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Load Governor for Fuel Cell Oxygen Starvation Protection: A
Robust Nonlinear Reference Governor Approach

Jing Sun and llya Kolmanovsky

Abstract—The fuel cells oxygen starvation problem is decreased fuel and air utilization, and thus a compromised
addressed in this paper using a robust load governor. By gystem performance. Another approach is to modify the
regulating the current drawn from the fuel cell, the pointwise- o454 demand with a first order or other slew-type filter [3],
in-time constraints on the oxygen excess ratio and on the @ : L
oxygen mass inside the cathode are strictly enforced to protect so that t_he application Of the load is delaye_d to glve time
the fuel cells from oxygen starvation. The load governor for the air and fuel supplies to catch up. While a filter can
is designed using a nonlinear reference governor approach. mitigate the problem and is easy to implement, it cannot
Parameter uncertainties such as those due to imperfect con- guarantee that cell starvation is eliminated. When the filter
trols of temperature and humidity are handled in the load s tned for the worst-case scenario, it often leads to a
governor design using a novel approach based on sensitivity conservative design with slow responée Other approaches
functions. Simulation results are included to demonstrate the 0 : ’
effectiveness of the proposed scheme. The results are comparedsuch as the Model Predictive Control (MPC) [4], have also
with those of a linear filter which has been proposed in the been proposed to address the issues.
prior literature to achieve similar goals. In this paper, we formulate the fuel cells starvation

| INTRODUCTION protection as a constraint—enfgrcement .pro_blem. The rgf-
erence governor [5], a mechanism effective in guaranteeing

Fuel cell research has recently received a great deal gintwise-in-time state and input constraints being satisfied,
attention because of its Strategic importance in our nationi’§ exp|0|’ed for the load (Current) governance. A load gover-
energy policy and its positive impact on the environmenior is designed to minimize the load tracking error while at
Successful and wide-spread production applications of fule same time checking conditions for constraint violation.
cell systems in transportation and power generation inf constraint violation is predicted, the load will be reduced
dustries will alleviate our society’s dependence on fossjintil all the constraints are satisfied. The computations
fuels and make the renewable resource a reality. HOWQV%Vohled in imp|ementing the load governor include the
challenging problems in the areas of material, manufactusimulations of the plant model over a finite time horizon
ing, fuel processing and handling, and control need to bgnd bi-sectional search for determining the optimal gain.
resolved before the cars propelled with fuel cells can bgithough the performance of the reference governor can be
driven on the road. suboptimal as compared to more flexible MPC controllers,

Major control problems for fuel cells are highlighted inthe computational implementation of the reference governor
[1], [2]. In this paper, we consider the load control of theis much simpler, which is a significant advantage for
fuel cells with the main focus on preventing oxygen starvachronometric and memory constrained automotive micro-
tion in this system. Power generation in fuel cells relies oggntrollers.
the continuous supply of oxygen on the cathode side and|n dealing with the load control for the oxygen starvation
hydrogen on the anode side, when proper temperature apfbtection problem, we first assume the temperature and
humidity conditions are maintained. The amount of powefumidity of the fuel cells are controlled around its setpoint
the fuel cells system delivers is controlled by the amount QMth good accuracy. This allows us to use a nominal model
current drawn from the system, if the proper conditions fofor the load governor design and implementation. Given that
cell operation are maintained. When a large load is appliefle temperature and humidity controls represent some of the
to the cells, the sudden increase in the current can cause tBgghest challenges in fuel cell system management, this
system to stall if the depleted oxygen cannot be replenishe@sumption most likely will be violated in real application.
immediately and sufficiently. The cell starvation can lead tqo mitigate the problems associated with model uncertain-
system stall or permanent cell damage. ties, especially those caused by temperature and humidity

