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Abstract—This paper addresses the implementation of a data-5
driven control strategy in a real test bench based on proton ex-6
change membrane fuel cells (PEMFCs). The proposed control7
scheme is based on unfalsified control, which allows adapting in8
real time the control law by evaluating the performance specifica-9
tions based only on measured input–output data. This approach10
is especially suitable to deal with nonlinearity, model uncertainty,11
and also possible faults that may occur in PEMFCs. The control12
strategy has been applied to several experimental practical situa-13
tions in order to evaluate not only the system performance, but also14
different fault scenarios. The experimental results have shown the15
effectiveness of the proposed approach to regulate the oxygen sto-16
ichiometry in real-time operation, as well as to maintain a proper17
system performance under fault situations. Also, a start-up mass-18
flow controller is added in order to bring the system toward its19
normal operating conditions.

Q1
20

Index Terms—Fault-tolerant control (FTC) tests, oxygen stoi-21
chiometry, polymer electrolyte membrane fuel cells (PEMFCs),22
unfalsified control (UC).23

I. INTRODUCTION24

THE EVOLUTION of modern society has been mostly25

based on the consumption of fossil fuel for electricity
Q2

Q3

26

generation and the functioning of critical infrastructures such27

as transport networks. This model is strongly dependent on the28

constantly decreasing reserves of that type of fuel, which is also29

related to hazardous problems such as global warming. How-30

ever, there are several options for electricity generation beyond31

fossil fuels that could mitigate the dependence modern soci-32

ety has with these scarce and polluting resources. Clean energy

Q4

33

sources and, in particular, fuel cells (FCs) as electrochemical de-34
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vices that generate electrical energy from hydrogen and oxygen, 35

with pure water and heat as byproducts, are regarded as one of 36

the most promising technologies due to their potential efficiency, 37

compactness, and reliability [1]. Important advances in the de- 38

sign of these devices as well as on their materials allow to con- 39

sider FCs viable for electricity generation not only at small scale 40

(automotive), but also as technologies embedded in complex ar- 41

rays of polygeneration such as the so-called smart energy grids 42

[2]. In particular, polymer electrolyte membrane FCs (PEM- 43

FCs) are a type of FCs especially developed for both portable 44

and stationary applications. Their distinguished features include 45

lower pressure ranges, temperatures from 45 to 95 ◦C and a 46

special polymer electrolyte membrane (conducting hydrogen 47

protons) [3]. 48

Despite the notorious advantages of these devices and the 49

widespread availability of hydrogen as a fuel, several techno- 50

logical challenges related to the PEMFC efficiency, lifetime, 51

and economical costs are still open as major limitations for their 52

standard implementation in everyday solutions. This fact, to- 53

gether with the recent advances in material sciences and compo- 54

nent enhancements, makes advanced control techniques appear 55

as complementary strategies in order to reduce costs, improve 56

performance, and optimize efficiency, therefore increasing the 57

lifetime of PEMFC-based systems. Hence, reliable control sys- 58

tems may ensure system stability and performance, as well as 59

robustness against uncertainties and exogenous perturbations, 60

all properties of capital importance for PEMFC success. Sev- 61

eral research works have addressed the oxygen stoichiometry 62

control to optimize the system conversion efficiency, avoiding 63

performance deterioration together with eventual irreversible 64

damages in the polymeric membranes due to oxygen starvation. 65

These works present the way to achieve the aforementioned con- 66

trol objective by using different techniques: model predictive 67

control (MPC) [4], sliding-mode control [5], full-state feedback 68

with integral control [6] or LQR/LQG-based control [7], linear Q569

parameter varying control [8], and adaptive control [9], among 70

others. 71

One important aspect when controlling real systems is con- 72

cerned with the occurrence of component faults and their 73

influence in the overall system performance. In fact, faults 74

and model/sensor/actuator uncertainty play similar roles, then 75

the conceptual distinction among them represents the differ- 76

ence between active1 and passive2 fault-tolerant control (FTC) 77

1Active FTC strategies aim at adapting the control loop based on the infor-
mation provided by an FDI module within the fault-tolerant architecture.

2In passive FTC strategies, a single-control law is used in both faultless and
faulty operation, assuming a certain degree of performance degradation.

0885-8969 © 2014 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications standards/publications/rights/index.html for more information.
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design approaches [10]. In the framework of FCs and assuming78

an active FTC architecture, several approaches for fault detec-79

tion and isolation (FDI) have been proposed. Model-based FDI80

for PEMFC systems based on consistency relations for the de-81

tection and isolation of predefined faults has been proposed in82

[11], while in [12], a comparison of both model-based and data-83

driven fault detection methods for FCs is addressed. The work84

in [13] proposes a methodology to use the electrical model for85

FC system diagnosis, while in [14], a fault diagnosis and accom-86

modation system based on fuzzy logic has been developed as87

an effective complement for a closed-loop scheme. Regarding88

FTC, Xu et al. [15] present an experimental implementation of89

an active FTC system for an FC/battery hybrid power train ap-90

plied to a city bus, while Feroldi [16] proposes an MPC scheme91

for adding fault tolerance capabilities to a two-actuator PEMFC92

system.93

Unfalsified control (UC) theory was born as an approach for94

data-driven control, where no prior hypothesis on the plant is95

used besides the measured data streams [17]. The control law96

is selected from a predefined set by the performance evalua-97

tion based solely on the information provided by the measured98

input–output (I/O) data. The controllers that do not achieve99

the desired performance specifications are discarded (falsified).100

Instead, one of the remaining (unfalsified) controllers is used,101

until it is falsified by the past measurements and replaced by a102

new UC and so on. This technique has been formally introduced103

by Safonov and Tsao [18]. UC is a real-time implementation104

method that may be combined with other model-based design105

techniques, hence it is not mutually exclusive [19].106

At this point, UC emerges as an especially suitable technique107

to tackle the complex characteristics inherent to FC systems.108

Nonlinear dynamics, inaccessible variables, and model uncer-109

tainties are natural addresses by UC. Being a data-driven ap-110

proach, UC is also particularly suited for dealing with unknown111

disturbances and possible fault occurrences. The application of112

UC in other systems has been previously reported in the lit-113

erature and ranges from chemical reactors [20], flight control114

systems [21], up to microaerial vehicles [22], among others. In115

[23], the implementation of an ellipsoidal UC (EUC) in a dual116

rotary fourth-order motion system is presented, showing the suc-117

cess of the experimentation by ensuring the convergence of the118

proposed algorithm. By a suitable selection of the controller set119

and the performance test, EUC is capable of an efficient imple-120

mentation of UC ideas as a convex optimization problem easily121

implemented in real time. From the best of the author’s knowl-122

edge, UC has never been implemented in the control/supervision123

of a complex system based on PEMFCs.124

The main contribution of this paper is a robust oxygen stoi-125

chiometry control design based on UC and its implementation126

in a laboratory FC system. In particular, an EUC-based closed-127

loop scheme [24] is designed and tested experimentally under128

several scenarios. The control objectives cover the traditional129

stoichiometry regulation, disturbance rejection represented by130

changes in the load profile of the PEMFC, and also the consider-131

ation of actual fault events in the components, which may induce132

performance loss and hazardous operation of the entire system.133

The proposed approach may be integrated into a multilevel su-134

Fig. 1. Schematic diagram of the PEMFC-based generation system.

