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A Feedback based Load Shaping Strategy for Fuel Utilization Control
in SOFC Systems

Tuhin Das and Ryan Weisman

Abstract— Solid Oxide Fuel Cells are attractive energy con-
version devices due to their fuel flexibility and high efficiency.
Fuel utilization is a critical variable in SOFC systems that
directly impacts efficiency and longevity. In this paper we
propose a control strategy for mitigating drastic fluctuations in
fuel utilization that arise during load transients. The strategy
uses a feedback based dynamic input shaping approach. A
preliminary control law derived from a model-based analysis
forms the basis of this design. The strategy requires one fuel
flow sensor upstream of the integrated fuel processor and
admits convenient integration into a comprehensive hybrid fuel
cell control algorithm.

I. NOMENCLATURE
Sp. heat at constant volume, J/mol/K
Faraday’s constant, 96485.34 Coul./mol
Enthalpy, J
Current draw, A
Anode recirculation fraction
w Molecular weight, kg/mol
n Anode inlet mass flow rate, kg/s
Anode exit mass flow rate, kg/s
Number of moles, moles
Molar flow rate of fuel, moles/s
Anode inlet flow rate, moles/s
Anode exit flow rate, moles/s
Number of electrons participating
in electro-chemical reaction, (= 2)
Pressure, Pa
w Universal Gas Constant, 8.314 J/mol/K
rr, rir, rrrr - Rates of reforming reactions, moles/s
Te Rate of electrochemical reaction, moles/s
T Temperature, K
U Utilization
Vv Volume, m
Neelr Number of cells
n Molar flow rate, moles/s
R Species rate of formation, moles/s
X
a

§_§w-b'~q@q

=vlav

3

Species mole fraction
Anode control volume

exr Exit condition of control volume

g Gas control volume

n Inlet condition of control volume

J Values of 1 - 7 represent species C'Hy,
OO, OOQ, HQ, HQO, NQ, and 02

T Reformate control volume

58 Steady-state
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II. INTRODUCTION

Among different fuel cell technologies, Solid Oxide Fuel
Cell (SOFC) systems have generated considerable interest in
recent years. Fuel flexibility and tolerance to impurities are
attractive attributes of SOFC systems. Their high operating
temperatures (800°C to 1000°C) are conducive to internal
reforming of fuel. The exhaust gases are excellent means for
sustaining on-board fuel reforming processes. SOFC systems
are not only tolerant to carbon monoxide but can also use
it as a fuel. They also serve as excellent combined heat and
power (CHP) systems.

SOFC systems have typically been considered more for
stationary applications. However, recently there is a thrust
to use SOFCs in portable units or as Auxilliary Power
Units (APU’s) in mobile applications. While for station-
ary power applications performance requirements may be
moderate in terms of load-following capability, it is not so
for portable/mobile applications. In the later case, power
fluctuations are significant and frequent, and superior load-
following capability is desired without compromising stack
life. SOFCs have limited dynamic load following capability
that must be enhanced to make SOFC a competetive tech-
nology, [11].

An important performance variable of SOFCs is fuel
utilization U. Utilization is the ratio (often expressed in
percentage) of hydrogen consumption to the net available
hydrogen in the anode. While high utilization implies high
efficiency, very high utilization leads to reduced partial
pressure of hydrogen in the fuel cell anode, which can cause
irreversible damages due to anode oxidation [12]. Typically,
80 — 90% is the target range of fuel utilization for achieving
high efficiency over a wide range of operating conditions. In
applications with significant power transients, the resulting
fluctuations in the fuel utilization and repeated and prolonged
deviation from target can adversely affect stack life.

In this paper, we address the aforementioned issue through
the development of a feedback control strategy that signif-
icantly reduces the transients in utilization in the presence
of transient power demand. The strategy comprises of a
feedback based input shaping algorithm used in conjunction
with analytical closed-form relationships derived from a
non-linear state-space model of the system. The resulting
regulation of the fuel cell current results in a deficit or surplus
of power delivered by the fuel cell. This mismatch is resolved
by hybridizing the fuel cell with a supplementary power
source such as a battery or super-capacitor. The proposed fuel
utilization control strategy fits directly with an overall power
splitting control for the complete hybrid fuel cell system.

