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Abstract—This paper presents nonlinear observer must be maintained below a critical limit, because it
designs for the Catalytic Partial Oxidation (CPO) and poisons the catalyst surface by adsorbing on the active
the Water Gas Shift (WGS) reactors in fuel cell power sjtes and blocking access to hydrogen.
systems. The observers make use of available te_mper— Effective monitoring and control oy andCO lev-
?r:gremi?: ftroatstliOﬂfsgrrza?hea;:;iﬁgnﬁ ?r?ed fesg'cnsoar;e els requires either measurements or reliable estimates
Estimation of H, and CO fractions is particularly useful of these variables. Due .to the limitations of avalllable-
for monitoring and control of the fuel processor. An sensors for these species [7], our approach in this
advantage of our designs is that they are based on the Paper is to estimate them with model-based observers.
reaction invariants and do not rely on knowledge of Inour earlier study [1], we have developed a hydrogen
reaction rate expressions. observer design for the anode channel of the cell
stack based on voltage measurements. However in this
design FPS dynamics were not modelled, and their
effect on the anode dynamics were treated as plant

Fuel cell technology is highly promising for powerncertainty. In this paper we study the FPS dynamics,
generation with low emissions and high efficiencyyng estimate not only hydrogen but also other species
in stationary and automotive applications. A typica|p, jts reactors, including?O.
fuel cell system consists of a fuel processing System There have been numerous studies to design ob-
(FPS), a cell stack assembly, and a power conditioningyers for chemical reactors, as surveyed by Soroush
unit, as presented in the books [3], [8], [11]. Thg17]. Among them are Limquecet al. [13], [12]
cell stack ?s fed by the FPS, which re_forms naturajg lyer and Farell [9], who apply the differential
gas, gasoline, or other hydrocarbons, into hydrogegeometric design procedure of Krener and Isidori [10]
In the cell stack, oxygen from the cathode channglhen only temperature is available for measurement.
reacts with the hydrogen from the anode channelheir applications, however, are restricted to first-order
to generate electr?city. Among the most challgngingeactors_ Other designs, such as Gautéiel. [5] and
control problems in fuel cell power systems is thesjpon-Fargeoet al. [6], restrict the reaction rates by
regulation of hydrogen supplied from FPS to the celjnear growth assumptions, and proceed with high-gain
stack in the presence of fast-varying electrical loathpserver constructions. Soroush [16] allows nonlinear
Insufficient supply of hydrogen from the FPS causegaction rates, but assumes only one of the reactants is
“starvation” of the cell, which means that the platinum,nmeasured. A further shortcoming of these observers
catalyst will start consuming the graphite used ifs that they assume knowledge of reaction rates, which
anode flow fields. Excessive hydrogen output frorpnay not be available precisely.

FPS reduces efficiency of the system, and is also | this paper we present a new nonlinear observer
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in Bastin and Dochain [2, Section 3.3], where the The reaction rate expressions for full- and partial-
authors rely on flow measurements, and obtain lineaxidation are given by

observer error dynamics. In our design, however, the

error dynamics are nonlinear because we do not as- Tpox = STT (3)
sume availability of flow measurements and, instead, Tiow = (1—8)7r7, (4)
employ nonlinear orifice equations to calculate flows

from pressure measurements. We further take into agheres is a selectivity variable which depends on the
count temperature dynamics, which are not consideredr-fuel ratio [14], andrr is the total reaction rate

in [2]. given by the empirical expression

This paper is organized as follows: In Section 2, we
review the fuel processing system and present dynamic rr = kg pﬂﬂj (5)
models of the CPO and WGS reactors. In Section [CHa| +¢

3, we present our observer designs for both reactors.  nich
Simulation results are given in Section 4, followed b¥ions of 0
conclusions in Section 5.