pervisory control scheme, where other system variables might be 135

simultaneously regulated toward the improvement of global ob- 136

jectives such as durability and efficiency of the overall PEMFC 137

system [25]. Experimental results have shown the effectiveness 138

of the proposed approach in fulfilling the control objective (stoi- 139

chiometry regulation) in real-time system operation. The overall 140

scheme proposed in this paper also includes a start-up mass-flow 141

control strategy, which avoids an abrupt/nonsmooth behavior of 142

the system variables when the EUC controller is started with 143

initial conditions far away from the nominal system operation. 144

The scheme proposed in this paper introduces fault tolerance ca- 145

pabilities as in [26], but considering the proposed fault scenarios 146

over the real experiment. 147

The remainder of this paper is organized as follows. Section II 148

briefly describes the physical system and control objectives as 149

well as the main parts of the experimental test bench. Section III 150

introduces the EUC techniques as well as the necessary mod- 151

ifications in order to implement it in the real case presented 152

here. Section IV collects and explains in detail the experimental 153

results for different practical scenarios, and Section V presents 154

the main conclusions. 155

II. SYSTEM PHYSICAL DESCRIPTION 156

The system is comprised by a central PEMFC stack and addi- 157

tional/complementary units. In Fig. 1, the scheme of the consid- 158

ered system and the interaction between its different subsystems 159

(FC stack, reactant supply system, and humidity management 160

unit) is shown. A brief description of some components, vari- 161

ables, and processes is presented as follows. In the system, the 162

control input u corresponds to the compressor voltage denoted 163

Vcp . The system output y corresponds in turn to the inlet stoi- 164

chiometry of the PEMFC cathode, namely λO2 . Moreover, the 165

system is affected by the external disturbance Ist , which corre- 166

sponds to the stack current flowing toward the load. 167

The main subsystems depicted in Fig. 1 are as follows: 168

1) a 12-V dc air compressor with an oil-free diaphragm vac- 169

uum pump, whose input voltage Vcp is the control variable 170

(as established beforehand); 171

2) hydrogen and oxygen cellkraft membrane exchange hu- 172

midifiers and line heaters, which are used to maintain 173
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proper humidity and temperature conditions inside the174

cell stack3;175

3) a ZBT 8 fuell-cell stack with Nafion 115 membrane elec-176

trode assemblies with 50 cm2 of active area and 150-W177

power.178

Moreover, different sensors are incorporated into the system179

such as an air-mass flowmeter (range 0–15 slpm) at the end of the180

compressor to measure its flow (Wcp ), a current clamp (range181

0–3 A) and a voltage meter (range 0–15 V) to measure the mo-182

tor stator current (Icp ) and voltage (Vcp ), respectively. Besides,183

temperature sensors are arranged in order to register the dif-184

ferent operation conditions. The full description of this system,185

as well as a fully validated nonlinear dynamic model specially186

developed for control purposes are presented and deeply dis-187

cussed in [3]. Given the complexity of the nonlinear model and188

the consequent difficulty for designing and implementing online189

controllers, data-driven control techniques rise as an attractive190

alternative for real-time operation of such systems, mainly when191

different experimental scenarios are considered.192

In order to maximize the efficiency of the PEMFC system,193

the regulation of the oxygen mass inflow toward the stack cath-194

ode should be achieved. Additionally, oxygen starvation and195

irreversible membrane damage are averted. To accomplish such196

an oxidant flow is equivalent to maintaining the oxygen excess197

ratio of the cathode at a suitable value. The oxygen excess ratio198

or oxygen stoichiometry is defined as199

λO2 =
WO2 ,ca

WO2 ,react
(1)

where WO2 , react is the oxygen flow consumed in the reac-200

tion and WO2 , ca is the oxygen partial flow entering the cath-201

ode, which depends on the air flow released by the compressor202

Wcp , i.e.,203

WO2 ,ca =
χO2 Wcp

1 + ωamb
. (2)

Here, ωamb is the ambient air humidity ratio and χO2 is the204

molar fraction of oxygen in the air (χO2 = 0.21). As WO2 , ca is205

an internal unavailable variable of the system, it is not practical206

to include it in the control algorithm. This problem was circum-207

vented by inferring information of WO2 , ca from an accessible208

variable of the system, such as the air-mass flow delivered by209

the compressor210

Wcp = B00 + B01ωcp + B02ω
2
cp

+(B10 + B01ωcp)Ψ + B02Ψ2

being Ψ = ma,humThumRa/Vhum + Khum , ωcp is the com-211

pressor speed, and ma,hum is the humidifier mass of air. The212

compressor parameters B00 , B01 , B10 , B11 , B02 , and B20213

can be obtained from [5], Thum is the humidifier tempera-214

ture, Vhum is the humidifier volume, Ra is the air gas con-215

stant, and Khum = Psat(Thum)RHhum − Psat(Tamb)RHamb ,216

with Psat(Thum) being the vapur saturation pressure at217

3Decentralized PID controllers are in charge of ensuring the adequate oper-
ation values for these devices; therefore, this control design is out of the scope
of this paper.

Thum , RHhum the relative humidity of the gas at the humidi- 218

fier output, Psat(Tamb) the vapur saturation pressure at ambient 219

temperature, and RHhum the relative humidity of ambient air. 220

Note that WO2 , react is directly related to the stack current as 221

follows: 222

WO2 , react = GO2 nIst/4F (3)

with GO2 is the molar mass of oxygen, n is the number of cells, 223

and F is the Faraday’s constant. As presented in the validated 224

model [3], the operating conditions of the system inputs are 225

determined by Vcp and Ist . 226

This paper is focused on the oxygen stoichiometry λO2 track- 227

ing under continuous changes in the load condition Ist , such 228

that 229

eλ = λO2 − λO2 , ref (4)

is as small as possible for both nominal and fault conditions. In 230

(4), λO2 , ref corresponds to a given reference value, which comes 231

from a supervisory controller that considers global objectives 232

related to the efficiency and durability of the overall PEMFC- 233

based system [25]. 234

III. UC OF PEMFCS 235

The UC concept proposed by [18] consists of a set of can- 236

didate controllers K and a switching algorithm that selects the 237

most suitable controller in the set according to a performance 238

criterion based only on experimental I/O data. The main appeal 239

of UC is that there is no need of a plant model to decide if a 240

controller satisfies the performance specifications. 241

The only a priori information needed about the system is 242

a set of I/O measures Z(k) = {(u(l), y(l)), 0 ≤ l ≤ k}, with 243

k being the discrete time. The performance specifications are 244

stated as a cost-function V depending on the reference r, and 245

on the input u and output y. As a consequence, the performance 246

specifications define a subset 247

Tspec = {(r, u, y) : V(r, u, y) < η}

where η is a positive scalar bounding the performance speci- 248

fications. In turn, a candidate controller K ∈ K also defines a 249

subset 250

K = {(r, u, y) : u = K(r, y)}

where K must be “causally-left-invertible,” i.e., there exists 251

K−1 that allows the computation of a fictitious reference rf 252

from (u, y). This reference is the value that r would take if the 253

controller K is inserted in the loop, and the I/O of the plant were 254

(u, y). The fictitious reference can be computed from Z and K, 255

without actually inserting the controller in the loop, as follows: 256

rf = K−1(u, y). (5)