2767



While earlier research has addressed the control of such
systems, a majority has considered the Polymer Electrolyte
Membrane (PEM) fuel cell technology. Control algorithms
for hybrid PEMFC systems have been proposed in [2], [5],
[9], [14], [15] and [16]. However, the health monitoring
aspects of PEMFC systems are not emphasized in these
papers. In [17], the authors address constraint handling in
PEMFC systems. In comparison to PEMFC, few works on
power management and control of hybrid SOFC systems
appear in the literature, [7]. This is attributed to the earlier
state of development of the SOFC technology and also to the
increased complexity of sensing and estimation in SOFCs.
Due to its fuel flexibility, an SOFC is typically supplied with
a gas mixture consisting of several species, in comparison
to pure hydrogen in case of PEMFC. Hence an accurate
measurement of fuel utilization in SOFCs would require
a number of species specific concentration sensors. Such
sensors are avoided due to cost and reliability considerations.
Our proposed control law only uses measurement of fuel
flowrate at the fuel reformer inlet to achieve a significant
reduction in transient utilization, while not requiring prior
knowledge of the dynamic behavior of the fuel supply
system.

We have adopted a model based approach where a detailed
control-oriented mathematical model of an SOFC system is
developed. The model captures the thermodynamics, chemi-
cal kinetics, heat transfer and pressure dynamics phenomena
of the fuel cell in detail. The model has been validated
against published results in [10], [12]. A system description
and an overview of the system model are first presented.
From an analytical treatment of the model, a set of steady-
state relations are derived, detailed in one of our earlier
papers [4]. Using the steady-state results as a preliminary
control law, we demonstrate the effect of load transients on
fuel utilization. The proposed feedback control strategy is
presented next. A variety of simulation results are shown to
illustrate the effectiveness of the control strategy. We then
incorporate the proposed control strategy within a overall
power-split control for a hybrid fuel cell system and present
simulation results. Finally we state the concluding remarks.

III. SYSTEM OVERVIEW

Our analysis is based on a steam reformer based tubu-
lar SOFC system. The system consists of three primary
components, namely, the steam reformer which produces a
hydrogen-rich gas from a mixture of methane and steam,
the solid oxide fuel cell which generates electricty from
electrochemical reactions, and the combustor where excess
fuel is burnt to generate heat. Methane is chosen as the fuel
for the system, with a molar flow rate of N . It is noted here
that the analysis and control development approach can be
extended to other fuels as well, such as methanol, ethanol,
etc. The SOFC system is described in Fig.1.

The reformer produces a hydrogen-rich gas which is sup-
plied to the anode of the fuel cell. Electrochemical reactions
occuring at the anode due to current draw results in a steam-
rich gas mixture at the anode exit. A fraction k of the anode

Recirculated fuel flow, kl\./(,
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Fig. 1. Schematic diagram of the SOFC system

efflux is recirculated through the reformer into a mixing
chamber where fuel is added. The recirculation £ is assumed
to a fixed known fraction. In tubular SOFCs, recirculation
is typically achieved through the deliberate use of imperfect
seals. The mixing of the two fluid streams and pressurization
is achieved in the gas mixer using an ejector or a recirculating
fuel pump, [6]. The steam reforming process occuring in
the reformer catalyst bed is an endothermic process. The
energy required to sustain the process is supplied from two
sources, namely, the combustor efflux that is passed through
the reformer, and the aforementioned recirculated anode flow,
as shown in Fig.1. The remaining anode efflux is mixed with
the cathode efflux in the combustion chamber. The combustor
also serves to preheat the cathode air which has a molar flow
rate of NM-T. The tubular construction of each cell causes
the air to first enter the cell through the air supply tube and
then reverse its direction to enter the cathode chamber. The
cathode air serves as the source of oxygen for the fuel cell.

