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Abstract— Solid oxide fuel cells (SOFCs) offer a number of
advantages beyond those of most other fuel cells. However,
like other fuel cells, rapid load following is difficult, and can
lead to fuel starvation and consequently fuel cell damage.
Mitigating fuel starvation and improving load following capa-
bilities are conflicting control objectives. However, the issue
can be addressed by the hybridization of the system with
an energy storage device. A steady-state utilization property,
combined with a current regulation strategy, is used to manage
transient fuel utilization. Meanwhile, an overall system strategy
is employed to manage energy sharing in the hybrid system for
load following as well as for maintaining the state-of-charge of
the energy storage device. This work presents an adaptive strat-
egy which updates the controller based on current parameter
estimates. The control design is validated on a hardware-in-
the-loop setup and experimental results are provided.

I. INTRODUCTION

The Solid Oxide Fuel Cell (SOFC) has shown significant
potential as an efficient energy conversion device. SOFCs
operate at high temperatures (800 — 1000 °C). This gives
SOFCs advantages beyond those shared with most other fuel
cells, such as tolerance to impurities and internal reform-
ing (and consequently a larger fuel flexibility), heat as a
byproduct (useful for co-generation or in a bottoming cycle),
and faster reaction kinetics without precious metal (platinum)
catalysts [1], [2], [3].

Despite the efficiency and versatility of SOFCs, there are
some limitations. One disadvantage common to all fuel cells
is their lack of dynamic load following capabilities [4]. This
is generally attributed to the fuel delivery system of SOFCs
and its slower mechanical subsystems, such as pumps, valves
and reformers, [5], [6], [7], [8]. When exposed to large
power fluctuations, hydrogen starvation can occur due to
the slower fuel supply, potentially resulting in voltage drop,
anode oxidation, and catalyst corrosion [8], [9], which are
detrimental to cell integrity and efficiency.

To monitor hydrogen starvation, the system performance
is often characterized by the parameter U, or fuel utilization.
Fuel utilization is defined as the ratio of hydrogen consump-
tion to the net available hydrogen in the anode [10]. In order
to balance fuel efficiency and safe operation, target U values
typically range between 80% and 90% [10], [11], [12]. Power
fluctuations cause transience in the utilization. Therefore,
maintaining the target U and mitigating the effects of power
fluctuations are important in any SOFC system.
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In this paper, we address the issue of fuel starvation
through transient control of U using a current regulation
mechanism that uses a steady-state invariant relationship
relating U, current draw and fuel supply rate. This method
was developed in our prior research, [13], [14]. Existing
approaches for preventing oxygen starvation in PEM fuel
cells using filtering, Model Predictive Control (MPC) and
robust load governor designs, appear in [15], [16], [7], [17].
To improve load following, we hybridize the fuel cell with an
ultra-capacitor interfaced through DC/DC converters. There
is considerable existing work in the literature on control of
hybrid fuel cell ultra-capacitor/battery systems, such as the
references above as well as [18], [19], [20], [21]. A majority
of the existing work consider PEM (Polymer Electrolyte
Membrane) fuel cells. The novelty of the work presented
in this paper lies in the adaptive control formulation for the
hybridized SOFC system. The formulation incorporates cur-
rent regulation and the controller simultaneously maintains
the state-of-charge of the ultra-capacitor at a target level.
In the proposed adaptive strategy, the unknown and varying
efficiencies of the DC/DC converters are estimated through
adaptation laws in suitable parametric form.

This paper is organized as follows. In section II, we
describe the SOFC system under consideration and briefly
outline the current regulation strategy. In section III, we
propose the adaptive control design and provide a stability
analysis. Experimental results of control validation using
our existing hardware-in-the-loop test-system is provided in
section 5. Concluding remarks are provided in section V,
followed by references.

