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Abstract

This paper presents the oxygen stoichiometry control prabdf proton exchange Membrane (PEM) fuel cells and intredwc
solution through an optimal control methodology. Basedhengtudy of a non-linear dynamical model of a laboratory PEM f
cell system and its associated components (air compréssuoidifiers, line heaters, valves, etc.), a control stnafegthe oxygen
stoichiometry regulation in the cathode line is designeatitasted. From a linearized model of the system, an L@ controller

is designed to give a solution to the stated control probExperimental results show théectiveness of the proposed controllers
design.
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1. Introduction is not fully measurable in all cases. To overcome this ineenv
nient, an observer design based on three measurements (stac
From the automatic control point of view, a fuel-cell-basedvoltage, compressor air flow and manifold pressure) wasldeve
(FCB) system is a nonlinear dynamic plant, with multiple in- oped to estimate the state vector. Finally, all the con&rslst
puts, multiple outputs, variables strongly coupled, madel  were performed through simulations with the plant nondine
certainty and incidence of external disturbances. In this-c model.
text, a topic that deserves special attention is the oxyg®n s The current control strategy, presented in this papermesu
chiometry control [1, 2, 3]. If the oxygen flow at the cathodethe idea firstly proposed by Pukrushpan et al using an LQR de-
of a fuel cell is too low, it produces hot spots on the polymeri sign for air regulation and system optimisation. Neveghs)
membrane, decrementing the cell power due to the lack of rethe non-linear model of the plant was completely validated i
actant in the triple contact areas. This phenomenon is knowthe test bench [6], the air humidifier was modelled as a dynam-
ascathode starvatiorand can lead to irreversible damages inical system to include its slow response and a reduced-order
the membranes [1, 4]. On the other hand, an excessively higkalman observer based on single measurement was designed to
oxygen flow could cause a fast drying phenomenon of the polyestimate the two states needed for the control algorithn= Fu
meric membranes, increasing its ionic resistance. Aparhfr thermore, the controller strategy was implemented and #he p
that, higher air flows mean more compressor power consumpameters retuned in the fuel cells test bench [7].
tion, degrading the overall system energy converstbaiency. Therefore, the main contributions of this paper lead to the
Therefore, in order to avoid irreversible damages in thgpol appjication of LQR designs in the compressor air flow taking
meric membranes and to obtain dfi@ent and reliable power  jntg account several scenarios related to variations ih tu
response, it is necessary to design a control system capaligygen stoichiometry and the stack current. Although those
of regulating the oxygen stoichiometry and thereby preservesigns were performed employing the linearisation of tie v
proper operation conditions in the system. idated mathematical model in [6], ftérent controller set-ups
According to preliminary works presented in [1, 5], the Bne  haye been stated and implemented over a real FCB system. Ex-
quadratic regulator (LQR) approach represents a prom&iRg  perimental results demonstrate tHéeetiveness of the control
tion to start solving the stoichiometry control problem iBN? |y for all the considered scenarios. Additionally, preatis-

FCB systems with air compressorin these first approaches, syes related to the implementation process and the fuetbse|l
some initial assumptions such as ideal static humidifienwe pench are presented and discussed.

taken into account. On the other hand, the LQR controller law

. I . The reminder of this paper is organised as follows: In Sec-
is based on the availability of the complete state vectoickvh pap ¢

tion 2, a detailed description of the real FCB system is priese

as well as the system model considered for controller design
“Corresponding author: Carlos Ocampo-Martinez S_ect|on 3 briefly e_xplgms the LQE\QG strategy and the con-

Email: cocampo@iri.upc.edu sidered control objectives. In Section 4 the most relevesuilts
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presented and discussed. The main conclusions and sorae ling """ Load

""" Control action

of further research are exposed in Section 5.

Nomenclature

System

Mumca Mass of air in the cathode humidifier [kg]
My,an  Mass of vapour in the stack anode [kg]
m,ca  Mass of vapour in the stack cathode [kg]
Mu,an  Mass of hydrogen in the stack anode [kg]
Mo,ca  Mass of oxygen in the stack cathode [kg]
Mn,ca  Mass of nitrogen in the stack cathode [kg]
n Number of cells in the stack

Ist Stack current [A]

F Faraday constant [@ol]

Mo, Oxygen molar mass [Kmol]

Vep Compressor DC voltage [V]

Pret Output net power [W]

Wep Compressor air flow [kigec]

Weprer  Desired compressor air flow [kgec]

