast Ao2c
regulation and a fourfold increase in Hy production rate is ob-
served during closed-loop FC load transitions compared to the
operation with the static feedforward controller.

APPENDIX
IHPS MODEL EQUATIONS AND NOMENCLATURE

See Tables II and III.
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