II. BACKGROUND
A. SYSTEM OVERVIEW

The specific system considered in this paper is a steam
reformer based SOFC system with methane as fuel, shown
schematically in Fig.1. However, the control approach pre-
sented in this paper can be extended to other fuels and
system configurations. The reformer produces a hydrogen-
rich gas which is supplied to the anode of the fuel cell.
Electrochemical reactions occurring at the anode due to
current draw results in a steam-rich gas mixture at its exit.
A known fraction k of the anode exhaust is recirculated
through the reformer into a mixing chamber where fuel
N t is added. Fuel is supplied by the fuel supply system
(FSS). The FSS consists of a fuel pump and/or valves and
a fuel flow controller. The heat required for sustaining the
endothermic steam reforming process occurring in the re-
former catalyst bed is supplied from two sources, namely, the
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combustor exhaust that is passed through the reformer, and
the aforementioned recirculated anode flow. The combustor
also serves to preheat the cathode air Nm-r. 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. For steam reforming of methane
we consider a packed-bed tubular reformer with nickel-
alumina catalyst. We use a control-oriented mathematical
model of a tubular SOFC system developed in our prior
research, presented in [22], for control validation. The model
captures the thermodynamics, chemical kinetics, heat transfer
and pressure dynamics phenomena and has been validated
against results in literature.

As mentioned in the Introduction, load following is
achieved through hybridization of the fuel cell with an ultra-
capacitor. A schematic diagram showing the hybridization
and the control interface is shown in Fig. 2. The fuel
cell and ultra-capacitor are connected in parallel. The fuel
cell supplies power to the load through a uni-directional
DC/DC converter C. The ultra-capacitor is connected to the
load through a bi-directional DC/DC converter C» allowing
charge and discharge. Based on the hybrid system schematic
in Figure 2, the instantaneous power balance equation is

VLiL - anfCifC + 772Vuc7;uc (1)

Certain salient aspects of the hybrid interface and control
design are given below:

1) The bus voltage (V1) is held constant. This is possible
by operating either C; or Cs in voltage control mode
while the other operates in current control mode.
Without loss of generality, C; will be in voltage
control mode, while C'5 follows the commanded ultra-
capacitor current.

2) The ultra-capacitor current, .., and the fuel demand,
N4, are treated as control inputs.

3) Ve, Vue i ife, and Ny are measured.

4) The DC/DC converter efficiencies, n; and 7, are
unknown and variable with known upper and lower
bounds. The variations in efficiencies are assumed to
be slowly varying parameters. Controller estimates for
the efficiencies are denoted as 7; and 7s.

B. CURRENT REGULATION

In prior work, a feedback based strategy for minimizing
fluctuations in fuel utilization was presented. This method,
described briefly below, is used within the hybrid system to
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Fig. 2. Schematic of Hybrid Fuel Cell System

control the fuel cell. For further description and explanation
of this strategy, please refer to [13].

Based on the molar balance equations and the rate of
electrochemical reaction, a steady state relationship of the
utilization can be described as in Eq.(2) below, where k
is a known fraction of the anode exhaust flow that is
recirculated, N..y; is the number of cells in series, n = 2
is the number of electrons produced in the electrochemical
reaction, ' = 96485.34Coul./mol is Faraday’s constant, N I
is the measured fuel flow, and iy, is the fuel cell current.

1-k
(4nFNf/ij'CNce”) —k

Notice that all of these quantities are measurable or known
and Eq.(2) is invariant with respect to reformer reaction rates,
internal reaction rates, temperatures, pressures and internal
flow rates. Thus, Eq.(2) can be said to be an invariant
relationship of the fuel cell. For a target U, and a demanded
fuel cell current if. 4, a fuel flow demand, Ny 4, can be
calculated from this relationship as in Eq.(3).

Uss = (2)

dge,aNee
b N FU,,

However, during transience, due to the lag associated with
the fuel supply system (FSS, Fig.1), the actual fuel flow is not
equal to the demanded fuel flow. This results in fluctuations
in the utilization. For large changes in the current demand,
this can result in hydrogen starvation. To address this, Eq.(3)
can be reversed in order to regulate current based on the
actual fuel flow, given below

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

This current regulation approach is illustrated in Fig.3. It
is a simple yet effective means for considerably attenuating

[1—(1—Uss)k] 3)

“)

lfc =
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transient fluctuations in U even for significant fluctuations in
power demand and assumes no knowledge of the dynamic
characteristics of the FSS, [13].

However, this strategy also creates a disparity between the
demanded fuel cell current, iy. g, and the actual delivered
current, iy, during transients. This disparity is addressed
by hybridizing the fuel cell with an ultra-capacitor. Adding
the ultra-capacitor requires that its state-of-charge (SOC) is
maintained in order to avoid charge depletion or overcharge.