In this framework, the controller K is said to be unfalsified by 257

the experimental information Z if 258

K ∩ Z ∩ Tspec �= ∅ (6)

otherwise the controller is said to be falsified by the measured 259

data. The problem is feasible if the set of candidate controllers 260
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includes at least one which stabilizes the system (see [19,261

p. 18]).262

The selection of the most adequate controller, also denoted the263

falsification procedure, according to the a posteriori information264

(u, y) relies on the evaluation of a cost-detectable function. This265

property guarantees stability and convergence of the adaptive266

procedure.267

The controller set may have a finite or infinite number of268

controllers. In the first case, all the controllers in the set are269

tested simultaneously. That could be computationally demand-270

ing if it contains a large number of controllers. In the second271

approach, the set is defined by a control structure that updates272

its parameters in real time. The selection of the most suitable273

controller relies on an optimization procedure that computes the274

best controller parameters. This option could be more computa-275

tionally efficient but is limited to certain cost functions. Hence,276

the proper selection of these cost functions is done in such a277

way that the controller selection results in a convex optimiza-278

tion easy to solve online. The UC technique used here is based279

on this latter approach.280

A. Ellipsoid Unfalsified Control281

The cost function and the controller structure define the falsi-282

fier complexity. In particular, the EUC, by selecting an adequate283

cost function and a certain control structure, computes the most284

suitable controller by means of an efficient convex optimization285

procedure and with proven convergence properties [24]. Most286

precisely, the controllers are parameterized as287

u(k) =

⎡
⎢⎢⎢⎢⎢⎣

r(k)

Λu (z−1)u(k)

y(k)

Λy (z−1)y(k)

⎤
⎥⎥⎥⎥⎥⎦

T
⎡
⎢⎢⎢⎢⎢⎢⎣

1/θ̂1

−θ̂2/θ̂1

−θ̂3/θ̂1

−θ̂4/θ̂1

⎤
⎥⎥⎥⎥⎥⎥⎦

(7)

where Λu and Λy are stable linear filters, θ̂i (i = 1, . . . , 4) are288

parameters to be set online, and z is the unity delay. With this289

parameterization, the fictitious reference can be found as290

rf (k) = wT (u, y, k)θ (8)

where291

w =

⎡
⎢⎢⎢⎢⎢⎣

u(k)

Λu (z−1)u(k)

y(k)

Λy (z−1)y(k)

⎤
⎥⎥⎥⎥⎥⎦

, θ =

⎡
⎢⎢⎢⎢⎢⎣

θ1

θ2

θ3

θ4

⎤
⎥⎥⎥⎥⎥⎦

.

The controller parameterization and the computation of the fic-292

titious references are illustrated in Fig. 2. Note the difference293

between the parameter θ̂ of the current controller and the pa-294

rameter θ under performance evaluation by the UC algorithm.295

The performance criterion is cast in the form of model refer-296

ence tracking as297

|ef (θ, k)| + κ|u(k)| ≤ Δ(k) (9)

Fig. 2. Controller parameterization and fictitious reference computation.

where ef (k) = Gm (z−1)rf (θ, k) − y(k), Gm is a stable system 298

that defines the desired behavior, and Δ(·) is a time-dependent 299

bound. Then, the set of controller parameters that satisfy the 300

performance specifications is given by 301

U(k) = {θ : −Δ̂(k) ≤ ef (θ, k) ≤ Δ̂(k)} (10)

where Δ̂(k) = Δ(k) − κ|u(k)|. The set of controllers is given 302

by (7) and the parameter set 303

E(k) = {θ : (θ(k) − θc(k))T Σ(k)(θ(k) − θc(k))} (11)

where E(k) is an ellipsoid of center θc(k) and size is defined by 304

the positive-definite matrix Σ(k) [24]. 305

With these definitions, the controller and specification sets 306

are parameterized in θ and condition (6) results in 307

E(k)
⋂

U(k) �= ∅. (12)

That is, the set of UCs is given by the parameters θ in the inter- 308

section of E(k) and U(k). Therefore, the falsification algorithm 309

reduces to shrinking the ellipsoid volume (vol(E(k))) by chang- 310

ing the matrix Σ(k), to check the intersection of E(k) and U(k), 311

and to select a new θ̂ ∈ {E(k)
⋂

U(k)}. 312

The original EUC algorithm was intended for time-invariant 313

systems and the volume of the ellipsoid was reduced as long 314

as the a posteriori information increased, and thus, the con- 315

troller parameters converged to the controller that satisfied the 316

performance specifications. In other words, when the number of 317

samples of (u, y) increases, the information is used to remove 318

those controllers that do not satisfy the performance criterion. In 319

case of time-varying or nonlinear systems, a controller falsified 320

for certain operating conditions could satisfy the performance 321

criterion in other operating points. Therefore, the EUC algo- 322

rithm needs some modification in order to cover these cases. 323

Here, the expansion of the ellipsoidal volume, when no con- 324

troller is falsified, is proposed. More precisely, if the current 325

controller parameter are not falsified after kth samples, the el- 326

lipsoid volume vol(E(k)) is expanded by changing the matrix 327

Σ as follows: 328

Σ(k + 1) = Σ(k)βp

where β > 1 and p increases by 1, each time the current con- 329

troller remains unfalsified during more than kth samples. The 330

expansion continues until the controller is falsified or the initial 331

volume is reached. 332
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B. EUC for PEMFC333

To design an EUC control algorithm it is necessary to choose334

the filters Λu and Λy , which define the controller set and the335

transfer function Gm to define the desired behavior. Although336

EUC does not require a priori information of the plant, it is337

always useful to have a rough idea about its dynamics and the338

structure needed to achieve the desired closed-loop behavior.339

In the case of the PEMFC, the system behavior around an340

operating point can be roughly approximated by a second-order341

system of the form342

G(z) =
λO2 (z)
Vcp(z)

= Kf c
z − a

(z − b)(z − c)
. (13)

By selecting343

Λu (z) = Λy (z) =
KΛ

z − q
(14)

and the control law344

u(k) =
1
θ1

r(k) − θ2

θ1
· KΛ

z − q
u(k) −

(
θ3

θ1
+

θ4

θ1
· KΛ

z − q

)
y(k)

(15)
and for the particular values θ3 = 1 and θ4 = 0, the controller345

results346

u(k) =
1
θ1

· z − q

z − (q − θ2KΛ/θ1)
(r(k) − y(k)). (16)

With proper values of θ1 and θ2 , it is possible to obtain a closed-347

loop transfer function of the form348

Gcl(z) =
λO2 (z)

λO2 ,ref (z)
=

Kcl

z − qcl
. (17)