IV. SYSTEM MODEL

The essential dynamics of the SOFC system in Fig.1 are
modeled using fundamental solid volume and gas control
volume models. An overview of the mass and energy balance
is provided below. The mass balance equation for individual
species is constructed as follows,

Nqu,g + Ng).(j,g = ﬁian,in - 7761-)(.779 + Rj,g’ 1

where specific values of subscripts j, 7 = 1,2,---,7,
correspond to the species CHy, CO, COz, Hy, H2O, Na,
and O; respectively. From Eq.(1), we additionally have

7 7 7Ty
Zj:l Xjin = Zj:l Xjg=1 :>7 Zj:l Xjg =0
= Ng =1in = Neax + Zj:l Ri.g
Flow rates are assumed to be governed by the pressure
dynamics according to the following Darcian effect

AP = MW, s /ka 3)

)

where, AP is the pressure drop across adjacent control
volumes and k4 is a constant based on fluid properties and
geometry. The temperature variations in a control volume is
computed using the following energy balance equation

Cog (NyTy + NyTy ) = hin = hea + rcact + Q@ @)

The instantaneous pressure in a control volume is computed
using the ideal gas law, PV, = N R, T,.
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A. Reformer Model

For steam reforming of methane we consider a packed-bed
tubular reformer with nickel-alumina catalyst [8], as shown
in Fig.2. The exhaust, reformate and recirculated flows are

Gaseous control volume

[ ] Solid volume (Catalyst bed)

Fig. 2. Schematic diagram of tubular steam reformer

modeled using gas control volumes and the catalyst bed is
modeled as a solid volume. The three main reactions in steam
reforming of methane are, [18]:

(I) OH4 + HQO «— CO + 3H2
(H) CO+H20 s OOQ +H2 (5)
(IH) CHy+2H,0 <+ (COq+4H,

From Fig.1, the mass balance equations for CH4, CO, CO2,
Hj and H2O can be written using Eq.(1) as follows:

NTXLT + NTXLT = kNoXl,a - NinXl,r + Rl,r + Nf
N X2 ,T + N XQ ,T kNoXQ,a - NinXZT + RQ,T
N+ Nedsy = kNoXso — NinXap + Ry
NpXyp + NeXyy = kNoXia — NinXr +Ray
NpXsp+ Nedsy = kNoXso — NinXsr + R,y

(6)
where N, = P.V,./R,T,. From Eq.(5), we express Rjrs

73 =1,2,--- .5, in terms of the reaction rates r;, r;; and
rrrr as follows

-1 0 -1 Rir
1 -1 0 Rar
R, =Gr, G= 0 1 1|, Rr=1| Rspr
3 1 4 Ra,r
-1 -1 =2 Rs,r

(7

r = [rr,rr7,7177)7. Since G has a rank of 2, therefore there
are only two independent reaction rates among R, j =
1,2,---,5. Considering the rate of formation of C'Hy and
CO in the reformer to be independent, we can rewrite Eq.(6)
as follows:

NTXLT + N’I"Xl,’l" = kNoXl,a -
NTXQ,T + N’I"XQ,’I" = kNoXQ,a -
Ny Xy + NeXs = kNoXa g
Ny Xyy + NeXyy = kNoXyq
Ny Xsp 4 NeXs,p = kNoXs

NinXl,r + Rl,r + Nf
NinXQ,r + RQ,T

- NinX3,r - Rl,r - RZ,T
- NinX4,r - 4R1,r - R2,7‘
- NinX5,r + 2R1,r + RZ,T
()

From Eqgs.(2) and (8) we deduce
N, = kN, — Nip + Ny — 2Ry, )

B. SOFC Model

We assume our system to be comprised of N,y tubular
Solid Oxide Fuel Cells, connected in series. A schematic
diagram of an individual cell is shown in Fig.3. The anode,

Anode control volume Cathode control volume

i Gas control volume

Electrolyte  Air feed tube

Fig. 3. Schematic diagram of tubular SOFC

cathode and air flows are modeled using gas control vol-
umes. The air feed tube and the electrolyte are modeled as
solid volumes. The following chemical and electro-chemical
reactions occur simultaneously in the anode control volume:

(I) CHy+ H,O +— CO+3H>

(H) CO+ Hy,O < (CO9+ Hy (10)
(IH) CHy+2H,0 + (CO9+4H,

(IV) HQ + 027 — HQO + 2e

Steam reforming, represented by reactions I, IT and III, occur
in the anode due to high temperatures and the presence of
nickel catalyst. The primary electrochemical process is steam
generation from H, described by reaction IV. Simultaneous
electrochemical conversion of CO to CO, in the anode
is also possible. However, this electro-chemical reaction is
ignored since its reaction rate is much slower in presence of
reactions II and IV, as indicated in [3] and references therein.