III. CONTROL DEVELOPMENT
A. ADAPTIVE CONTROLLER

A schematic representation of the adaptive controller is
depicted in Fig. 4. Details of the control design will be
presented in this section. As mentioned in section II-A,
iue and Ny 4 are the control inputs. The control objectives
are, to maintain the SOC of the ultra-capacitor at a target
value (80% in this case) and to incorporate the fuel cell
current regulation approach of section II-B, while treating
the DC/DC converter efficiencies 71, 72 as unknown and
slowly varying parameters. The adaptive controller will be
designed to estimate these efficiencies. Other considerations
for control are listed in section II-A.

We design the fuel cell to serve as the primary energy
source with the ultra-capacitor simply supplying transient
demand. Hence the instantaneous fuel cell current demand
is governed by Eq.(5) in the presence of uncertainties. The
state of charge, denoted S, is calculated as the ratio of the
ultra-capacitor voltage, V,,., to its maximum voltage, V,,qz-
The target steady-state value of S is denoted as S;.

. Viir
Ufed = ——5—

VUC
— ks >0
M Vie

Vma;ﬂ
(&)

In Eq.(5), ks is a constant to be chosen appropriately. The
actual control input, N t,d» 18 an algebraic function of if. 4
that satisfies the desired Uss, Eq.(3). The ultra-capacitor
current command is calculated by Eq.(6). Here the function
h(E¢.) is designed to attain the target fuel cell current i ¢. ;
(calculated using Eq.(4)) and consequently, achieve the target
steady-state utilization Us. The term h(E}.) takes the form
of a PD controller for this work.

—ksEs, Es=5—-5;, S=

luc = Z"u,c,c = Viip — 7! Vfci,fc7t/(ﬁ2vuc) + h(Efc),
Efc = Z'fc - ifc,tu .
h(Efc) = kyEre+kqlye, kp, kg >0

(6)
Note that the designs of if. 4 and %,. involve estimates of
the DC/DC converter efficiencies 7; and 7j2. We propose the

--» Mass Flow — Sensor data/command flow

Transient Control of U through Current Regulation

following parametric forms of the efficiencies:

1 1
Bi=—, fo=—, Ba=2 @)
m 72 72
with ) . B
Bi=—, Bo=—, B=2>L (®)
m 72 72
representing the parameter estimates and
er=P1 =01, ea=pPr—P2, era=pi2—Pr2 (9

representing the parameter errors. We next propose the
following parameter adaptation laws:

ViipLEs ViipEje

B = —gFlEnta, B o= FEnt e
= VC.CEC
Bra = —Wyu—l—gu, 0 < 71,72,m2

(10)
where, 71, 72 and ;2 are constant parameter adaptation
gains. The terms g3, g2 and gj2 are designed as follows,
to maintain boundedness of parameter estimates:

—dy if 1> Bimas and di >0
a = or 1 < Bimin and di <0
0 otherwise
dy = _’YIVLiLEs/(CVmamVuc)
(11)
—ds if (2> B2max and da >0
g2 = or (2 < B2,min and dg2 <0
0 otherwise
d2 = 72VLiLEfc/Vuc
(12)
—d12 if B2 > Bi2,max and diz > 0
g2 = or (12 < B12,min and di2 < 0
0 otherwise
d12 - _WIQ‘G'Cij'CEfc/Vuc

(13)
where 51 maz, 52,maz> B12,maz represent the upper bounds
and 831 min, B2,min. B12,min represent the lower bounds of
the parameters (31, B2, P12 respectively. We next study the
stability property of the origin of € = [E; Efc]T with F
and Ey. defined in Egs.(5) and (6) respectively, under the
control design and parameter adaptation laws proposed in
Egs.(5), (6), (10), (11), (12) and (13).