[O2] and [C'H4] represent molar concentra-
xygen and methane, respectively, &pdnd
¢ are coefficients available from empirical studies. The
first term, k,[O2], in (5) represents the oxygen mass
Il. FUEL PROCESSINGSYSTEM (FPS) transfer rate from gas phase to the catalyst. The second
) term, [C['%Zﬂe accounts for the transient case where
~The FPS reforms hydrocarbons into a hydrogengethane is the limiting reactant. We emphasize, how-
rich gas, and cleans harmful byproducts accordinger, that this reaction rate expression is not used in
to fuel cell requirements [4], [11], [15]. AmONG gpserver design, but only in simulations. The observer

several reformer types, such steam reformingau-  gesign is unchanged even if a different reaction rate
tothermal reforming etc., in this paper we addressg employed.

the catalytic partial oxidation(CPO), which extracts Denoting byM the vector of molar holdups of each
hydrogen from the hydrocarbon fuel. A byproduct ngecieS' that is

this reactor is carbon monoxide, which is harmful ’ ’

for the cell stack, and is eliminated with a seriesM = ([Na], [C Hy4],[CO], [COs], [Ha], [H20],[02])’

of water gas shift (WGS) and preferential oxidation . . .
(PROX) reactors. (The latter is also knownsasective we obtain from mole balance equations the dynamic
oxidatior). In this paper we only study the CPOmOdeI

and WGS reactors, because they contribute to the

A = Fpuer + Foir — 1% V(6
generation of hydrogen, which is the main variable we fuet + Fair = Fout 1 Tpor V4027 0r V- (6)

are interested in. However, the same design tec.hniqumere,pfuel, Fuir, Four (Mole/sec) are the fuel, air
can be applied to the PROX to estimate other variableg,q exit molar flow vectors respectively(m?) is the

such as carbon monoxide. reactor volume, and; and g, are obtained from the
stoichiometry of the reactions (1) and (2?:
A. Catalytic Partial Oxidation (CPO) g =10 -11020 - 5] (7)
The two main reactions in the CPO are Partial @ = [0 -1 010 2 =2]. (8

Oxidation (POX): — -
Likewise, from an energy balance principle, the dy-
1 ) o7
CH, + 502 — CO+2H,, (1) namics of temperatur@' is given by
and Full Oxidation (FOX): (mep)T' = Fpuet hTfuet) + Foir MToir) - (3)
—Fout h(T) + A-Erpoac Tpox V+ A-Erfom T fox V,

CHy + 209 — CO9 +2H50 . (2)
whereT is the reaction temperature (Kj(kg) and

Partial oxidation produces hydrogen for the cell stack;,(kJ/kg K) are mass and specific heat capacity of the
but also generates carbon monoxide which causes tt&talyst bed, respectively. The teridl r,c;), h(Tyir)

poisoning phenomena in the cell stack. Full oxidatiomnd (7" are the ideal gas molar enthalpies for each
is useful because it supplies additional heat, whicbomponent at the fuel, air and the exit temperatures.

facilitates the partial oxidation reaction. AH is the heat of reaction at reference temperature.
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B. Water Gas Shift (WGS) where the numerator calculates the mass flow from

In the water gas shift reactéfO reacts with steam the orifice equation, with ori;‘ice constany,, while
and produces hydrogen and carbon dioxide: division by the total mas$_;_, (M;W;) and multi-
plication by the molar holdup vectav/ translate this

CO + H50 < CO9 + Hs. (10) mass flow to a vector of molar flows.

. ) . . To design a reduced-order observer, we define the
The reaction rate expressions for WGS is obtalnerqlew variable

from the Arrhenius equation, iy
r = K e~ 7 [CO|[H30] — Kye 7 [COy)[Hy), (11) ¢ l T ] (17)

whereK ;, K3, Ef andEj, are reaction rate parameters Where the6 x 8 matrix A is to be selected such that
Again, this expression is to be used in simulations, arif fows are linearly independent, and lie in the left

not for observer design. null space of
The molar dynamics of the reactor is ¢ 0
. Y = L AH L A ) (18)
M = Fgas + Fwater — Fout + qu (12) mep POX mep FOX

that is, AY = 0. Because the nonlinear reaction rates
rpoz @ANA T4, enter the equations (6)-(9) through the
matrix Y, the transformation (17) cancels them in the