To protect the fuel cells from overloading and starvationfluctuation, we propose a robust load governor by taking
especially during the transient period, one can supply eto account explicitly the parametric uncertainties in our
cessive oxygen and hydrogen to the cells in the steady-staf€sign. In particular, we incorporate two parameters in the
operation, thus increasing the reserve of available power fodel to represent uncertainties in (i) the supply manifold
anticipation of the load increase. This strategy, howevefelative humidity; (i) the vapor saturation pressure in the
is conservative, and it leads to increased parasitic lossegthode due to temperature deviation. In addition to the

. _ _computations involved with the nominal load governor, i.e.,
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for the linearized model and an estimate for the error bourttie oxygen consumed due to reaction, which is dictated by
for linearization to guarantee the robustness performancehe stack currenf,; through the relation:
The paper is organized as follows: A control oriented 7
model based on [6] will be briefly presented in Section II, Wo,ret = Mozg, (5)
followed by a discussion on the control design objectives. 4F
Section Il describes the load governor, which is based onheren is the number of cells in the stack afti= 96485
the reference governor concept, for the fuel cell curreris the Faraday numbetV, ge., W, s are the rates at
control. The robust load governor, aimed at guaranteeinghich water (vapor) is generated due /O, reactions
constraint satisfaction under parametric uncertainties, &d transported across the membrane respectively; their
delineated in Section IV. Section V highlights the simulatiorexpressions can be found in [6].
results, where the performance of the robust load governor Assuming the flows from the supply-to-cathode and
is compared with that of a regular reference governarathode-to-return manifolds are controlled by linear nozzles,
and with the system using first order filters. Section Vthe flow ratedV, of different constituents in and out of the
concludes the paper with a brief summary. cathode are calculated using their partial pressures or mole
For the sake of clarity, we limit the scope of this papefractions and orifice model. For example, with the relative
to preventing oxygen starvation by regulating the fuel celhumidity and temperature in the supply manifold controlled
current, with constraints imposed on the oxygen excess raté# ¢,,,, and T}, respectively, the mass flow rates from the
and the amount of oxygen left in the cathode. However, theupply manifold to the cathode are given as:
same scheme and design process can be extended to include

additional constraints involving the conditions on the anode Wea_in = Asm2ca(Psm — Pea);
side. The robust load governor developed in this paper can
K . . N pOg,smMOz
also be extended to general cases which involve multiple Wo,.cain = Weq_in —2—2,
psmMsm

uncertain parameters.
where Mo, , M, are the mole weight of oxygen and gas
mixture in the supply manifold respectively, apgd,,, is the
partial pressure of the constituenin the supply manifold.
A. A control-oriented model The partial pressure of the oxygen in the supply manifold

This paper is primarily concerned with the oxygen starc@n be expressed as
vation protection problem for Proton Exchange Membrane - B
fuel cells (PEMFC), although the concepts and techniques P0s,sm = 0.21(Psm — PsmPsat(Tsm)),

models have been developed and explored for PEMFfgnction of the temperature. Similar expressions can be
conFroI design and system optlmlzauon. In this paper, thgptained for all other terms in the model (1)-(4).

deS|gr) of the load governor is based on the model devel- |, addition to the plant model, we also assume that a
oped in [6], where the dynamics of the supply and returpqportional+integral (PI) feedback control, in combination

manifolds, the characteristics for the cathode and anodgith feedforward scheduling, is used to regulate the oxygen
and the fuel cell auxiliaries are identified. To concentratgycess ratio. defined as

on the oxygen starvation protection, a 4-state model for the

Il. CONTROL DESIGNMODEL AND PROBLEM
FORMULATION

air dynamics of the fuel cells model, simplified from [6], is A, = Wo,,in_ca 6)
considered: Wo, ret
. R, i i
Dom = gl (WinTim — WoutTsm),s 1) to a setpoint. We .thus augment thg plant que! with the
Vsm controller state to include the following dynamics:
mOg,ca = WOg,in,ca - WOQ,out,ca - WOg,rct; (2) i.c = ey, (7)
mNg,ca = WNg,in,ca - WNg,out,cay (3) Wm' = Kff (ISt) + er)\ + Kixc’