From Fig.1 and Eq.(1), the mass balance equations for
CHy, CO, CO9, Hy and H50 can be written as

NXla"f'NXla = _NX1a+Nan1r+Rla
NX2a+NX2a = _NX2a+Nan2T+R2a
NX3a+NX3a = _NX3a+Nan3r+R3a
N X4 at N X4 a _N X4,a + NZHX4,T‘ + 7?f4,a —Te
N X5,a + N XS,a = _N0X5,a + NinXS,T + 7z5,a + 7e
(11
where N, = P,V,/R,T, and r. is the rate of electrochem-
ical reaction given by

Te = } cell/nF (12)

Since current 7 can be measured, the rate of electrochemical
reaction r. is considered known. As with the reformate
control volume, the anode inlet and exit flows do not contain
O3 and N,. Therefore, X5 , = X7, = 0. From Eq.(10), we
express Rjq, j = 1,2,---,5, in terms of the reaction rates

rr, rrr and rrrr as follows
R,=Gr+7.[000 —11]" (13)

where Ry = [Ri.q Ro.a Rs.a Raa Rsa) - and G and r
are given in Eq.(7). Since G has a rank of 2 and 7. is
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known, therefore there are only two independent reaction
rates among R, j = 1,2,---,5. Considering R, and
R2,q to be independent, we can rewrite Eq.(11) as

N Xl a+N Xl a —Nanl T NoXl,a + Rl,a

N XQ a+N XZ a —NanZ T NOXZ,a + RZ,a

N X3 a+N XS a —NanB s N0X3,a - 7?fl,a - RQ,a

N X4,a+N X4,a - Nan4,r_NoX4,a - 47?fl,a - RQ,a_Te

NaXS.,a"‘NaX&a = NinX5,r_NoX5,a + 27?fl,a + R2,a +7re
(14)

From Eqgs.(2) and (14) we deduce that

Na:Nin_No_ZRfl,a (15)

The cathode control volume and the cell voltage models
are not of direct relevance to the development of the proposed
control strategy and hence are omitted.

V. STEADY-STATE RESULTS

Based on the state variable definitions in Eqs.(8) and (14),
fuel utilization can be expressed as follows:
N, (41,4 + Xo g + Xig
U=1— Neltiat Xoa + X10) (16)
Nin (4X1,r + XQ,T + X4,r)
Eq.(16) is based on the internal reforming capability of the
anode where a CHy and a CO molecule can yield four
molecules and one molecule of Hs respectively, as indicated
by reactions I, IT and III in Eq.(10). We rewrite Eq.(16) with
the following coordinate transformations,

NOCG Cr = 4')(1,7“ + XZ,T + X4,r
Nin<r7 Ca = 4Xl,a + X2,a + X4,a,
Using Eqs.(17), (8) and (14), ¢, and (, are expressed in the
following state-space form:
Z=A\Z+By,
A1 — |:_(Nzn + Nr)/Nr

U=1-

a7

Z =G Cal",
kN,/N;
Nin/Na ._(N0+Na)/Na:| ’
_ 4N'/NT
B, = |:—7, cell/njFNa:|

(18)

It is interesting to note here that Eq.(18) is devoid of the reac-
tion rates R1 ., Ra,r, Ri,q, and Ro 4. This is advantageous,
but Eq.(18) is nonetheless nonlinear since Nm, NO, N,.,
N, Nr, and Na are nonlinear functions of mole fractions,
temperatures and pressures as shown below

Nin: zn/zerMWzaN M/ZXZU,MWZ7

N, = PV/RTT,N—PVQ/RT

19)

Since Z,s = Al_lBl, from Eqs.(17) and (18) we obtain the
following expression for steady-state utilization:

1—k
(4nF Ny /iNean) -

Note that Eq.(20) is independent of the variables in Eq.(19).
Furthermore, since k, ¢ and N; are measurable and known

Uss = (20)

inputs, Eq.(20) can be used to exactly predict the steady-state
fuel utilization for any given set of inputs.

