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Abstract— In this paper, a natural gas fuel processor system
(FPS), a proton exchange membrane fuel cell (PEM-FC) and
a catalytic burner (CB) are integrated in a combined heat
power (CHP) generation plant. The FC provides the power
based on electrochemical reaction of hydrogen (k). The FPS
generates the hydrogen from natural gas and the CB provides
the energy for preheating the FPS inlet flows by burning
any excess H from the FC exhaust. The coupling of these
three systems poses a challenging optimization and control
problem. The goal is to analyze the open loop dynamics and
design a controller that achieves optimal steady state opera-
tion and acceptable transient performance, i.e., mitigates the
H. starvation and regulates reactor temperatures. We show
in simulations that an observer based feedback controller,

closely coupled dynamics, together with the large thermal
inertia and therefore slow transients associated with the
fuel processor, impose a very challenging control problem.
In order to achieve the overall maximum efficiency, the
integrated CHP system has to work very close to its oper-
ating boundary (Fig. 3). This optimal set-point selection,
however, puts the system in a very vulnerable position
during system transitions. When a load is suddenly applied,
the CHP system may not be able to provide sufficient
H, and heat fast enough to sustain the operation under
the new load condition, thereby leading to temporarily H
starvation or system shutdown. These problems can be

which relies on temperature measurements of two reactors,
speeds up the transient response fivefold, as compared to the
baseline when no feedback control is employed.

avoided by slowing down the load drawn from the fuel cell
through a slew rate or a load governor [2]. The load deficit
in this case can be provided through hybridization [3], with
an additional electrical power source which can increase

) cost and complexity. Another typical approach that does
Combined heat power (CHP) systems based on fuel celig,t rely on hybridization is to increase the system operating

and fuel processing technologies have great potential f?énge by producing high rates of hydrogen, thus lowering
future shipboard applications. In addition to the benefitg: " tilization and CHP efficiency.

offered by implementing fuel cell and fuel processor operating at optimal steady state and thus capitalizing
technology within the all-electric ship framework, suchihe penefits of the CHP system will be made possible
as cIean_er .shlpboard power generr?mon, .eff|C|ent ele_ctr5h|y if the controlled system responds very fast to FC

power distribution, flexible hull design, silent operation|yag changes. Otherwise, one has to resort to sub-optimal
and low thermal acoustic signature, higher efficiency cageipoints, i.e., to trade the efficiency for improved safety
be achieved by the CHP systems with the incorporation @fargin. In this paper we design a controller that speeds-
a catalytl_c burr_1er. For steady state opgranons_, as muchlﬁ the natural CHP dynamics and supplies hydrogen to
16% efficiency improvement can be achieved with the CHRe fe] cell while maintaining optimum reactor temper-

systems over the stand alone fuel cell power generatiofjres. The feedback controller is based on measuring
systems [1]. reactor temperatures and estimating the spatially averaged

The CHP system, depicted in Fig. 1, consists of @omposition of reactant flow through the series of CHP
proton exchange membrane fuel cell (PEM-FC) stack thgbmponents.

generates electric power, a fuel processing system (FPS)
that converts a hydrocarbon fuel to g lHch mixture to

be fed to the fuel cells, and a CB that recuperates any e
cessive H leaving the fuel cells to provide the preheating
energy for the reformer. Other auxiliaries, such as the a
blower, fuel pump, heat exchangers, are also integral pai
of the CHP system. The complicated configuration an/
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Fig. 1. A CHP system consisting of FPS, FC and CB.

II. AN OVERVIEW OF THECHP SYSTEM

A low pressure CHP system with a rated power of
250kW is used as the platform for our investigation in this



kes place to convert Hto electrical power. The flow

om the anode is then supplied to the catalytic burner
(CB) where the excessoHs burnt using the air supplied
through a blower. Finally, the flow from the CB is fed to

0 separate heat exchangers (HEX), one to preheat the
air and one to pre-heat the fuel before they enter the FPS