Therefore, it is reasonable that the desired closed-loop behavior349

given by Gm has the form of Gcl in (17).350

IV. EXPERIMENTAL RESULTS351

This section describes the different scenarios considered for352

testing the effectiveness of the proposed control approach. For353

every scenario, the main results are discussed through the most354

relevant variables involved in each case. They include typical355

performance tests and the effect of faults in different parts of356

the PEMFC-based system. Before analyzing the experimental357

results, a brief description of the experimental test bench and358

the particular EUC settings are presented.359

A. Workplace Setup360

The control strategy was implemented in a complete data ac-361

quisition and control system. It is composed of two computers362

(each with four i5 core processors at 2.6-GHz clock frequency):363

the host and the real-time operating system. The former pro-364

vides the software development environment and the graphical365

user interface. It is responsible for the startup, shutdown, con-366

figuration changes, and control settings during operation. The367

latter implements the control algorithms and the data acquisi-368

tion via a field-programmable gate array in order to have high-369

speed data processing. Control, security, and monitoring tasks370

are conducted by a CompactRIO (reconfigurable I/O) system371

Fig. 3. Picture of the laboratory test station at IRI (CSIC-UPC).

from National Instruments. In order to record the analog sensor 372

signals, a 32-channel 16-bit analog input module from National 373

Instruments is used (NI-9205). An eight-channel, digital I/O 374

module generates the necessary transistor–transistor logic sig- 375

nals for different security and diagnostic tools. Fig. 3 shows the 376

laboratory setup used in the experiments. 377

B. EUC Controller Setup 378

The EUC algorithm has been developed in MATLAB and 379

then crosscompiled into a LabView environment by means of 380

a DLL file obtained through the MATLAB real-time workshop 381

toolbox. 382

The tracking error was bounded with the function 383

Δ(k) = 0.25 + 1.9e−0.02k

which ensures a 2% tracking error and relaxes the error during 384

the initial transients, avoiding excessive controller falsifications. 385

The filters were selected as 386

Δy (z) = Δu (z) =
0.00897

z − 0.991
and the reference model as 387

Gm (z) =
0.0198

z − 0.9802
.

These transfer functions were selected based on linear models 388

identified at several operating points; therefore, the adopted con- 389

trol structure allows achieving the desired closed-loop behavior. 390

The sampling time was 0.01 s. 391

The initial value of the controller parameters was 392

θ0 =
[
2 −1.99 1 0

]T
.

The parameters for the expansion of the ellipsoid volume were 393

set as β = 1.5 and kth = 100. 394

C. Complete Control Strategy 395

The UC is complemented with a bumpless and a flow con- 396

trol to help in the startup of the system. This complementary 397

start-up controller acts as a safety strategy to avoid undesired 398

consequences in the FC stack durability, regulating the air-mass 399

inflow from the compressor. Thus, Wcp is regulated toward a 400

convenient value in such a way that λO2 reaches values close 401
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Fig. 4. Complete control scheme including the UC and the start-up controllers.

to its desired reference λO2 , ref [given that both variables Wcp402

and λO2 are related by means of (1) and (2)]. Therefore, a403

smooth starting behavior of λO2 is achieved. The complete con-404

trol scheme is sketched in Fig. 4.405

In this initial stage, the switches Sw1 = Sw2 = Sw3 are set at406

position A and the controller407

Kflow (z) = 0.43 +
0.043
z − 1

tracks a predefined profile leading the system to a suitable flow408

condition before starting the stoichiometry control. This PI con-409

troller was designed experimentally based on the step response410

of the system under the initial operating conditions to ensure a411

settling time lower than 1 s.412

The bumpless controller413

Kbump(z) = 0.3175 +
0.2

z − 1
ensures a smooth transition from flow to stoichiometry control.414

This PI controller was designed to ensure that KUC(θ0) achieves415

a rapid tracking of the signal Vcp produced by Kflow .416

Once a preset time is reached, the Sw1 = Sw2 = Sw3 are set417

at position B and the control switches to stoichiometry control.418

Initially, the EUC starts with a fixed initial control given by θ0 .419

This can be a conservative controller that covers the complete420

operating envelope in a stable way, but with poor performance.421

Once the EUC is fully operative, the switching algorithm is422

responsible for finding a more suitable parameter θ to achieve a423

better performance in the actual operating conditions.424

D. Experimental Scenarios425

In order to evaluate the performance of the proposed closed-426

loop control scheme, the following realistic scenarios are con-427

sidered for covering not only nominal (faultless) situations, but428

also the effect of real faults in the system. Note that these tests429

include a real set of safety measures and devices that avoid any430

hazardous behavior of the test bench (like over pressures, tem-431

peratures, or currents). The anode line is also monitored by a432

higher level supervisor, avoiding any irreversible damages in433

the cells due to high-differential pressure between anode and434

cathode.435

1) Scenario 1 (Start-up Controller and Reference Tracking):436

This scenario considers two parts; the system behaviour with a437

start-up flow controller and the reference tracking performance.438

First of all, in order to carry the system variables toward an439

initial operation regime, the overall control structure considers440

the initial regulation of the compressor flow Wcp at a given value,441

Fig. 5. Start-up and closed-loop response for several step changes in the
stoichiometry reference (Scenario 1).

close enough to nominal operating points when the stack is 442

delivering electrical power. In this initial stage, the falsification 443

algorithm is out of the loop and will only be activated after Wcp 444

reaches its reference value 445

Wcp, ref = (1 + ωatm)λo2, refGO2 nIst/(4Fχo2).

Fig. 5 presents the behaviour of the system variables for this Q6446

scenario. Note that the stoichiometry is not well defined, until 447

Ist is greater than zero. 448

After 150 s of flow regulation, the closed-loop system 449

switches to an initial stabilizing controller (θ = θ0) before acti- 450

vating the EUC controller at time t = 152 s [see the transitions 451

in the ellipsoid volume parameter vol(E(k)) in Fig. 5(d)] and 452

considers different values for the oxygen stoichiometry refer- 453

ence λO2 , ref ranging from 2 to 3.5. Here, the stack current Ist 454

remains constant at 5 A. This is a typical scenario where the 455

oxygen stoichiometry of a PEMFC-based system is changed 456

to obtain different net powers. Although the flow control is no 457

longer connected, Wcp follows the stoichiometry evolution due 458

to their relation given by (1) and (2). Once the EUC is activated, 459

notice the suitable change of parameters θi in Fig. 5(c), which 460
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Fig. 6. Closed-loop response for several step changes in Ist (Scenario 2).

induces smooth changes in the control signal Vcp [see Fig. 5(b)]461

in order to adapt the controller to different operating conditions462

associated with the different values of λO2 , ref . This reference463

can be directly computed offline or through an extremum seek-464

ing algorithm like the one presented in [25], where the goal is to465

optimize the overall system efficiency. The bottom plot shows466

the evolution of the ellipsoid volume vol(E(k)) (in logarithmic467

scale). It can be seen that after kth = 100 samples without any468

controller falsification, the algorithm expands the volume to be469

better prepared for new operating conditions.470

2) Scenario 2 (Disturbance Rejection): Considering that the471

desired value of λO2 , ref is already reached, it is also important to472

evaluate the performance of the EUC-based closed-loop system473

when changes in the load current Ist take place. To reproduce474

this typical working case, λO2 , ref was set at 2, while different475

values of Ist have been required from the PEMFC stack. Fig. 6476

shows the main variables related to this test. Note that λO2 is477

rapidly reaching the new steady state desired value after each478

change of Ist . Meanwhile, the parameters θi are being adapted479

to this end [see Fig. 6(c)], with changes in Ist between 6 and480

10 A and smooth changes of the control signal Vcp . The lower481

plots shows the updates of the controller parameters and the482

changes in the ellipsoid volume vol(E(k)), when the operating483

Fig. 7. Closed-loop response for 6 A step changes in Ist (Scenario 2).