VI. A PRELIMINARY CONTROL STRATEGY

The steady-state relation in Eq.(20) can be utilized as a
control law to achieve a target utilization U,,. From Eq.(20)

we have )
LN cell

P~ aru,,

An advantage of the above control law is the minimal sensor
requirement. However, this strategy is based on steady-state
behavior. Hence we must assess its effectiveness in the pres-
ence of transient current demand. We consider a current surge
in the form of a step change. For all simulations presented
in this paper, we consider a 576 cell tubular SOFC system
with 192 cells in series and three rows in parallel. The active
area of each cell is 251cm?. Additional details and sample
simulation data can be found in our earlier work [4], and
references therein. The dynamics of fuel flow is considered
unknown. However, to demonstrate its effect on transient, we
choose a first order dynamics with a time constant of 2s and
a ramped dynamics with a slope of 0.002moles/s. In a fuel
cell system, this effect typically results from the dynamics
of a fuel pump, or mass flow controller, or valve [12]. The
following simulation result shows the performance of the
preliminary control implemented using Eq.(21). As shown

[1—(1—Us)k] (21)

Z 70 T 005 100
g -68 2 N — i
< i g ey & e
= i 60 £ ; 5 .
£ 60 RN . 20,045 ; £ 90 \
£ 58 2 g \
3 E 3 £
o] w
8 5ol 23 004 80
60 (5 80 100 60 () 80 100 80 o 80 100
270 = — 005 100
- Q ‘
£ ‘ 8 froTTn g i
= <] <
£ 60 AR, 0| Lo $ o i\
g i 58 3 5 !
= o N .
= [ = N
ST =S 5
8 5q = 004 80
60 80 100 60 80 100 60 80 100
(d) (e) (U]

time (s) time (s) time (s)

Fig. 4. Transient fuel utilization with preliminary control law

in Fig.4(a), multiple step changes in the current demand
were applied. The corresponding changes in N + are shown
in Fig.4(b). Note the first order dynamics in N + in Fig.4(b).
The target steady-state utilization U was set at 85%. Fig.4(c)
shows significant deviation of U from its target following
the current surge. Note that both the magnitude and the
duration of deviation are considerable and is accentuated
with increase in the step. This behavior is not exclusive to
a first order dynamics but a common observation for any
type of dynamics applied to emulate the fuel flow, such
as the ramped dynamics shown in Figs.4(d), (e) and (f).
The transient U shown above is detrimental. In applications
where fast power transients are frequent, such transients in U
can cause rapid degradation of fuel cell stack through drop
in cell voltage and anode oxidation. In the next section, we
develop a feedback based current shaping strategy that will
mitigate the issue illustrated above.
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VII. FEEDBACK BASED LOAD SHAPING
STRATEGY

To alleviate the issue of excessive transients in the fuel
utilization, our proposed strategy uses feedback to dynam-
ically shape the current draw from the fuel cell system.
Denoting the net current demand as i ¢. 4, the corresponding
fuel demand Ny 4 is derived from Eq.(21) as follows:

dge,aNee

Npg= Jodeell g q _
Fd = Y FU., =

Uss) k| (22)
The actual fuel flow, denoted by N f,m» 1s dependent on
actuator dynamics and hence, at least during the transient,
is different from Ny 4. The fuel cell current draw, iy, is

now determined based on N, as follows

AnFUss Ny m 1
Ncell [1 - (1 - USS) k]

This current draw is achieved using current control in the
associated power electronics of the fuel cell system. The
response of power electronics components such as DC/DC
converters are typically much faster compared to that of
the fuel cell and hence their dynamics are neglected in
the control design. The overall control scheme is depicted
in Fig.5. The approach requires just one additional sensor,
namely a flowrate sensor that measures N > which is typi-
cally available in fuel cells.

(23)

ch =

Fuel Fuel cell system
command
’— Controller Fuel actuator
I J Fuel cell
Current and

command Power electronics

N

Current
draw

Measured fuel

Fig. 5. Scheme for transient utilization control

In Fig.6, we demonstrate the performance of the proposed
control strategy for the same step changes in current demand
as shown in Fig.4. The fuel cell current 7 ¢ follows Ny ,,, as
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Fig. 6. Transient fuel utilization with load shaping strategy

shown in Figs.6(a) and (b), and in Figs.6(d) and (e), instead
of undergoing a step change. This dynamic shaping of i,
significantly reduces the transients in U, shown in Figs.6(c)
and (f). To establish the effectiveness of this control strategy,

we have applied it across a variety of fuel flow dynamics
and current demand profiles. Note that the dynamic shaping
based on the measurement of N + only and does not require
a prior knowledge of fuel flow dynamics.