B. STABILITY ANALYSIS

We first present a discussion on the dynamics of the
fuel supply system FSS, Fig.4. We assume that the specific
dynamic equation of the FSS is unknown. It is however
evident that the actual fuel flow N; tracks the reference
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signal Nt 4 with tracking error Et;, where Ef; = Nj— Ny 4.
Further, we assume that Ey; satisfies the condition

Epl < BOEA(O)] 1)+ (sgg |Nf,d<7>|) a4

where 3 is a class KL function and + is a class K
function. The above equation essentially amounts to im-
posing that the tracking error is ultimately bounded by

vy (supTZO |]\.7f,d(7')|) , [23]. From Eq.(3), we have

Nf,d = Olfe,ds Nf = Olfet,
o= Neer [1 — (1 — USS) k] /(4nFU55), = By =0Ep;
(15)

where o is constant. From Eqs.(14) and (15), we have
Bread < B(Ezes10+ 7 (sup lizeatn)) . 16

where |Ej.,| is ultimately bounded by y (sup, > |ifec,a(7)])-
We choose the following Lyapunov function candidate

T 2 2 2
V_—<@E§+kdE2c+e—1+e—2+eﬂ> (17)
2\m ' MY M2

Differentiating V' along the system trajectories produces
Eq.(18). Note that ; and 7y are not differentiated as they
are treated as constant parameters.

€i1€é1 €2€2 €12€12

V= %EE + kaEgeEje + (18)
1

72 Y12

Using the equation of the ultra-capacitor dynamics and
Eq.(5), where C is the capacitance,

3 _iuc > _iuc
uc — Es = . 1
Ve === = CVomas (1)

Manipulating Eq.(1) and combining it with Eq.(19) yields

Viip — mVycige
772VucOVmaz

From the definition of Ey. in Eq.(6), the fuel cell current
can be written as

E,=— (20)

Efe =ife —ifet, Epep =tifet —ife,d

tfe = FEre+Efey +ifcd @0
From Egs.(5), (9), (20), (21) and (22) we have
@E _ Vfc(Efc + Efc,t) _ VLZ'Lel ksEszc
m 3 Cvmaacvuc

CVimazVae  CVinazVae
(22)

Also, from Eqs.(1), (6) and (9) we have

kaFje =
« =

(VLiLe2 - ‘/fcifc(312) /Vuc - aEfc
kp + ﬁlVfC/(ﬁZVuC) >0

Equation (18) can be rewritten using Eqs.(9), (10), (11), (12),
(13), (22) and (23), and noting that

(23)

é1=—P1, é2 = —Pa, é12 = P12
as follows
v Qe + VicEsEper €191 €292 €12012
OVmanuc Y1 Y2 Y12
(24)
where,
ks Vic —Vie
CVV?‘LO/.’L'VU/C 2CVmeVUC T
Q= , €=[Es Erc]". (25)
7Vfc o
2CVimaz Vue

It should be noted that () can be guaranteed to be positive
definite by proper selection of the design parameters &, and
ks. This is because C' and V4, are constant and Ve, Vi, >
0 are bounded based on the range of operating conditions.

Further, note from Eqgs.(9), (11), (12) and (13) that
e1g1 > 0, eaga > 0, e12912 > 0, (26)

From Eqgs.(24), (25), (26) and using the Rayleigh Ritz In-
equality [24], we have

Vie
—ETQ6+ f

Vo< 1 E.E;
= CVinaz Ve * 70!
< b Omin @)l + =t el B
B ’ CVmaquc ’
< —infhing) (1 = 6) €]
Vie .
Hll (72 Bl = Ot minle
< S infOumino) 1= O’ 0€(0,1) @)
Ve
A Ey¢.
lell > CVmamVucﬁinf()\mm,Qﬂ setl
From Eq.(27), we have
V o< —inf(Aing)(1 —0)62,, < 0
Vie
V ||€|| > 5mam = suP (CWnanucefinf(kwnin,Q) |Efc"t|
%)
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From the boundedness property of |E.;| in Eq.(16) and
from Eq.(5), we have

Ve .
6maw — - .
o <Cvmam Vet inf (A in,0) ) v <§1§3 lif 7d(7)|>
(29)
where,
Ezféﬂﬁﬂi_+_k85%_ (30)

sup |i fe.a(7)| = B1.maz
S ()] = B 2
Eqgs.(29) and (30) show the existence of a 4, for finite
operating conditions. Next we show that state trajectories of
the system converges to the region [|¢|| < dymq. in finite time.
Consider that at to, V' (t) is finite and ||€(¢)|| > dmaqz» and
at time ¢, ||e(t)|| = dmas. Then, from Eq.(28) and applying
the Comparison Principle [23], we have