whereey, = A\,— A2 is the oxygen excess ratio regulation er-
Woout-ca & Wogen + Wombr, (4) ror, andK;; is the feedforward term that will be scheduled
where T, W, p,V denote the temperature, mass flow ratebased on the stack currefy;. K,, K; are constant gains
pressure, and volume, respectively, and the subscript repfer the Pl controller. The parameters; ;, K, K; are fixed
sents the variable taken at a specific location. For examplieom the outset for the load governor design. When these
T, represents the supply manifold temperature, whilg ~ values change, only the underlying model used in the load
denotes the intake mass flow.o, cq, M N, ca, Mv,co dENOte  governor implementation needs to be updated. All other
the total mass of oxygen, nitrogen, and vapor in the cathodalgorithms and implementation for the load governor will
W in_ca, Wa,out_ca represent the mass flow of constituenremain the same, since they do not use the parameters in
x in and out of the cathode respectivelo, .: represents the model explicitly.

My,ca = W v,in_ca —
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.| Load whereT is the sample period, can be generated based on

(VETIET It the current request,;(kT), as follows:
ro I (KT) = Lu((k = 1)T) + B(KT)(1a(kT) — L ((k — 1)T)),
I Kf —(O——» FuelCell > L (1) = T4 (KT), kT <71 < (k+ 1)T.
Model (9)
‘ The parametep(kT) € [0, 1] in (9) is maximized at each
pI sample timek, subject to the condition that maintaining
I (1) = I (kT) for = > kT guarantees that the constraints

will be satisfied for allr > kT.
To determine the parametgr at each time instankT’,
the fuel cell model, including the controller dynamics (7),
is simulated forward in time over the interval BT, kT +
T,], whereT} is the simulation horizon. If the constraints
At steady state C(_)nditions, a fuel cell is operated at a fixegie violated during the simulation period(kT) will be
oxygen excess ratid; where an overall optimal system requced and simulation re-initiated. If all the constraints are
efficiency is achieved [8]. The regulation f is assumed gatisfied for the simulated trajectory, the value¢ET") will
to be achieved by the controller (7). During the transienge jncreased to minimize the tracking error. The process will
when a large load is suddenly applied), will temporarily e repeated using the bi-sectional search yhtibnverges.
go below this setpoint, since the depleted oxygen cannot beRemark 1: Based on the general guidelinég, should
immediately replenished due to manifold dynamics. Oxygepe selected so that if,; is maintained at a constant value
starvation is most likely to occur wheh, falls too far after the time instant and the constraints are satisfied over
below the setpoint for a sustained period of time. The risk Gfe time intervallt, t + T,] then they will be also satisfied
oxygen starvation is also increased when the oxygen magger the interval for anyf, > T.,. Frequently, it suffices to
in the cathodeno, ca, IS t00 low. chooseT, to be 2-5 times the system time constant. Note
Our objective is to design an add-on governor for thehat although largefl, causes computational overhead to

load application. Instead of applying the demanded curre8fmulate the model, the dimensionality of the optimization
I; immediately and directly to the fuel cell, we want toproplem to determing? does not change.

control the current which is drawn from the fuel cell so Remark 2: The imp'ementation of the load governor

Fig. 1. Fuel cell control systems with the load governor.

B. Design objectives

that: requires simulating the plant model multiple times for
« The applied load,; tracks the demanded loaj as each sample time. Compared to other constraint-enforcing
closely as possible; algorithms, such as the model predictive control, this com-

« The following constraints are satisfied for all time: putational demand is much less stringent and can be more
easily satisfied.

main mn

MOsca 2 Mbyoar A0z 2 A8, (®) IV. ROBUSTLOAD GOVERNOR
~ Sincel,; will dictate how much oxygen will be depleted  The gifficulties in precisely controlling the temperature
instantaneously, as shown in (5), the oxygen starvatiofnhg humidity of the fuel cell air delivery system are well
can t?e effectively eliminated by preventing the load fro”hppreciated by the fuel cell control community. When
drawing too much current from the cell stack. temperature and humidity deviate from their set-points, the
objective of the constraint enforcement may not be achieved
with the regular load governor developed in Section Ill.