conditions change as a consequence of changes in Ist . It can 484

be seen that parameters θi change more than once for constant 485

values of Ist . This is mainly a consequence of the noise in the 486

measures of Vcp . 487

Besides, Fig. 7 shows the stoichiometry regulation under a 488

demanding scenario, in which the current Ist increases and 489

decreases in step changes of 6 A. Even under demanding 490

conditions, the proposed EUC control scheme is capable of 491

rapidly returning the stoichiometry to the set-point value. To 492

properly handle these abrupt step changes, faster devices such 493

as supercapacitors and/or batteries should be connected in par- 494

allel with the PEMFC system. 495

3) Scenario 3 (Cathode Outflow Fault): This scenario con- 496

siders the effect of a couple of faults in the performance of 497

the PEMFC-based system. Faults in this case are related to the 498

cathode outflow in the following way 1) there is a flow blockage 499

(FB) that causes the increase of the cathode inlet pressure Pca , 500

and 2) there is a flow leak (FL) that is compensated by increas- 501

ing Vcp without affecting Pca . The goal is to check the behavior 502

of the EUC-based closed loop when rejecting these changes 503

in the cathode line, while both Ist and λO2 remain constant 504

at 5 A and 3, respectively, along the whole experiment. Fig. 8 505

shows the system variables related to this test. The magnitude of 506

the FB fault can be quantified by either analyzing the behavior 507

of Pca [see Fig. 8(b)], or computing the compressor power by 508

means of Vcp and Icp , both plotted in the same figure. Since 509

the FB fault appearing at t = 35 s progressively increases Pca , 510

the EUC controller suitably adapts the parameters during that 511

effect (see transitions of vol(E(k)) after 35 s). In the case of 512

the FL fault, its magnitude can be quantified by observing Vcp , 513

since Pca is not affected due to the compensation performed by 514

the manipulated input after t = 255 s. It should be noticed that 515

the proposed control scheme is capable to properly reject the 516

effect of the considered faults, and after a slight deviation, λO2 517

returns to its desired reference value. The controller also allows 518

to recover the system even when the fault disappears and the 519

nominal behavior is recovered. 520
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Fig. 8. Closed-loop response during FB and FL faults (Scenario 3).

Fig. 9. Closed-loop response for Ist changes under an FB fault (Scenario 3).

As an additional evaluation of the proposed control scheme,521

Fig. 9 shows the disturbance rejection capability under a FB522

fault. The EUC controller reaches the proper recovery of λO2 ,523

when several changes of Ist were performed.524

Fig. 10. Closed-loop response during a compressor fault (Scenario 4).

4) Scenario 4 (Compressor Fault): Here, a different fault is 525

considered, which is related to the capacity of the air supply 526

from the compressor connected to the PEMFC cathode. The 527

fault affects the compressor by changing the inertia and nom- 528

inal friction of its motor shaft. Again, the goal is to check the 529

behavior of the EUC-based closed loop when rejecting this fault, 530

while both Ist and λO2 remain constant at 6 A and 2, respec- 531

tively. Fig. 10 shows the system variables during this test. The 532

magnitude of the fault in this case is strongly related to Icp , but 533

note that for this case, Pca remains constant [see Fig. 10(b)]. 534

The fault appears at time t = 50 s, disappears at t = 106 s, 535

and appears again at t = 146 s. The EUC controller adapts the 536

parameters θi conveniently, while reducing the stoichiometry 537

regulation error as much as possible. 538

The results presented in this paper mainly highlight the im- 539

plicit fault tolerance capabilities given by the EUC scheme (due 540

to its data-driven control nature) independently of knowing the 541

particular way the faults affect the system. As stated in the 542

Introduction, several authors have reported the design and im- 543

plementation of FTC techniques for PEMFC systems, which 544

explicitly use the system model [15], [16] unlike the fault toler- 545

ance capabilities of the proposed model-free approach. On the 546

other hand, reported adaptive schemes for PEMFCs address the 547
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manipulation of the air-mass flow for controlling λO2 [8], [27],548

and the online system identification and efficiency management549

by controlling λO2 , relative humidity, and stack temperature550

[9]. Although those approaches show experimental evidences551

of their proper operation under nominal conditions, they do not552

consider the effects of faults over the performance of the closed553

loop.554

V. CONCLUSION555

An FTC for PEMFC was proposed and experimentally tested556

in a laboratory test bench. The proposed control is based on557

EUC that allows adapting the controller parameters by evalu-558

ating the closed-loop performance solely from measures of the559

compressor voltage (control input) and the oxygen stoichiome-560

try (controlled output). The EUC algorithm does not rely on a561

plant model, which makes it suitable for dealing with complex562

systems and also to tackle faults in the cathode outflow or in the563

compressor. Four experimental scenarios have shown that the564

proposed UC control is capable of effectively working in differ-565

ent operating conditions and most common faults in PEMFCs.566

A start-up mass-flow control strategy has also been introduced,567

which avoids abrupt changes in the system variables when the568

initial conditions are far away from the nominal values.569
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Fault-Tolerant Unfalsified Control for PEM
Fuel Cell Systems

1

2

Fernando D. Bianchi, Carlos Ocampo-Martinez, Senior Member, IEEE, Cristian Kunusch, Member, IEEE,
and Ricardo S. Sánchez-Peña, Senior Member, IEEE

3

4

Abstract—This paper addresses the implementation of a data-5
driven control strategy in a real test bench based on proton ex-6
change membrane fuel cells (PEMFCs). The proposed control7
scheme is based on unfalsified control, which allows adapting in8
real time the control law by evaluating the performance specifica-9
tions based only on measured input–output data. This approach10
is especially suitable to deal with nonlinearity, model uncertainty,11
and also possible faults that may occur in PEMFCs. The control12
strategy has been applied to several experimental practical situa-13
tions in order to evaluate not only the system performance, but also14
different fault scenarios. The experimental results have shown the15
effectiveness of the proposed approach to regulate the oxygen sto-16
ichiometry in real-time operation, as well as to maintain a proper17
system performance under fault situations. Also, a start-up mass-18
flow controller is added in order to bring the system toward its19
normal operating conditions.