V(t) < V(to) — (t — to) inf(Amin,@) (1 — )57,

max

€19

Noting from Eq.(17) that

=1 m 2 & I 2
> — — t) > — —
V> 2mZ7’L(771 ) kd)||€|| = V( ) = 2mzn(n17kd)5mama
we obtain
V(to) - %mzn(%7kd)572nax
At =1t — to < (32)

inf A in.g) (1 — 0)62

max

which represents a finite interval of time for finite initial
conditions. In addition, by virtue of the design of param-
eter adaptation laws in Eqgs.(10), (11), (12) and (13), the
parameter estimates are bounded. Thus, the adaptive control
design proposed in section III-A ensures that both ||e|| and
the parameter estimates remain bounded in the presence of
an FSS that gives bounded tracking of demanded fuel Ny 4.

C. OBSERVATIONS

We next make a few observations regarding the control
design proposed above. Firstly, the adaptive control devel-
opment leads to three parameters, namely (31, G2 and (12,
Eq.(7), although there are only two efficiencies involved.
Correct estimation of these parameters is not guaranteed,
and is not of utmost importance in this study. Secondly,
from Eqgs.(6) and (23), we can show through a Lyapunov
analysis and through application of the Barbalat’s Lemma,
[23], that the proposed parameter adaptation laws in Eq.(10)
causes Ey. — 0. The proof is simple and is omitted for
conciseness. This implies that the proposed control strategy
guarantees U = Uy, at steady-state.

Thirdly, we revisit the stability analysis, and consider an
FSS with exponential tracking of the reference signal N f.ds
which implies there exist constants v, (,r9 > 0 such that

|En(D)] < 71 En(to)] e~ ¥ [Ep(to)| <m0 (33)
From Eq.(15) we therefore have

|Bret(t)] <7 |Epeplto)l e =) [Eypey(to)| < ro/o
(34)

From Eq.(34) and Conver_se Lyapunov Theorems [23], there
exists a positive definite Vrgg such that

a1E7.; < Vrss(Efet,t) < 02E3.y, Viss < —asE7,

(35
where oo > a1 > 0 and a3 > 0. Modifying the Lyapunov
function of Eq.(17) to incorporate Viss, we have

| 2 2 2 B

V== <@E2 R 90 o SR G eﬂ) +Vpss (36)
2\m Y1 Y2 712

Note from Egs.(35) and (36) that V is positive definite

and decrescent. Differentiating Eq.(36) along the system

trajectories and proceeding as in section III-B, produces
Eq.(37), where V is negative semi-definite:

V < —€"Qe, where € = [E, Epe Ere)",  (37)
ksm —% =%
2 m Vfc
Q= -5 « o1, m:CVmamV >0
—% 0 Qs

where « is defined in Eq.(23). By proper choice of ks and a,
it can be ensured that (Q is positive definite. For a bounded
load, the voltages and currents of the fuel cell and ultra-
capacitor will both remain bounded, as will their derivatives.
Thus all of the error terms, and their derivatives, will also
remain bounded. It is assumed that realistic load changes
will occur through bounded derivatives. Thus, the conditions
of Theorem 8.4 of [23] are satisfied and hence

Qe —»0ast 00 = é—0ast — oo

IV. EXPERIMENTAL RESULTS

We now present experimental results for the adaptive
controller using a hardware-in-the-loop system developed in
prior research, [14]. The system, shown in Fig. 5, implements
the hybrid system schematically shown in Fig.2. The fuel cell
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in series, each cell having an area of 251cm?. For the system,
Vi = 24V, Uss = 80%, and the target SOC S; = 0.8.
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estimates of the efficiencies, 77; and 72, were each initialized
at 0.92. Hence, (1(0) = (2(0) = 1.087 and 312(0) = 1.
The FSS was modeled as Ny (s)/Nf.a(s) = 0.85/(2s + 1).
This results in a 15% discrepancy between the delivered and
the requested fuel flow at steady state. The above dynamical
form is assumed unknown in the control design, and can be
shown to yield the same structure of |Ey. | as in Eq.(16).