Wh, Cathode hydrogen flow [Kgec]

Ao, Cathode oxygen stoichiometry

Ao,des Desired cathode oxygen stoichiometry
Wep Compressor shaft angular speed [szd]
X0, Molar fraction of oxygen in the air

Qatm Relative humidity of the ambient air
Controller

f Drift vector field

g Control vector field

u Control action of the non-linear system

v Control action of the linearised system
Vp Noise vector of the linearised system

X State vector of the non-linear system

y Output vector of the linearised system

z State vector of the linearised system

2 Observed state vector of the linearised sys
A Linearised system matrix

B Linearised control matrix

C Linearised output matrix

J LQR cost function

K, Kalman estimation gain

K, State feedback gain

Q LQR design matrix

R LQR design matrix

Wop Linearised perturbation matrix

R2-

2. PEM Fuel Cell Test Bench and Control M odel

2.1. System under study
The laboratory system under consideration is mainly coméer to obtain a nonlinear state-space model [6]. After negro
posed by a fuel cell stack, an air compressor, a hydrogen stoing the resultant dierential equations, in conjunction with the

age tank, gases manifolds, humidifiers and line heaters. Thstatic relationships between variables, the followingdesion

tem
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Figure 1: Schematic diagram of the experimental test statio

schematic diagram in Figure 1 depicts the PEM fuel cell labo-
ratory arrangement, Figure 2 shows the real test bench ateme
and Table 1 presents their description.

Some of the technical specifications of the laboratory fuel
cell system under study are summarised as follows: the stack
is an ElectroChef# 7-cell stack with Nafion 118 membrane
electrodes assemblies (MEAS), with a catalyst loading of 1
mg/cn? of platinum, 50 cr of active area, 50W of nominal
power and 100W peak power. Cellkf&fmembrane exchange
humidifiers are used to maintain proper humidity conditiibRs
side the cells, which is crucial to ensure the optimal openat
of PEM membranes. The air compressor consists in a 12V DC
oil-free diaphragm vacuum pump. The line heaters and stack
temperatures are controlled by using a power station viardec
tralized PID controllers, allowing independent gas cdodi
(humidity and temperature) inside the stack.

Table 1: Description of the laboratory elements depicteigure 2

Element number Description

Electronic load

Air compressor

Stack temperature control unit
Cathode back pressure valve
Air/Oxygen humidifier
Hydrogen humidifier

PEM fuel cell stack

Real time computer

Stack heater

Temperature sensor

Current collector

Bipolar plates

e
SREBovwo~vourwnr

2.2. Nonlinear model of the system

Adopting a nonlinear control design approach, all the sub-
systems have been modelled and analyzed individually in or-



Z(t) = x(t) — x(0) is given by

da)  [9f () 59 (x) )
it - [ ax(0) La):xo“[ ax(0) Lm:xo (0 - vo)

AZt) + Bu(t), (2)

whereup £ u(0) andv(t) = u(t) — up. The working point se-
lected in this paper was defined considering a compressbr vol
age Vcp = Up) of 6V, a load currentlg;) 2 A, anode and cath-
ode pressure of 1 bar and a hydrogen floi() of 2 slpm. This
fact implies the following values for the elements of thdiali
condition vector:

207.3136 ]

2.558 10*
41 104

X =| 1.415 103
1.862 10*
1.27 10

| 1.844 10 |

3. Controller Design

3.1. Control Objectives

In the world of analysis and control of FCB systems, there
are diverse control goals related téfdrent operational aspects
of the system, such as the maximisation of iffeetive life,

Figure 2: Fuel cell test bench at IRI (CSIC-UPC) the optimisation of its electric benefits, the minimizatufrits
maintenance, etc. The approach proposed in this paper is fo-
cused on maximizing the output net power of the complete en-
ergy conversion systenP{ey, i.€., the diference of the electric

of seventh-order nonlinear contrdfiae system was obtained: power of the fuel cell and the air compressor consumption.
As proposed in previous works [1, 2, 8], this power can be
m = (x(1)) + g(x(t)u(t) (1) maximized through the proper regulation of the oxygen stoi-

dt ' chiometry at the fuel cell stack. This latter objective rsturn,

wherex € R’ corresponds to the vector of the states variable§IChIeved by con'Frolllng the mass mf.IOW.Of oxygen to the f“‘?'
cell cathode. This fact allows to maintain at any time an oxi-

andu € R, denotes de control variable. The description of thed. flow that befaciently reduced cl o0 th talvii
state variables and the control action is outlined as fatow 1zer flow that can betgciently reduced close lo the catalylic
areas of the MEA and hence satisfying the power requirements

X1 = Wep, X =Mhumcas X3 =Mo,ca of the system load, taking always into account the parasitic
X = Mycs X6 =Myca X6 = M an sumption of the air COmpressor. However, several issues are
' ' ' present in the experimental set-up from the control andunst

X7 = Mgan, U= Vep mentation point of view. Those issues can be, among others,

the inaccessibility of certain variables and measuremeisen

characteristic of the sensors.