Q1
20

Index Terms—Fault-tolerant control (FTC) tests, oxygen stoi-21
chiometry, polymer electrolyte membrane fuel cells (PEMFCs),22
unfalsified control (UC).23

I. INTRODUCTION24

THE EVOLUTION of modern society has been mostly25

based on the consumption of fossil fuel for electricity
Q2

Q3

26

generation and the functioning of critical infrastructures such27

as transport networks. This model is strongly dependent on the28

constantly decreasing reserves of that type of fuel, which is also29

related to hazardous problems such as global warming. How-30

ever, there are several options for electricity generation beyond31

fossil fuels that could mitigate the dependence modern soci-32

ety has with these scarce and polluting resources. Clean energy

Q4

33

sources and, in particular, fuel cells (FCs) as electrochemical de-34
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vices that generate electrical energy from hydrogen and oxygen, 35

with pure water and heat as byproducts, are regarded as one of 36

the most promising technologies due to their potential efficiency, 37

compactness, and reliability [1]. Important advances in the de- 38

sign of these devices as well as on their materials allow to con- 39

sider FCs viable for electricity generation not only at small scale 40

(automotive), but also as technologies embedded in complex ar- 41

rays of polygeneration such as the so-called smart energy grids 42

[2]. In particular, polymer electrolyte membrane FCs (PEM- 43

FCs) are a type of FCs especially developed for both portable 44

and stationary applications. Their distinguished features include 45

lower pressure ranges, temperatures from 45 to 95 ◦C and a 46

special polymer electrolyte membrane (conducting hydrogen 47

protons) [3]. 48

Despite the notorious advantages of these devices and the 49

widespread availability of hydrogen as a fuel, several techno- 50

logical challenges related to the PEMFC efficiency, lifetime, 51

and economical costs are still open as major limitations for their 52

standard implementation in everyday solutions. This fact, to- 53

gether with the recent advances in material sciences and compo- 54

nent enhancements, makes advanced control techniques appear 55

as complementary strategies in order to reduce costs, improve 56

performance, and optimize efficiency, therefore increasing the 57

lifetime of PEMFC-based systems. Hence, reliable control sys- 58

tems may ensure system stability and performance, as well as 59

robustness against uncertainties and exogenous perturbations, 60

all properties of capital importance for PEMFC success. Sev- 61

eral research works have addressed the oxygen stoichiometry 62

control to optimize the system conversion efficiency, avoiding 63

performance deterioration together with eventual irreversible 64

damages in the polymeric membranes due to oxygen starvation. 65

These works present the way to achieve the aforementioned con- 66

trol objective by using different techniques: model predictive 67

control (MPC) [4], sliding-mode control [5], full-state feedback 68

with integral control [6] or LQR/LQG-based control [7], linear Q569

parameter varying control [8], and adaptive control [9], among 70

others. 71

One important aspect when controlling real systems is con- 72

cerned with the occurrence of component faults and their 73

influence in the overall system performance. In fact, faults 74

and model/sensor/actuator uncertainty play similar roles, then 75

the conceptual distinction among them represents the differ- 76

ence between active1 and passive2 fault-tolerant control (FTC) 77

1Active FTC strategies aim at adapting the control loop based on the infor-
mation provided by an FDI module within the fault-tolerant architecture.

2In passive FTC strategies, a single-control law is used in both faultless and
faulty operation, assuming a certain degree of performance degradation.

0885-8969 © 2014 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications standards/publications/rights/index.html for more information.
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design approaches [10]. In the framework of FCs and assuming78

an active FTC architecture, several approaches for fault detec-79

tion and isolation (FDI) have been proposed. Model-based FDI80

for PEMFC systems based on consistency relations for the de-81

tection and isolation of predefined faults has been proposed in82

[11], while in [12], a comparison of both model-based and data-83

driven fault detection methods for FCs is addressed. The work84

in [13] proposes a methodology to use the electrical model for85

FC system diagnosis, while in [14], a fault diagnosis and accom-86

modation system based on fuzzy logic has been developed as87

an effective complement for a closed-loop scheme. Regarding88

FTC, Xu et al. [15] present an experimental implementation of89

an active FTC system for an FC/battery hybrid power train ap-90

plied to a city bus, while Feroldi [16] proposes an MPC scheme91

for adding fault tolerance capabilities to a two-actuator PEMFC92

system.93

Unfalsified control (UC) theory was born as an approach for94

data-driven control, where no prior hypothesis on the plant is95

used besides the measured data streams [17]. The control law96

is selected from a predefined set by the performance evalua-97

tion based solely on the information provided by the measured98

input–output (I/O) data. The controllers that do not achieve99

the desired performance specifications are discarded (falsified).100

Instead, one of the remaining (unfalsified) controllers is used,101

until it is falsified by the past measurements and replaced by a102

new UC and so on. This technique has been formally introduced103

by Safonov and Tsao [18]. UC is a real-time implementation104

method that may be combined with other model-based design105

techniques, hence it is not mutually exclusive [19].106

At this point, UC emerges as an especially suitable technique107

to tackle the complex characteristics inherent to FC systems.108

Nonlinear dynamics, inaccessible variables, and model uncer-109

tainties are natural addresses by UC. Being a data-driven ap-110

proach, UC is also particularly suited for dealing with unknown111

disturbances and possible fault occurrences. The application of112

UC in other systems has been previously reported in the lit-113

erature and ranges from chemical reactors [20], flight control114

systems [21], up to microaerial vehicles [22], among others. In115

[23], the implementation of an ellipsoidal UC (EUC) in a dual116

rotary fourth-order motion system is presented, showing the suc-117

cess of the experimentation by ensuring the convergence of the118

proposed algorithm. By a suitable selection of the controller set119

and the performance test, EUC is capable of an efficient imple-120

mentation of UC ideas as a convex optimization problem easily121

implemented in real time. From the best of the author’s knowl-122

edge, UC has never been implemented in the control/supervision123

of a complex system based on PEMFCs.124

The main contribution of this paper is a robust oxygen stoi-125

chiometry control design based on UC and its implementation126

in a laboratory FC system. In particular, an EUC-based closed-127

loop scheme [24] is designed and tested experimentally under128

several scenarios. The control objectives cover the traditional129

stoichiometry regulation, disturbance rejection represented by130

changes in the load profile of the PEMFC, and also the consider-131

ation of actual fault events in the components, which may induce132

performance loss and hazardous operation of the entire system.133

The proposed approach may be integrated into a multilevel su-134

Fig. 1. Schematic diagram of the PEMFC-based generation system.

pervisory control scheme, where other system variables might be 135

simultaneously regulated toward the improvement of global ob- 136

jectives such as durability and efficiency of the overall PEMFC 137

system [25]. Experimental results have shown the effectiveness 138

of the proposed approach in fulfilling the control objective (stoi- 139

chiometry regulation) in real-time system operation. The overall 140

scheme proposed in this paper also includes a start-up mass-flow 141

control strategy, which avoids an abrupt/nonsmooth behavior of 142

the system variables when the EUC controller is started with 143

initial conditions far away from the nominal system operation. 144

The scheme proposed in this paper introduces fault tolerance ca- 145

pabilities as in [26], but considering the proposed fault scenarios 146

over the real experiment. 147

The remainder of this paper is organized as follows. Section II 148

briefly describes the physical system and control objectives as 149

well as the main parts of the experimental test bench. Section III 150

introduces the EUC techniques as well as the necessary mod- 151

ifications in order to implement it in the real case presented 152

here. Section IV collects and explains in detail the experimental 153

results for different practical scenarios, and Section V presents 154

the main conclusions. 155

II. SYSTEM PHYSICAL DESCRIPTION 156

The system is comprised by a central PEMFC stack and addi- 157

tional/complementary units. In Fig. 1, the scheme of the consid- 158

ered system and the interaction between its different subsystems 159

(FC stack, reactant supply system, and humidity management 160

unit) is shown. A brief description of some components, vari- 161

ables, and processes is presented as follows. In the system, the 162

control input u corresponds to the compressor voltage denoted 163

Vcp . The system output y corresponds in turn to the inlet stoi- 164

chiometry of the PEMFC cathode, namely λO2 . Moreover, the 165

system is affected by the external disturbance Ist , which corre- 166

sponds to the stack current flowing toward the load. 167

The main subsystems depicted in Fig. 1 are as follows: 168

1) a 12-V dc air compressor with an oil-free diaphragm vac- 169

uum pump, whose input voltage Vcp is the control variable 170

(as established beforehand); 171

2) hydrogen and oxygen cellkraft membrane exchange hu- 172

midifiers and line heaters, which are used to maintain 173
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proper humidity and temperature conditions inside the174