VIII. A SAMPLE HYBRID FUEL CELL SYSTEM

It is evident from the discussion above that during tran-
sients, 7. will be dynamically shaped to reduce fluctuations
in U from the target value. This will lead to a mismatch
between the demanded power and fuel cell delivered power.
This is a fitting scenario to consider a hybrid fuel cell system
with a supplementary power source such as a battery or a
super-capacitor. Thus during transient operation, while the
proposed control strategy will ensure that the fuel utilization
undergoes minimal deviation from U, the power deficit
or surplus will be managed by discharging or charging the
supplementary power source. In this section, we extend our
proposed algorithm to consider power split in a hybrid fuel
cell system. A schematic diagram of a hybrid fuel cell system
is shown in Fig.7.

Fuel Cell System D,C/DC Load
Conv

Control

Supplementary Source DC/DC
Battery/Ultra-cap Conv

Fig. 7. Hybrid fuel cell system

In addition to controlling the transient utilization, the
power split control algorithm must also maintain the State-
Of-Charge (SOC) of the battery or super-capacitor. The later
aspect of the control law is under development and hence not
presented in this paper. Let us consider a net power demand
of P, Since this power demand is met by the combined
system, we have

Pnet = nfc‘/fcifc + ns‘/sis (24)

where 7y, and 7, are the efficiencies of the DC/DC con-
verters dedicated to the fuel cell and supplementary source
respectively. Also, Vs and ¢, are the voltage and current draw
of the supplementary power source. Since % s, must follow the
actual fuel flow Nﬁm, from Eqgs.(23) and (24) the required
supplementary current draw ¢5 is given by

AnFUssNy 1
Ncell 1- (1 - Uss) k /775‘/5
(25)
The above equation incorporates our feedback based input
shaping control strategy. The fuel cell current demand 7. 4
is based on P,.;, as follows:

1= Pnet - nj'cvfc

Z’fc,d = Pnet/nfcvfc (26)
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This equation will be modified as we address the control
of battery/super-capacitor SOC which is an area of ongoing
research. From Eqs.(22) and (26), the demanded fuel flow in
the fuel cell is given by

\ Pne ce
Nf,d _ t U
InFUsensVie

The preliminary control strategy for the hybrid system out-
lined above is tested in a simulation. In the simulation we
have modeled a Li-ion battery as the supplementary power
source with the connectivity shown in Fig.7. The simulation
results are shown in Fig.8. In this simulation, a step increase

[1—(1—Us)k] (27)

20 0.992
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i FC power 0.988
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Fig. 8. Performance of power-split strategy

was applied to the net power demand, from 12kW to 18kW,
as shown in Fig.8(a). The resulting demanded and actual
fuel cell currents are shown in Fig.8(b). The actual fuel
cell current draw lags the target current since it follows the
measured fuel flow. As a result of this, the power delivered
by the fuel cell is lower than the power demand as shown
in Fig.8(a) during the transient phase. The dynamic current
shaping causes minor deviation of U from the target value
of 80%, Fig.8(e). The power deficit during transient phase is
delivered by the battery, Fig.8(d). The corresponding battery
current and change in SOC are given in Figs.8(f) and (c)
respectively.

IX. CONCLUSIONS

In this paper we present a control strategy for reducing
fluctuations in fuel utilization in Solid Oxide Fuel Cell
systems arising from drastic load transients. Fuel utilization
is a non-linear function of concentrations of several gaseous
species in the SOFC system and hence require several sen-
sors for accurate measurement and control. In our approach,
we address fuel utilization control using closed-form rela-
tions derived from a model-based analysis. These relations
are then combined with sensor measurements to form a
feedback based dynamic load-shaping strategy. The sensing
required for implementing this strategy is the measurement
of fuel flow Nf, which is typically available in fuel cell
systems. The control design is shown to significantly reduce
transients in utilization, thereby establishing tight control

around a target value. The strategy fits directly into the design
of a comprehensive power split control algorithm for a hybrid
SOFC and battery/super-capacitor system. This is an area of
ongoing and future research.
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