The experimental results are shown in Fig.6. The con-
troller parameters for this experiment were, ks = 70, k, =
0.2, kg = 4x107°, 71 = 40, 72 = 0.01, and ;2 = 0.01.
In the experiments, pulse loading was applied as shown in
Fig.6(a). Fig.6(b) shows the fuel cell current demand i, 4
and current draw iy.. Notice that iy, is following s q
with an offset. This is due to the dynamics of the FSS
as well as current regulation. The discrepancy between the
fuel cell power and the load power is compensated by the
ultra-capacitor, see Figs.6(g) and (h). Positive 4, signify
power draw and negative currents signify charging. Fig.6(g)
demonstrates that the ultra-capacitor is used for transient
power supply only while the fuel cell meets the bulk power
demand. Figs.6(d) and (f) depict U and SOC S respectively.
The controller was able to maintain each of these parameters
within approximately 3% of their target value in spite of
frequent and significant fluctuation in power demand.

In Fig.7, the parameter estimates are plotted. Figure 7(a),
(b) and (c) depict the estimation of 71, 72, and Blg re-
spectively. From Eq.(10) we note that for a bounded FSS,
71 can have a slope at steady state. This is confirmed in
Fig.7(a). The slope changes sign every 120s when the load
changes, but during the periods of constant load, the slope
continues to increase (or decrease) as FEs — 0. If the load
were not consistently pulsing, ; would continuing growing
(or diminishing) until it reached one of its imposed saturation
limits, 31 maz OF B1,min. Conversely, Figs.7(b) and (c) seem
to show a converging tendency towards particular values
between pulses. Since the slope of 35 and 32 are governed
by Ef., and Ey. — 0 in steady-state, as discussed in section
ITI-C, 3 (and hence 7j2) and (32 will tend to constant values
in between pulses. It should be noted that these constant
values are not guaranteed to be the true parameter values. The

overall drift of 7, and Blg with time would continue until
they reach one of their imposed saturation limits, 32 maz.

62,min or ﬁl2,mam’ ﬁlQ,mivr

0.8 : : : : : :
OJSW
= 0.7 1
0.651 1
0 700 200 300 400 500 600 700
b
0.95 T T T ®) T T -
0.9 M
08% 700 200 300 400 500 600 700
C
1 : : : © : : :
wol VT v ]
‘u—o.g I ]
08 . . . . . .
0 100 200 300 400 500 600 700
Time [s]
Fig. 7. Parameter Adaptation in Experimental System

Next we compare the control performances presented
above with an FSS giving exponentially decaying tracking
error. The later scenario was discussed in section III-C. For
this scenario, the FSS was modeled as

Efer = —0.5Ef.4 (38)

which has the same time-constant as used for the results
in Figs.6 and 7. All other settings were kept identical as
before for this test on the hardware-in-the-loop test-stand.
As before the controller assumes no knowledge of the dy-
namic behavior of the FSS. Comparison results are presented
in Fig.8. Figs.8(al), (bl), (cl) and (d1) give results with
bounded tracking and Figs.8(a2), (b2), (c2) and (d2) give
results with exponential tracking. The control performance,
as evident from the transient control of U and control of
S, is very similar in both scenarios. However, the evolution
of ifc.q and 71 are considerably different. The presence of
tracking error causes iy.q to be higher in the former case
than the later, Figs.8(al) and (a2). From Eq.(5) it is apparent
that the higher ¢ ¢ 4 in the former case is primarily due to the
lower 7; estimate than the later scenario, Figs.8(b1) and (b2).
In fact, bounded tracking by FSS degraded the estimate of
M1, as specification documents of the uni-directional DC/DC
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converter indicates 80 — 88% efficiency for the operating
voltages of this test.

V. CONCLUSIONS AND FUTURE WORKS

In this paper, we design an adaptive controller for hybrid
SOFC ultra-capacitor system. The controller incorporates a
current regulation strategy for transient control of the fuel
cell developed in prior research. Additionally, it maintains
the state-of-charge of the ultra-capacitor at a desired level.
The control design assumes the specific dynamic behav-
ior of the fuel supply system (FSS) to be unknown, and
considers a generalized FSS that gives bounded error in
tracking the demanded fuel. For this generalized FSS, the
controller ensures that state-of-charge of the ultra-capacitor
is bounded around the desired level, in the presence of un-
known DC/DC converter efficiencies, treated as parameters.
The same design however admits asymptotic properties of the
states, including the state-of-charge error, if the FSS displays
exponentially decaying tracking error. Future work would
include exploration of alternate and potentially more optimal
means of expressing the generalized behavior of the FSS and
investigating conditions that would yield convergence of the
parameters to their true values.
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