cell stack3;175

3) a ZBT 8 fuell-cell stack with Nafion 115 membrane elec-176

trode assemblies with 50 cm2 of active area and 150-W177

power.178

Moreover, different sensors are incorporated into the system179

such as an air-mass flowmeter (range 0–15 slpm) at the end of the180

compressor to measure its flow (Wcp ), a current clamp (range181

0–3 A) and a voltage meter (range 0–15 V) to measure the mo-182

tor stator current (Icp ) and voltage (Vcp ), respectively. Besides,183

temperature sensors are arranged in order to register the dif-184

ferent operation conditions. The full description of this system,185

as well as a fully validated nonlinear dynamic model specially186

developed for control purposes are presented and deeply dis-187

cussed in [3]. Given the complexity of the nonlinear model and188

the consequent difficulty for designing and implementing online189

controllers, data-driven control techniques rise as an attractive190

alternative for real-time operation of such systems, mainly when191

different experimental scenarios are considered.192

In order to maximize the efficiency of the PEMFC system,193

the regulation of the oxygen mass inflow toward the stack cath-194

ode should be achieved. Additionally, oxygen starvation and195

irreversible membrane damage are averted. To accomplish such196

an oxidant flow is equivalent to maintaining the oxygen excess197

ratio of the cathode at a suitable value. The oxygen excess ratio198

or oxygen stoichiometry is defined as199

λO2 =
WO2 ,ca

WO2 ,react
(1)

where WO2 , react is the oxygen flow consumed in the reac-200

tion and WO2 , ca is the oxygen partial flow entering the cath-201

ode, which depends on the air flow released by the compressor202

Wcp , i.e.,203

WO2 ,ca =
χO2 Wcp

1 + ωamb
. (2)

Here, ωamb is the ambient air humidity ratio and χO2 is the204

molar fraction of oxygen in the air (χO2 = 0.21). As WO2 , ca is205

an internal unavailable variable of the system, it is not practical206

to include it in the control algorithm. This problem was circum-207

vented by inferring information of WO2 , ca from an accessible208

variable of the system, such as the air-mass flow delivered by209

the compressor210

Wcp = B00 + B01ωcp + B02ω
2
cp

+(B10 + B01ωcp)Ψ + B02Ψ2

being Ψ = ma,humThumRa/Vhum + Khum , ωcp is the com-211

pressor speed, and ma,hum is the humidifier mass of air. The212

compressor parameters B00 , B01 , B10 , B11 , B02 , and B20213

can be obtained from [5], Thum is the humidifier tempera-214

ture, Vhum is the humidifier volume, Ra is the air gas con-215

stant, and Khum = Psat(Thum)RHhum − Psat(Tamb)RHamb ,216

with Psat(Thum) being the vapur saturation pressure at217

3Decentralized PID controllers are in charge of ensuring the adequate oper-
ation values for these devices; therefore, this control design is out of the scope
of this paper.

Thum , RHhum the relative humidity of the gas at the humidi- 218

fier output, Psat(Tamb) the vapur saturation pressure at ambient 219

temperature, and RHhum the relative humidity of ambient air. 220

Note that WO2 , react is directly related to the stack current as 221

follows: 222

WO2 , react = GO2 nIst/4F (3)

with GO2 is the molar mass of oxygen, n is the number of cells, 223

and F is the Faraday’s constant. As presented in the validated 224

model [3], the operating conditions of the system inputs are 225

determined by Vcp and Ist . 226

This paper is focused on the oxygen stoichiometry λO2 track- 227

ing under continuous changes in the load condition Ist , such 228

that 229

eλ = λO2 − λO2 , ref (4)

is as small as possible for both nominal and fault conditions. In 230

(4), λO2 , ref corresponds to a given reference value, which comes 231

from a supervisory controller that considers global objectives 232

related to the efficiency and durability of the overall PEMFC- 233

based system [25]. 234

III. UC OF PEMFCS 235

The UC concept proposed by [18] consists of a set of can- 236

didate controllers K and a switching algorithm that selects the 237

most suitable controller in the set according to a performance 238

criterion based only on experimental I/O data. The main appeal 239

of UC is that there is no need of a plant model to decide if a 240

controller satisfies the performance specifications. 241

The only a priori information needed about the system is 242

a set of I/O measures Z(k) = {(u(l), y(l)), 0 ≤ l ≤ k}, with 243

k being the discrete time. The performance specifications are 244

stated as a cost-function V depending on the reference r, and 245

on the input u and output y. As a consequence, the performance 246

specifications define a subset 247

Tspec = {(r, u, y) : V(r, u, y) < η}

where η is a positive scalar bounding the performance speci- 248

fications. In turn, a candidate controller K ∈ K also defines a 249

subset 250

K = {(r, u, y) : u = K(r, y)}

where K must be “causally-left-invertible,” i.e., there exists 251

K−1 that allows the computation of a fictitious reference rf 252

from (u, y). This reference is the value that r would take if the 253

controller K is inserted in the loop, and the I/O of the plant were 254

(u, y). The fictitious reference can be computed from Z and K, 255

without actually inserting the controller in the loop, as follows: 256

rf = K−1(u, y). (5)

In this framework, the controller K is said to be unfalsified by 257

the experimental information Z if 258

K ∩ Z ∩ Tspec �= ∅ (6)

otherwise the controller is said to be falsified by the measured 259

data. The problem is feasible if the set of candidate controllers 260
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includes at least one which stabilizes the system (see [19,261

p. 18]).262

The selection of the most adequate controller, also denoted the263

falsification procedure, according to the a posteriori information264

(u, y) relies on the evaluation of a cost-detectable function. This265

property guarantees stability and convergence of the adaptive266

procedure.267

The controller set may have a finite or infinite number of268

controllers. In the first case, all the controllers in the set are269

tested simultaneously. That could be computationally demand-270

ing if it contains a large number of controllers. In the second271

approach, the set is defined by a control structure that updates272

its parameters in real time. The selection of the most suitable273

controller relies on an optimization procedure that computes the274

best controller parameters. This option could be more computa-275

tionally efficient but is limited to certain cost functions. Hence,276

the proper selection of these cost functions is done in such a277

way that the controller selection results in a convex optimiza-278

tion easy to solve online. The UC technique used here is based279

on this latter approach.280

A. Ellipsoid Unfalsified Control281

The cost function and the controller structure define the falsi-282

fier complexity. In particular, the EUC, by selecting an adequate283

cost function and a certain control structure, computes the most284

suitable controller by means of an efficient convex optimization285

procedure and with proven convergence properties [24]. Most286

precisely, the controllers are parameterized as287

u(k) =

⎡
⎢⎢⎢⎢⎢⎣

r(k)