Reference governor is an add-on mechanism for enfordhe uncertainties we face in the fuel cell model motivate
ing constraints through a modified input [5]. It is a simpleus to seek improvement of the nominal load governor
yet effective scheme to avoid constraint violation for botlesign to guarantee the robustness with respect to constraint
linear and nonlinear systems. For the fuel cell oxygesatisfaction. We refer to the resulting scheme as a robust
starvation protection problem under consideration, the loddad governor.
governor serves as an interface between the commandedf ¢ € © is a vector of uncertain parameters a@d
load and the applied load, as shown in Figure 1. It accepis a compact set, then in selectingk7") in (9), the
input commands and modifies their value so that: (i) all theonditions that constraints are satisfied for> k7" with
constraints are satisfied; (i) the tracking error between thk:(7) = I;:(kT) must be guaranteed for &l ©. There
commands and actual inputs is minimized. are intricacies in the reference governor design for systems

According to the reference governor concept (see [5], [#ith parametric uncertainties. They have to be considered
and references therein), the stack curréptto be drawn to rigorously guarantee constraint enforcement and assure
from the fuel cells over the time intervéT, (k + 1)T], the desired response properties of the reference governor

[5]. Firstly, no feasibleG(kT') € [0,1] may exist at some
1in this paper, the terms “load” and "current” are synonymous. time instantskT" even if a feasible initial3(0) does exist.
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In this situationG(kT') must be set to zero. Secondly, toprovidedC, and © have simple representations (such as
theoretically guarantee the desirable response propertiespatrallelotopes or ellipsoids). To even further simplify the
the reference governor such as finite-time convergence edmputations the term\/||6 — 6y||?B may be replaced
I; to I, (so that the reference governor becomes inactiiey M maxgce ||0 — 6|28, but this may lead to a more
in finite time) the algorithm to computg(kT") has to be conservative reference governor performance.
slightly modified (see [5]). Thirdly, computational proce- The robust reference governor based on (13) is applied
dures are needed to check the constrédiotsall 6 € ©. to the oxygen starvation protection problem with =

We now describe an approximate procedure which cafl;, 02T, 61 = dsm, 02 = psat. The relative humidity in the
efficiently handle the constraint checking for general nonsupply manifold,¢,,, is assumed to have uncertainty up to
linear systems. We will afterwards discuss its application0%, while the vapor saturation pressure, which is highly

to the fuel cell oxygen starvation protection problem. dependent on the temperature, can vary upsPa (this
Let us consider a general nonlinear system representedrresponds to abodt°C change in the temperature if the
by stack is operating arourgD°C).
= f(x,r,0) (10) The implementation of the robust load governor requires
z=g(z,,0) simulating the original plant model with the nominal pa-

wherez, r, 0 are vectors of the states, reference inputs, an@meters (fori,(¢) and mo,n(t)) %nd the four sensitivity
f oA oA MOy, ca MOy, ca

uncertain parameters respectively, whilds the vector of fUNCtions of 57=, 5%, =572, =5, 2= over the time
variables subject to pointwise-in-time constraints. To imP0rizon of 7 = 5sec. The sensitivity functions are gener-
plement the robust load governor, we need a computatioriéd around the nominal trajectody, (t) andmo,n» using

procedure to determine, for giver(0) andr, whether the the linearized model (12). The linearized model for the
constraints, written as(t) € C, for 0 < t < T,, are fuel cells system was obtained using automated symbolic

satisfied for all§ € ©. During the reference governor differentiation programmed witMatlab. The error between

operation, this procedure is to be applied at each time instahe nonlmear and the Il_nearlzed system is taken into account

kT with the current state of the system in placer¢f) and  through the incorporation of tha/-term in (13).