2.3 Model linearisation In this context, the design and employment of control
schemes based on Linear Quadratic Gaussian (LQG) laws are
proposed as promising options in this framework, sinceehes

In order to design LQG controllers for the system underStrategies collect simultaneously the improvement of tre- c
study, it is necessary to preform a model linearisation in 40l objectives and the robust estimation of the systerestat
neighbourhood of a given working point. The linearisatioo-p ~ Therefore, this section proposes and discusses an LQGesig
cedure consists in expanding the right side of (1) in Tayéer s Oriented to the net power maximization of a FCB system.

ries around a stationary operating point and consider s fir

derivative (Jacobian matrix). The choice of the workingrpoi 3:2. LQR Problem

was based on practical considerations and in a way to get an The proposed approach regardsto the design of a LQR and its

average point within the operation range of the stack. Tlye Ta variant LQG due to the consideration of noises and disturdan

lor development of (1) aroung(0) £ X, at the first order in  of Gaussian spectral distributioffecting the closed loop. The

3



main assumptions of this control strategy are the statesydnt * ‘ ‘ ‘ ety

—o—Ist=2 [A]

a time-invariant linear system and stochastic noise maodighs wof paeain

—o—Ist=5 [A]

known statistic properties. Thus, the continuous-timedin N et
model of the system (1), obtained through a standard lineari

—e—lIst=8 [A]
. . . _F —o—Ist=10 [A]
sation procedure (see subsection 2.3), can be written as 5 % o

—o—Ist=9 [A]

net

d t o 15 -
% = AZ(t) +B V(t) + Wp Ist(t), (3a) 10F
y(t) = C At) + vp, (3b) o
wherez € R™ is the state vectoy € R™ denotes the vector ' R VT

of manipulated variables; € RY is the vector of the system

outputs,ls; € RP is the disturbance vector, ang € R? cor- Figure 3: System energy conversiofiigiency for diferent load conditions
responds to a vector containing the considered measuremeffitet Vs 1o,)

noises. A, B, W, andC are the system matrices of suitable

dimensions. The control strategy aims to compute the set of Regyits and Discussion

optimal control actions(t) such as the followingost function

is minimized: As formerly introduced, the pursued control objective daf th
regulation strategy is the optimization of the energy conve

T

1 T T sion of the FCB system, maximizing the net power generated
J= Tlﬂl, T f[z(t) QAt) + (1) R\'(t)] dt, (4) by the systemPR,) under diferent load conditions. In Figure
0 3, it can be appreciated that accomplishing such optimakwor

ing condition is equivalent to maintain the cathode line -oxy
gen stoichiometryo,) close to an optimal value. This optimal

These matrices are known as fineugstate penalization ma- value can be determined from a thorougihlme analysis of the

trices respectively, which are in charge of the prioritization of open-loop system, con_S|der|ng chan_ge_s in the currentaﬂl_ialn
. : : from the stack and a wide set of stoichiometry values (Figure
either the state tracking or the control energy. The satubtib . .
e A 3). In an air-flow control scheme, the expression of the com-
the LQR problem consists in finding a stabilizing g&ip for . . X .
the state feedback law pressor air reference can be readily obtained from the etsir
value of the oxygen stoichiometryd, ¢e9. Given that the mo-
v(t) 2 —K, Z(t) (5 lar fraction of oxygen in the ain(o,) is a known parameter and
taking into account a constant relative humidity of the aambi
whereK; acts as the gain matrix of the controller in the closed-air (Qam), the desired mass flow of ai\cprer) can be directly
loop scheme (for further details please refer to [9]). computed from the following equation:

where the tuning matriceé3 andR are properly selected, fulfill-
ing the design condition® = Q" > 0andR = R" >=0.