The FPS, depicted in Fig. 1, is composed of four mairfnd thereby increasing the overall utilization of the fuel.
reactors, namely, the hydro-desulfurizer (HDS), the cat- Ind[l], 2 1|? stz;te, r|1_|0pnllnear, dr)]/nargmc ar&d C?”trotlj g”' g
alytic partial oxidation (CPOX), the water gas shift (WGS),enteh me Ie or the C system as e(;z]p evezjolpg ase
and the preferential oxidation (PROX). Natural gas, rich ir®" the fuel processor system in [8]. This model is em-
methane CHj, is supplied to the FPS from a tank. All FPS ployed in this work for optimization analysis, performance
and FC components operate at low pressures of up to 1/8yaluation and control design.
kPa. The HDS is used to remove the sulfur from the natural |||, STEADY STATE EFFICIENCY OPTIMIZATION
gas [4], [5]. The main air flow is supplied to the system - . .
by a blower (BL) which draws air from the atmosphere For the system to work efficiently in an integrated

The air and the de-sulfurized fuel are pre-heated in Separa{t%smon’ each component has to be conditioned properly in
" "Terms of its operating temperature, humidity, and pressure.

heat exchangers (HEX), before they are mixed in the mixer, . . . . . .
: : . This is achieved by controlling the air and fuel intakes
(MIX). The mixture is then passed through the catalytic ; .
: L . of the FPS. The strong physical coupling of the CHP
partial oxidizer (CPOX) where CHreacts with oxygen N ! .
. : . __components, shown in Fig. 1, will eventually dictate the
to produce H. There are two main chemical reactions

; . ) . L optimal set-points for the system.
taking place in the CPOX: partial oxidation (POX) and : : . .
total oxidation (TOX) [6], [7]: To determine the optimal steady state operating points

with respect to the overall system efficiency, the following

paper. For shipboard power applications, a key enablin
technology is the on-board fuel reforming, and a critical
requirement is the fast load following capability. In this
application, we consider the catalytic partial oxidation
reforming technology, because of its fast (relative to stea
reforming) transient response.

(POX) CHy+ 30, — CO + 2H, optimization problem is formulated
AHgow = —0.036 x10% J/mol (1) V. Iy 3
(TOX)  CHy+ 205 — COy + 2H,0 ML g ) \ NOHP = ppemygom |- (3)
AH? = —0.8026x 106 J/mol. (2)

The objective is to maximize the overall efficiengy;y p,

Hydrogen is produced only by the POX reaction whilewhich is defined as the ratio of the FC output power
. . CHy CHy CHy ;
heat is mostly generated by the TOX reaction. As show@ver the energy use’, ' ; - Q1 i, whereW, [ j is the
in Fig. 2, the balance between the two is dictated by th@mount of fuel used an@)7}j}, its lower heating value.
molar ratio of Q to CHy, Aoac = no, /ncw,, Wheren, is The optimization variables are the fuel valve commarngd,
the number of moles of the speciesMoreover, since the and the air blower command,,, both ranging from 0 to
CPOX products are also highly dependent on the CPO}00%, corresponding to minimum and maximum actuator
reactor temperaturé-po x, the optimum balance between inputs respectively, or to minimum and maximum flows.
the two reactions has to be determined. The modified gradient descent method was employed
Carbon monoxide (CO) is also created along with H t0 solve the optimization problem [9]. The corresponding
in the POX reaction, as can be seen in (1). Since Cderative algorithm is given as
poisons the PEM fuel cell catalyst, it has to be eliminated
using water in the gas shift converter (WGS) and air in
the preferential oxidizer (PROX). The later are assumed twhereay, is the iteration stepynZ , p(xx) is the gradient
operate perfectly thus eliminating all the CO in the streamvector which corresponds to the i p increasing direction
The H, -rich mixture leaving the PROX enters the anodeand u = [uy u,]|T. The iteration step sizeyy, is kept
of the fuel cell stack where the electro-chemical reactiorconstant until no further increasing steps can be found and
is then reduced by the bisection method up to the desired
873K 1073K accuracy.
s B Convergence of the gradient algorithm to a global max-
H imum can be verified given the convex form of the effi-
o, o, ciency map for the whole range of FC loads. An example
o ] © ] of the efficiency map is given in Fig. 3 for the FC Idad
o, a, S < o, of 100A. The maximum efficiency for this load is 33.6%
o while the optimal setpoint iu} w;] = [20.75 29.00].
o ws i s 2 2s0 o5 i 75 & 2 Using the same procedure for each operating load the

U1 = U — a - Vg p(ar) 4)
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] ) 1in this paper, the term “load” is synonymous to the current drawn
Fig. 2. CPOX products as a function &2 and reactor temperature from the fuel cell.



production in the FPS and heat generation externally in
0 the CB and internally in the CPOX reactors for steady
state operation. It is important to note that the overall CHP
2 optimum is not defined through optimization of individual
components.