with r set to the proposed reference governor output. Remark 3: The constant}/ in (13) can be estimated
Supposefy € © and letx, (t), z,(t), be the simulated analytlcally or num_erlcally. Analytical estimation dM

trajectory of states and constrained variables, respective[§duires the evaluation of the second-order sensitivity func-

ie. tions, and it could be very tedious when multiple uncertain
ip = f(xn, 7, 600) parameters are involved. In our implementatidd, was
2, (t) = g(zn(t),r,0). treated as a calibratable parameter, and was tuned until the

) constraints were satisfied for the worst case.

For¢ € ©, 0 # 0o, z(t) can be approximated by; () Remark 4: If the set© has a large diameter, it may be
which is defined by partitioned as® = |J,_, ..y ©%, N > 1. Given ¢ € O,

25(8) = 2n(t) + (53())7(8 — 60), @y @=L, N, the condition (13) can be replaced by the

following N conditions:

whered; is the sensitivity function ot with respect to the ; i ; ; .
parametep around the nominal trajectory,,, z,, i.€.,6; = 2y (1) +_(5a’ ()" (0 — ) + M"||0 — 6p]|"B C C.
9%z |4_g, . Assuming thatf and g are sufficiently smooth, Vo € ©".

the sensitivity function can be computed as a solution to i (1) is the ith inal trai f th (1‘,")
the following linearized matrix differential equation, Herez,,(¢) is theth nominal trajectory of the constrained
variables corresponding tb= 63, (6, (t)) is the sensitivity

dg = ai (o 0—00)T0 T ﬁ alqng the state trajectory correspondingéo= 6}, and

Ox |70 90 | 1=z, 0=00) M" > 0 is a sufficiently large constant. If the se®
57— g dg (12) have small diameters then small® suffice so that the
0= gy |@=ent=0070 F 59 (o —0) conservatism of the reference governor based on (13) can be

29(0) = 0. mitigated. On the other hand, multiple on-line simulations
, of the nominal model and of the linearized system are
From (11) and based on Taylor's theorem (see also [9]), thgseded, which increases the computational overhead.
condition z(1) € C. for all € © can be replaced by the  Remark 5: We subsequently assume that the state of the
following condition: fuel cells system is known. If, in reality, the state of the
20 (8) + (62(1)T(0 — 0o) + M||0 — 6o|[>B C C. V0 € O, fuel cells system can only be estimated with a known error
(13) bound, (e.g., it is only known that(0) € X), (13) can be

where S is the unit ball. IfM > 0 is sufficiently large and Modified to

(13) holds for0 < t < T then it impliesz(t) € C, for Zn(t) 4+ (62(0)T (0 — 6y) + (5;0(,5))T(x(0) )
0 <t < T;. Since the left hand side of the inclusion (13) is (M, ||0 — 6y]|? + Ma||lz — z0|[?)B C C., VO € O,
guadratic ind, (13) can be easily verified with computations (15)
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Fig. 2. Comparison of different load governors and their performancfig. 3. Comparison of different load governors and their performance
when applied to the nominal model. when applied to a perturbed model.