¢g=0 0 -1 1 1 -1 0]’ (13) dynamics of¢:

where, Fyus, Fuater» Four are the gas, air and exit
molar flow vectors respectively, and,

from the stoichiometry of the reaction (10). Likewise, £ = A [ L g ny;l , ] (19)
the dynamics of the temperatuteis, me, © fuel (Ttuet)
(mep)T = Fyas MTyas) + Fuater MTwater)  (14) Flir o Fou
—F, h(T)+ AHrV. mLFa h(Tyir) m%pFout h(T) |-

Note that we have used the same dynamic variabl%s task is thus to desi b i timate thi
(M andT) and constantsi{, m, ¢, and AH) in both ur task is thus to design an observer to estimate this

CPO and WGS models. No confusion should arisé,Wlth ¢, and to computd/ from . However, because

however, because the observers in the next section %Pg ? rllmt(;nsmns oM gndg_dglggt agdrezt?, we daugtm.ent
derived separately for each reactor. w € measured varia and ., ang obtain

the relation
[1l. OBSERVERDESIGN § A M
l=]11111110 , (20)
A. CPO Observer T 00000001 T

We now present an observer design to estimalgnare the augmented matrix is now nonsingular be-
the unmeasured vector of molar holdups in the .5 e the last two rows do not lie in the left null space

model (6)-(9). Our design relies on the measurement y i (18) and, hence, are linearly independent from
of temperature,I’, and the total pressure, P, whichiha rows of A. This means that, oncé is obtained

depends on the sum dfl;’s as in the Ideal Gas Law: oy 4 reduced-order observer, we can calculiie

T from
I o VAY (15) g
Vi3 M A §
, =|11111110 2l @
Ftyer and Fy;p in (6)-(9) are assumed to be known, T 00000001 T
because they depend on the compositions of air and _
supply fuel. F,.;, however, depends on the unknown Our observer for system (19) is
molar holdup vectod/. Denoting byW,;, i =1, ....., 7, . F
the molecular weights, and by, th d § = A 1 T (22)
e molecular weights, and by;; the measure L Froel W(Truer)
downstream pressure, we expréss; as !
CoutVP — Pds Fazr Fout
Foy=22Y"___— N 16) +A4 / —A o
t ZZ:l(Msz) ( ) mLCpFair h(T(liT) mlcp Fouth<T)
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C. Convergence Analysis

where, from (15), (16)Fo.; is to be calculated using e now show that the observer designs of Sections

IlI-A and IlI-B ensure convergence around operating

T RT points of physical interest. Although our analysis in
Fly = CO“t\/Zizl(Mi)T _PdsM_ (23) this section is local, simulation studies in the next
o ST (MW) section indicate large regions of attraction. To analyze

convergence properties of the WGS observer (27)-
(28), we let the? x 7 matrix A;, and the7 x 1 vector
As, denote partitions of

Unlike the CPO model which has two reactions,
the WGS contains only one. This means we can
apply the same observer design procedure using onl¥nd obtain from (27),
temperature measurements.

B. WGS Observer

A=A, A, (29)

~ ~ 1~ ~ 1 ~
For this observer we define M=A (-A AT (30)
Y Thus, from (26) and (28), the observer error
g:AlT] (24) . .
ei=M-M=4""((-0) (31)

where the7 x 8 matrix A is to be selected such that is governed by

its rows are linearly independent, and lie in the left ~
~ =1~ Fout — Fout

null space of > = A; A A 32
€ ! mlcp h(T) (Fout - Fout) ( )
~ q ~ -1 ~ 1 ’ A~
— A = — I A A 7h T Fou - Fou )
= | 2] @) 1+ A A0 o — Fon)