N
=
T

IV. OPENLOOPDYNAMICS

Fuel Setpoint (%)

, Examining the transient performance of the system using
static feedforward control enables us to gain insight on the

2ol X oo | 0 system dynamics. In this section we examine the open loop

vol m system dynamics by utilizing the optimal steady state set-
" ‘ ‘ ‘ . point maps derived from the optimization results described
2 30 35 pirsetporitoe) 4 50 in Sec. Ill. For a given load, the fuel and air operating

setpoint are defined by the feedforward maps. Since the

Fig. 3. Efficiency map of the CHP system at load=100A maps were optimized for steady state operation the open

loop control is not adequate to prevent starvation when
optimal steady state setpoint map can be determined fgrlarge step' change in load 'S demanded.. .
. . . T The FPS introduces a considerable lag ind¢neration
the actuator inputs* = [u} u;]” = fu(I,) and other . .
critical operating variables (€g.% . = fure(Ly)) that due to the multiple volumes and reactors involved, thus has
P 9 cpox cpow st a slower time constant than the fuel cell stack when a step
can serve later as controller setpoints. . . :
) - . . . _change in the demanded load is applied. Consequently, the
As illustrated in Fig. 3, the optimal operating setpoint_ . : . .
. : maximum possible rate at which the load can be increased
lies close to the operating boundary of the system. This

trend is observed for the whole range of operating load8 dictated by the FPS and the, igroduction dynamics.
The open loop response of the system for two consec-

of the system. The operating boundanygpr = 0%) is . )
defined as the locus of points where the produced amou'ﬁ}tt:\ésvrl]oﬁld Ei;epj’ (I):Iz)? ?hoellcr)lgg | agr?]a?ln(s)ttgpe)roiog(ﬁfg&\ IS

f Hy is | han th i he F i X .
of H, is less than the required amount by the FC, give e fuel processor manages to provide the fuel cell with

a specific load at steady state operation. As a result, “ﬁhe required amount of Hin order to meet the load
system is susceptible to steady state dtarvation durin
y P y e 9 mand. For the second larger step of 100-150A though,

uncompensated loads. To avoid modeling errors and rej%?

fast to load variations, a combination of feedforward an e .generat|on IS below the demandecilleel for
a considerable period of 10 seconds. Starving a fuel cell

feedback control is required.
9 for 10 seconds can cause extended membrane damage

It is important to point out, that according to the opti- : . )
mization results, all the optimal operating points, indepena—lnd jeopardizes the life span of the stack. Moreover, a

dent of the load drawn from the FC, occur), = 0.69
andT¢ o x = 980K. Note here that the optimization of
the overall CHP efficiency (3), corresponds to a CPOX
oxygen to carbon ratio\(,,) that is greater than the
value for maximum H production at the CPOX reactor
(Ao2c = 0.5 as indicated in Fig. 2)

In order to explain this result, one has to notice that « AN
while both POX and TOX reactions in (1)-(2) are exother-
mal, the TOX release80 times more heat than the POX
reaction. For the integrated CHP system the CPOX tem-
perature, which is highly coupled to the, Hbroduction,
is a function of both the heat released by the reactions
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inside the CPOX and the temperature of the incoming airé 0; k

and fuel flows which are heated by the energy supplied 0'5—'\ :

through the CB. Moving\ps¢ towards 0.5, will promote N T e

H, production but suppress the TOX reaction which only (10°

500 1.008

occurs forhpzc > 0.5. Thus the contribution of the TOX - o o

reaction to the CPOX temperature will be reduced and, axsa m/' = I
a result, the CPOX reactor has to rely on preheating the ™ o

inlet flows by the CB. Since both outputs (the Bhd heat) o Tme a o m w T e
are essential for the system to function propei, =