where (57, (t))" is the initial condition sensitivity function s applied to the system with perturbed parameters. In this
computed using matrix differential equations similar to (12)gase, both constraints are violated if no load governor is
while M, > 0 and M, > 0 are sufficiently large andto € ysed. The nominal reference governor (c), which is designed
X. for 6y without checking constraint violation conditions
for other values ofd € O, leads to intermediate steps
during the transient when it finds no feasible solution for
Both the nominal load governor (described in Section 111} and therefores is set to0. This results in the jittering
and the robust load governor (developed in Section V) afgajectory as shown in Figure 3. Meanwhile, the constraints
now applied to the fuel cells model. The simulated stepare slightly violated. The robust load governor (d), on
represent a 150% change in the load demand. Simulatitine other hand, gives a smooth trajectory while satisfying
results are summarized and analyzed in this section, aatl the constraints. The tracking performance for both the
compared to the conventional load filtering approaches. regular and the robust load governors, when applied to
Figure 2 shows the responses of the oxygen excess ratite perturbed system, is similar and therefore the tracking
and cathode oxygen mass for the system with the nomingerformance is not compromised in this case for achieving
parameter values, to (a) the commanded current; (b) tis¥stem robustness.
modified current with a 1st-order filter; (c) the modified One could argue that the time constant for the first
current with a nominal load governor; and (d) the modifiedrder filter can be tuned to satisfy the constraints if so
current with a robust load governor. The constraints fodesired. Figure 4 shows the results when the time constant
the oxygen excess ratio and cathode oxygen mass aseadjusted to meet the constraints for the nominal plant
satisfied by both load governors (c) and (d), while the same = 1.4sec) and to the perturbed plant = 2.0sec). The
constraints are violated for the other two cases, when rioad response in both cases is compared to the reference
load governor is used or when the first order filter is usedyjovernor approach. The results are also summarized in
The time constant of.6sec for the filter is selected based Table 1. Since the first order filter involves no feedback,
on the requirement of the load response time, obtained frothe robustness of constraint enforcement property has to be
a representative torque response of a comparable gasolgatisfied by a conservative filter with slow time constant,
engine. which will necessarily lead to compromised tracking per-
Figure 3 shows the results when the same load chang@mance, as shown in Table 1.

V. SIMULATION RESULTS AND COMPARISON
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varying filters. From Figure 4, one can see that the response
= of the filter that satisfies the constraints should not rise faster
than the reference governor for this application. This can be
i used as a guideline in selecting the filter time constant.
8 Remark 8: The load governor, like any other governance
mechanism, will slow down the system response in order
to deal with tight and active constraints. If the tracking
performance is as imperative as the constraint enforcement
requirement, then a compromise has to be made, or an
1 additional power source, such as a battery or a super
] capacitor, has to be incorporated to meet both the load
demand and the constraints. In this case, the reference
i governor can provide the information on the power deficit
— of the fuel cells systems, thus offer the guidelines for the
Time (second) sizing of the auxiliary power unit.
Fig. 4. Comparison of different load governors and their performance _R,er_nark 9: When the, parametric uncertainties are deter-
when applied to a perturbed model, when the filter time constant iBlinistic, the conservativeness of the robust load governor
calibrated to satisfy constraints for the nominal plant and the perturbegan be reduced by combining the robust load governor with
plant respectively. an on-line parameter identification.
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VI. CONCLUSION
In this paper, we applied the reference governor to

TABLE |
PERFORMANCE OF DIFFERENT LOAD GOVERNORS

C°;:“a'”ts S?Dt'jf'ed’ T;%Ck'”g Peffggmance the fuel cell oxygen starvation protection problems. The
No governor NO NO 0 0 main advantage of the proposed scheme is that it enforces
With | 7 =10.6 NO NO 1 1 constraints with a minimum impact on system response
filter | = e S Sl 5% time. The robust load governor, which takes into account
Nomin;ﬁ_G' YZ: Neg' 1698 1953 the parametric uncertainties in the plant model, has shown
Robust LG Yes Yes 2.800 1.917 robust performance with considerable parameter variation.

Note: (1) Py and P represents the nominal and perturbed plants respe(;!--he _algorithm re_qUireS more_compu_tational resource for on-
tively. (2) The tracking performance is measured by the integral of squardine implementation than a simple filter. On the other hand,

of the load tracking error, i.e.f " (Is¢ — I4)?dt. For comparison, the it provides guaranteed constraint enforcement and improved
numbers shown in this table are normalized by the performance achiev ;
by a first order filter withr = 0.6. Féiad trackmg performance.
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