B oA¥ — 0. th ‘ _ 24 Is th where F,,; depends onM as in (23). This means
ecausedY” = 0, th e "a”fjolfma“o”( ) cancels they, . the |ocal stability of the equilibriua — 0 is
reaction rater in the ¢ model: determined by the Jacobian matrix
e 1 4 8Fwout
As——h(T
2mcp (7)) oM’
which is indeed Hurwitz (see Tables Il and IV in
5 I3 Section 4) when evaluated at physically relevant op-
4 tw‘,“;ET ) ] _ A[ LFO?h(T) ] . erating points of( M, T). Similar calculations for the_
me, ~ Water water me, ~ oY CPO observer shows that its convergence properties
gepend on the Jacobian matrix

1

L F o
=A g 26 J =—(I+A 33
¢ l L B(Tyas) ] (26) WaGs ( 1 (33)

+A

Similar to the derivations in the previous section, w

obtain M from ¢, using Jopo = (34)
0 i I - B4 | (4 AT (1)) e [ AT
_ Sl @ _ _ .
T 00000001 T where A; and A, are, respectively7 x 7 and7 x 1
matrices obtained from the partition
Likewise, the observer fof is A L
. 7 l11111110]:[A1 A ], @)
(=4 [ BUNGY ] (28)
e Fgas 1(Tyas) ands — L Tows Osni }
The ditference of the expressions (33) and (34) is
15 I3 because the CPO observer in (34) uses two measure-
+A water _A . out ments and, hence, its order is 6, whereas the WGS
L Foater P(Twater) L h(T)
me, - water water mc, ~ out observer uses one measurement and has order 7. The
X stability of Jopo is also established in Section 4,
where F,,,; is computed as in (23). Tables | and I, for several operating points.
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IV. SIMULATION RESULTS _
047_II 0.04 |
0.02 ’

A. CPO Observer ! -

We first present simulation results for the CPGo 100 200 300 0 100 200 300
observer derived in Section Ill-A. For these simulaZ[ ' c = (d)
tions we implement the model equations (6)-(9) dan— '
MATLAB SIMULINK with reference valuesF',. = !

0.12 0

0.7229 (mole/sec) Ty,e = 623.15 (K), Fuir = 1.9850 o w0 %o ° o o o

£\
0.28 (e) 0.15

mole/sec),T,;» = 557.25 (K), obtained from dat L - U]
( ) (K) 7| N ] | o

for a stationary fuel cell power plant. The observgg e

=]
o
~
-~

takes CPO total pressure and temperature as meascw—— = o 005t — = =
outputs. Figures 1 from (a) to (g) show convergence.e 5p
the mole fraction estimates for each spemes(dashexl @ \ (h)

to their true values (solid), and Figure 1 (h) shows 4__,—|7

convergence of the outflowl,,,; to F,.. Att =100s, % = 200 300 % 100 200 300

inlet fuel flow is increased by 20 percent, and at t(sec) t(sec)

t = 200s air supply is increased by 20 percentF'g 1. CPO Observer simulation results: Mole fraction of
N2, b)CH4, c)CO , d)CO2, e)H2, f)H20, g)O2, h) Out Flow

Despite the resulting transients, the observer estimat le/sec).

again converge to the true values. Indeed, Tables |

and Il show the stability of the Jacobian matrices at

the steady-state values resulting from several reference

values ofF,; and Fy,, including those employed in one output (temperature) for the WGS, which contains

our simulations. the shift reaction. The performance of the observers
are studied with simulation results.
B. WGS Observer For future study we plan to investigate the robust-

. . ess of these designs to the uncertainty in stoichio-
We next present simulation results for the WG g y

. \ . etric coefficients, and to the side reactions in the
observer, derived in Section IlI-B . The observer takeépo which are not modelled in this paper. Because