1 nl
ch,ref = (1 + Qaltm) X_/loz,desMOz 4_;t’ (6)

2

3.3. State Estimation
wheren is the number of cells in the stacklo, the oxygen

o . molar mass an& de Faraday constant.
In order to compute matrik, it is necessary to have avail-

able the states andz (corresponding to the variableg, and 4.1, Controller set-up

Mhumca Of the linearised model), feature that is not always pos- Tne selection of the matrices pair Q-R for the final controlle
sible. Therefore, it is necessary to design a reduced-std& a5 done following an iterative process, starting from the s
observer from the measurement of the output varidle This  yjations design and then adjusting the parameters in codér t
auxiliary dynamic system estimates the trajectories afé¢ft@o  them to experimental constraints. The results of one of &t b
desired variables of the fuel cell system with an error antt co gelections, from the performance point of view, are pre=int
vergence rate given by the design paramétgrwhich corre- i the next subsection. As discussed in Section 3, the system
sponds with thestimation gain state vector has been expanded with an integrator in order to
Thus, the control law (5) is computed af) = —K; (1), eliminate the steady-state error of the air flow regulatiBe-
whereZ(t) is the reduced state estimate vector from the observesides, a classical anti-windup structure has been addegtto p
Notice that the controller and the observer designs can be do vent the winding of the integrator when saturation occutin
independently (separation principle). On the other hamdyi ~ compressor actuator. In Figure 4, the implemented coetroll
der to improve the closed-loop performance, and speciitall  structure is depicted.
eliminate the steady-state regulation error, an integiatosu-
ally added. Hence, the design of the LQR control law implies4.2. Experimental results
computing a gaifK; considering the extended dynamic system The objective of this subsection is to demonstrate the perfo
[9]. mance of the proposed LQG control strategy in the real operat
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Figure 4: Schematic diagram of the controller structure
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Figure 5:10, regulation for variable load conditions

ing conditions and point out some considerations aboutiprac  The theoretical analysis and the experimental results show
cal issues. The first series of tests was performed consgleri that the adopted control strategy stabilises the systemndro

a fixed oxygen stoichiometry and changes in the stack currerthe working point and endows an improved dynamic behaviour
(Figure 5). Itis interesting to observe that, during the ight  to the closed loop. An important practical issue that needs t
seconds of the test, the control action was saturated iovitsdt  be carefully considered is the integrator gain tuning. &dje
value, but when stack current changes to 2.5 A the contnaler a choice of a high value ensures a fast response while causing
covers its regular behaviour by means of the anti-windup-alg permanent oscillations around the steady-state operatitire
rithm. Next, the oxygen stoichiometry can rapidly startkiag ~ compressor. On the other hand, a low value ensures smooth
its reference. During the rest of the test, it can be notibed t response in steady-state operation, but presents degradat
regulation behaviour of the loop atffirent stack currents and the transient response. This compromise can be noticed-expe
the dynamic disturbance rejection ability of the systemguFés  imentally.

5 and 6 exhibit the stack current variatidg), the oxygen sto-

ichiometry (lo,) and its referencelp, f), the motor voltage

(Vep), the compressor air flow;p) and the internal reference 5. Conclusions

calculated by the controlleWeprer).

Afterwards, a dferent set of tests was performed in the PEM  In this paper, a linear control approach that solves an impor
fuel cell test station, considering a constant load curesmt  tant control problem of PEM FCB generation systems is pre-
oxygen stoichiometry reference variations. In Figure & th sented. The control law is based on the proper design of an
control performance is shown when the internal variakde = LQR/LQG strategy. Such controller allows maximizing the en-
is regulated in a wide range of values. ergy conversionféiciency of the overall system and avoids the
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Figure 6:10, regulation for constaris

oxygen starvation problem. The designed control stratégy e|[2]
ficiently regulates the stack oxygen stoichiometry and iregu
reduced information to operate since its law only depends on
two easily measured variabled/{, andls). The control de- 3]
sign is based on a linear model of the plant, but its analygis a
validation is performed through experimental tests fdiedent
load conditions. The experimental results show thieative- 4]
ness and feasibility of the proposed control approach gieaeh  [5]
scenarios of both oxygen stoichiometry and stack currernit va
ations. (6]
Currently, further research is being performed by the re-
search group in the fuel cells control field, tackling noaén [7]
control solutions (e.g. higher order sliding modes and rhode
predictive control), dierent control problems (e.g. membrane |
water transport and temperature control) and other planfig:o
urations (e.g. open cathode fuel cells, self-humidifiedesys

and hybrid power generation plants). [9]
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