0.69, the optimal point, reflects a balance between the HFig. 4. Open Loop Performance during 90-100A and 100-150A steps
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Fig. 5. Transient Performance Comparison of (a) original system (b) Fig. 6. Aoz2¢ overshoot during open loop operation

system with constant preheating temperature (c) system with suboptimal
maps (d) system with HDS volume of 0.2m
the fuel desulphurization [10], imposes the requirement
of a relatively large volume compared to the adjacent
65 K overshoot in the CPOX temperature within 15 sec igolumes of the MIX and the HEX. The combination of
observed, which can have damaging consequences for the large volume in the fuel path, the small volume of
CPOX reactor. Both issues are highlighted on Fig. 4.  the air path and the large flow of air compared to the
There are three critical processes that affect the geneffael flow causes the MIX pressure to built up at a rate
tion of Hy during load changes and cause thedthrvation faster than the HDS pressure during transients. In turn
problem. Analyzing those processes will provide insight ithe pressure difference between those volumes initially
the control problem and the system design. exhibits an undershoot until the HDS pressure manages to
The first critical process was found to be the CBbuilt up again as illustrated in Fig. 6. Since the fuel flow
temperature variation during a step change in load. Whé# a function of the pressure gradient, the same undershoot
a step load is applied theHlow is depleted at a rate is observed for the fuel flow which causes the oxygen to
faster than it is produced, due to the slow time consta@rbon ratio\pzc, to overshoot.
of the FPS. This results in reduction or even elimination Based on the CPOX reaction map, given in Fig. 2, an
of the H, flow to the catalytic burner, which in turn overshoot if\ozc from its nominal steady state operating
results in a temperature reduction in the CB and eventualgoint 0.69 to 1.15 implies a steep decrease pirbduc-
a temperature reduction of the inlet air and fuel flowstion. One way to illustrate this is by decreasing the HDS
However, the thermal inertia and large time constant ofolume in the model. Fig. 5d compares the response of the
the CB can maintain the temperature to a level that doesiginal system, withV;; ps = 0.3 m?, with an imaginary
not affect the H production of the FPS. A comparison of System that has a considerably smaller HDS volume of
the CHP system, where the CB temperature is a functighl m?. For the later case, the oHstarvation problem
of H, in anode exhaust with an imaginary system whergisappeared. If future advances in the desulphurization
the CB temperature is maintained constant at a nomingrocess produce a compact HDS reactor, then the transient
value is given in Fig. 5a and b. The two responses are gerformance of the system would improve dramatically.
most identical, with the constant CB temperature response
(Fig. 5b) exhibiting slightly less undershoot. Consequently,
the CB temperature variation during load increase is not In this section we investigate the effectiveness of us-
the main cause of the Jistarvation problem. ing observer based feedback control in improving the
As mentioned earlier the feedforward controller basettansient performance of the CHP system. In particular,
on the steady state optimization places the system closedor objective is to eliminate the Hstarvation problem
its operating boundaries and therefore making it susceptind to control the CPOX temperature overshoot while
ble to H, starvation. A non-optimal map implies increasedmaintaining efficient steady state operation by utilizing the
excess fuel usage which implies increaseddrbduction in  optimized feedforward maps.
steady state. As a result the difference between the required
H, and the produced is expanded leading to increasdd Selection of Feedback Variables
safety margins at the price of reduced efficiency. In the The control architecture is based on setpoint error regu-
case shown in Fig. 5¢, there is an efficiency reduction froration, using the setpoint maps defined in Sec. Ill through
33.5% to 28.7%. the plant optimization. The controller is implemented by
The third and most important cause of thg ktarva- augmenting integrators to the estimator based feedback
tion can be attributed to reactor sizing issues. The largmntroller. In deciding which signals need to be regulated
residence time of the HDS, due to the slow kinetics o&nd are best suited as feedback variables in the controller,

V. FEEDBACK CONTROL DESIGN & A NALYSIS



one has to consider the control requirements (namely, HC. Feedback Control Design
and Tepo. regulation), the sensitivity of measured signals A fy|| state feedback controller is designed using the

to t.he fuel anq air actuators, as well as the ease of mepoR technique. For the tracking problem we augment the
suring those signals. Ideally we would choose the CPOY¥jant states with the integrator states:

temperaturel,,,, and the partial pressure of;Heaving

the anodePy, as the feedback variables, as they are linked 5§ = Tepox — Tprox (8)
directly to the control objectives. However, sinég;, is Tep = T4

difficult to measure, we choose the CB temperatllte whereT;,,, and T}, are the corresponding desired tem-
instead, which is closely coupled to the the starvation peratures, which depend on the FC operating load and can
problem. During transient operation, reductioriZdf from  be computed off-line from the optimization procedure and
its optimal steady state valig};, implies reduction of the stored for on-line implementation.
H leaving the anode exhaust or in turp Btarvation. The ~ The control signal can be expressed as =
only drawback of usindl;, instead of Py, is the slow —[Kp Ki]-0z4uy, Wheredz,,, = [0z 6q]7, KpeR?**1?
dynamics due to the associated thermal inertia. is the proportional gain an& ;eR?*2 is the integral gain.