W& calculate flows from orifice equations, rather than

2 (a) o (g) show convergence of the mole fract'orpneasure them, an important task is to validate and

estlmates for e_ach species (dashed), to thelr true Val%ﬁise-tune these equations with experimental data.
(solid), and Figure 2 (h) shows convergence of the

outflow. At¢ = 100s inlet gas flow is increased by 20 . <10° .
percent, and at = 200s water supply is increased by’ \) " v)
20 percent. Tables Il and IV shows the stability of the 1 l
Jacobian matrices at the steady-state values resulyg
from several reference values Bf,, and Fyyqzer. We

100 200 300 0 100 200 300

note from these tables that the Jacobian has no slo (©) 0_1%

poles, which is consistent with the fast convergel’iéser_‘/_ﬁ 0.05

of the observer in simulations. 0 0
0 100 200 300 0 100 200 300

0.4
e 0.25 (f)
V. CONCLUSIONS 03 ‘ \

0.2

In this study, we have designed reduced-order of 045
servers for fuel cell FPS reactors, CPO and WGSxe ™ *®  °® N G

The observers estimate chemical composition (mo.kg,_(g)_‘_ . 4|_(D)_17

fraction of each species in the stream) without knowl+
edge of reaction rate expressions. Because these de=— 200 300 4 0 0 500
signs rely on stoichiometric coefficients to cancel the t(sec) t(sec)
reaction rates, they require as many measured Outplﬁt% 2. WGS Observer simulation results: Mole fraction of
as the number of reactions. Indeed we have employ rﬁ\(')lze/sggm ©)CO , d)CO2, e)H2, HH20, g)02, h) Out Flow
two outputs (temperature and pressure) for the CP

which contains the POX and FOX reactions; and onIy
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Fraal 578 7229 867 Fas 2.7891 3.4864 11837

Ngpo | —243-1070 | =1.5-10° T [ =7.6-10~2 Mwes | —1.42-10° [ —1.32-10° | —1.21-10°
—4.73 - 102 —2.8-102 —1.4-10? —2.9.10* —3.74-10' | —4.57-10!
—2.35- 102 —1.4-10? -6.9-10! —-1.61-10' | —2.1-10% | —2.58-10!
—2.35- 102 —1.4-102 -6.9-10! —1.61-10" | —2.1-10% | —2.58-10¢
—2.35 - 102 —1.4-102 —6.9-10! —1.61-10 | —2.1-10% —2.58 - 10!
—2.35- 102 —1.4-102 -6.9-10! —1.61-10' | —=2.1-10% | —2.58-10!
—2.35 - 102 —1.4-10° —6.9-10" —1.61-10" | —2.1-10* | —2.58-10!

TABLE | TABLE Il
Eigenvalues of/cpo in (34) for F,.i;» = 1.985 (mole/sec) and Eigenvalues of/w s in (33) for Fiyater = 1.1056 (Mole/sec)
varying values ofFf ;. and varying values of .

Frir 1.538 1.985 2.332 Lonter | 8844 1.1056 1.3267

Nepo | —48-1077 [ —=15-10°" | —2.7-107" Mwes | —8.9-10° [ —1.32-10° | —1.54-10°
—8.72-10% | —2.8-10? —5.22 - 102 —2.37-10 | —=3.74-10" | —4.69- 10!
—4.36-10' | —1.4-10? —2.6 - 102 —-1.29-10 | —2.1-10% | —2.69-10!
—4.36-10 | —1.4-10° —2.6- 102 —-1.29-10 | —2.1-10% | —2.69-10!
—4.36-10 | —1.4-10? —2.6- 102 —-1.29-10 | —=2.1-10% | —2.69- 10"
—4.36-10' | —1.4-102 —2.6 - 102 —-1.29-10 | —2.1-10% | —2.69-10!
—4.36-10 | —1.4-10? —2.6 - 102 —-1.29-10' | —2.1-10% | —2.69-10"

TABLE I TABLE IV
Eigenvalues of/cpo in (34) for Fy.., = .7229 (mole/sec) and  Eigenvalues of/wgs in (33) for Fyas = 3.4864 (mole/sec) and
varying values offy;,. varying values ofF,qter-
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