It should be also pointed out that the sensitivity plotsk,,, = [Kp K;] = PBZ?R;{l, where P is the solution
shown in Fig. 7, illustrate that for the optimal setpointto the Riccati equation
Aooc = 0.69, the CB temperature reaches the peak value _
as air is varied for a certa?n FC load (100A). Linpearization ApP + PAI? N PBI?RKlBPP +Qx =0, ©)
at this operating point results in zero DC gain betweefs calculated by minimizing the quadratic cost function
the air command and thé,,. As a result we expect the 00
fuel command to define the steady stdig and the air .J :/ (0200 - QK - 62aug + Ou” - Ry - 6u) dt. (10)
command to define steady stdig,,... The emerging input- 0
output coupling at the steady state clearly suggests that diie weighting matrices on the controller inpugsc and
should be used to contrdl.,,, and the fuel to contral,, the outputsiy are

in the case of decentralized controller design. Qx = diag([0.1 0.12 1)) , Ry = diag([1 0.1]). (11)

B. Linearization Recognizing that measuring all 19 states is impossible, we

The nonlinear CHP model developed in [1] can begjesign a state estimator to provide the needed information

expressed as for state feedback. The state estimator is expressed as
&= f(z,u,w). (5) 0% = Ay - 6@+ By - 0u+ By, - 0w+ L - (62 — §2(12)
The model has 19 states and two inputs, namely the fuel 62 = C, - §z. (13)

gnd air command_. The current drawn from the EC Stacv%/hereL _ SCTR;" ands is the solution to
is treated as a disturbance to the system and finally the z

feedback variables arg.,,, and 7. A,S+ SAT — SCTR;'C.S+ B,QLB] =0. (14)

u=Tluf u’ , w=Iy , 2= Tepor Ter)"- (6) The observer gaird. is designed using the process noise

For control design, a linear expression of the CHP plant igpvarlanceQL and the measurement noise covariafie

obtained using MATLAB/Simulinko), where the model of given below
the system has also been developed. The medium load ofQ;, = diag([10 0.01]) , R, = diag([0.01 10]).  (15)

100A (115kW) was chosen as the linearization point. Ar_ll_h | signak — hen the ob based
expression of the linear plant is given by e control signak = [u; u,], when the observer base

controller is implemented in the nonlinear CHP model is
0t = Ay -6x+By-6u+ By, -éw , 6z=C,-dx. (7) given by

whered(-) = (-) — (-)o and (+)o is the nominal operating u=—Kr-6¢g— Kp-(&—x0) + uo (16)
point at the linearization load.
VI. PERFORMANCEEVALUATION

The estimator based feedback control scheme, compared

500 1150

o] O VaribieAr o to the open loop controller, manages to improve the
450 -.xxx. < % Variable Fuel H H H
< . € R ] o transient performance of the CHP system (Fig. 8). It is
i °1% - & interesting to note that the feedback controller overshoots
350 ° 1% T Y fuel and slows down air command initially, in order to
0 L ° oo L__ax®*” regulate \p2¢ around its optimal value and resolve the
S Mmoo m S ™ undershoot of fuel flow that was observed on the open loo
02C 02C

system (Fig. 6). As a result, thesHroduction increases
Fig. 7. Steady State Operating Points for variable Air and Fuel Inputsmoothly and the bl starvation problem reduced.
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Fig. 8. Response of the closed loop system

tion via T, that is otherwise difficult to obtain.

VII. CONCLUSIONS

In this paper, the control oriented model of a fuel cell
based CHP system, developed in [1] is employed for steady
state optimization and control design. Using the gradient
algorithm, the air and fuel setpoints that yield maximum
overall efficiency are determined for every load of the
FC. The system characteristics and dynamic properties are
analyzed. The processes responsible for the poor transient
open loop performance are identified. A feedback control
scheme is designed using only the temperature measure-
ments of the CPOX and the CB reactors. Our results show
that the H starvation is mitigated and the CPOX tem-
perature overshoot is minimized during a large load step
when the proposed feedback controller is implemented.
Moreover, a 500% increase in the maximum transient
speed of the CHP plant is achieved. Finally it is proven
that implementing a CB into a FC reformer is beneficial to
the system. Robustness analysis and complexity reduction
of the controller are yet to be examined.
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