Λu (z−1)u(k)

y(k)

Λy (z−1)y(k)

⎤
⎥⎥⎥⎥⎥⎦

T
⎡
⎢⎢⎢⎢⎢⎢⎣

1/θ̂1

−θ̂2/θ̂1

−θ̂3/θ̂1

−θ̂4/θ̂1

⎤
⎥⎥⎥⎥⎥⎥⎦

(7)

where Λu and Λy are stable linear filters, θ̂i (i = 1, . . . , 4) are288

parameters to be set online, and z is the unity delay. With this289

parameterization, the fictitious reference can be found as290

rf (k) = wT (u, y, k)θ (8)

where291

w =

⎡
⎢⎢⎢⎢⎢⎣

u(k)

Λu (z−1)u(k)

y(k)

Λy (z−1)y(k)

⎤
⎥⎥⎥⎥⎥⎦

, θ =

⎡
⎢⎢⎢⎢⎢⎣

θ1

θ2

θ3

θ4

⎤
⎥⎥⎥⎥⎥⎦

.

The controller parameterization and the computation of the fic-292

titious references are illustrated in Fig. 2. Note the difference293

between the parameter θ̂ of the current controller and the pa-294

rameter θ under performance evaluation by the UC algorithm.295

The performance criterion is cast in the form of model refer-296

ence tracking as297

|ef (θ, k)| + κ|u(k)| ≤ Δ(k) (9)

Fig. 2. Controller parameterization and fictitious reference computation.

where ef (k) = Gm (z−1)rf (θ, k) − y(k), Gm is a stable system 298

that defines the desired behavior, and Δ(·) is a time-dependent 299

bound. Then, the set of controller parameters that satisfy the 300

performance specifications is given by 301

U(k) = {θ : −Δ̂(k) ≤ ef (θ, k) ≤ Δ̂(k)} (10)

where Δ̂(k) = Δ(k) − κ|u(k)|. The set of controllers is given 302

by (7) and the parameter set 303

E(k) = {θ : (θ(k) − θc(k))T Σ(k)(θ(k) − θc(k))} (11)

where E(k) is an ellipsoid of center θc(k) and size is defined by 304

the positive-definite matrix Σ(k) [24]. 305

With these definitions, the controller and specification sets 306

are parameterized in θ and condition (6) results in 307

E(k)
⋂

U(k) �= ∅. (12)

That is, the set of UCs is given by the parameters θ in the inter- 308

section of E(k) and U(k). Therefore, the falsification algorithm 309

reduces to shrinking the ellipsoid volume (vol(E(k))) by chang- 310

ing the matrix Σ(k), to check the intersection of E(k) and U(k), 311

and to select a new θ̂ ∈ {E(k)
⋂

U(k)}. 312

The original EUC algorithm was intended for time-invariant 313

systems and the volume of the ellipsoid was reduced as long 314

as the a posteriori information increased, and thus, the con- 315

troller parameters converged to the controller that satisfied the 316

performance specifications. In other words, when the number of 317

samples of (u, y) increases, the information is used to remove 318

those controllers that do not satisfy the performance criterion. In 319

case of time-varying or nonlinear systems, a controller falsified 320

for certain operating conditions could satisfy the performance 321

criterion in other operating points. Therefore, the EUC algo- 322

rithm needs some modification in order to cover these cases. 323

Here, the expansion of the ellipsoidal volume, when no con- 324

troller is falsified, is proposed. More precisely, if the current 325

controller parameter are not falsified after kth samples, the el- 326

lipsoid volume vol(E(k)) is expanded by changing the matrix 327

Σ as follows: 328

Σ(k + 1) = Σ(k)βp

where β > 1 and p increases by 1, each time the current con- 329

troller remains unfalsified during more than kth samples. The 330

expansion continues until the controller is falsified or the initial 331

volume is reached. 332
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B. EUC for PEMFC333

To design an EUC control algorithm it is necessary to choose334

the filters Λu and Λy , which define the controller set and the335

transfer function Gm to define the desired behavior. Although336

EUC does not require a priori information of the plant, it is337

always useful to have a rough idea about its dynamics and the338

structure needed to achieve the desired closed-loop behavior.339

In the case of the PEMFC, the system behavior around an340

operating point can be roughly approximated by a second-order341

system of the form342

G(z) =
λO2 (z)
Vcp(z)

= Kf c
z − a

(z − b)(z − c)
. (13)

By selecting343

Λu (z) = Λy (z) =
KΛ

z − q
(14)

and the control law344

u(k) =
1
θ1

r(k) − θ2

θ1
· KΛ

z − q
u(k) −

(
θ3

θ1
+

θ4

θ1
· KΛ

z − q

)
y(k)

(15)
and for the particular values θ3 = 1 and θ4 = 0, the controller345

results346

u(k) =
1
θ1

· z − q

z − (q − θ2KΛ/θ1)
(r(k) − y(k)). (16)

With proper values of θ1 and θ2 , it is possible to obtain a closed-347

loop transfer function of the form348

Gcl(z) =
λO2 (z)

λO2 ,ref (z)
=

Kcl

z − qcl
. (17)

Therefore, it is reasonable that the desired closed-loop behavior349

given by Gm has the form of Gcl in (17).350

IV. EXPERIMENTAL RESULTS351

This section describes the different scenarios considered for352

testing the effectiveness of the proposed control approach. For353

every scenario, the main results are discussed through the most354

relevant variables involved in each case. They include typical355

performance tests and the effect of faults in different parts of356

the PEMFC-based system. Before analyzing the experimental357

results, a brief description of the experimental test bench and358

the particular EUC settings are presented.359

A. Workplace Setup360

The control strategy was implemented in a complete data ac-361

quisition and control system. It is composed of two computers362

(each with four i5 core processors at 2.6-GHz clock frequency):363

the host and the real-time operating system. The former pro-364

vides the software development environment and the graphical365

user interface. It is responsible for the startup, shutdown, con-366

figuration changes, and control settings during operation. The367

latter implements the control algorithms and the data acquisi-368

tion via a field-programmable gate array in order to have high-369

speed data processing. Control, security, and monitoring tasks370

are conducted by a CompactRIO (reconfigurable I/O) system371

Fig. 3. Picture of the laboratory test station at IRI (CSIC-UPC).

from National Instruments. In order to record the analog sensor 372

signals, a 32-channel 16-bit analog input module from National 373

Instruments is used (NI-9205). An eight-channel, digital I/O 374

module generates the necessary transistor–transistor logic sig- 375

nals for different security and diagnostic tools. Fig. 3 shows the 376

laboratory setup used in the experiments. 377

B. EUC Controller Setup 378

The EUC algorithm has been developed in MATLAB and 379

then crosscompiled into a LabView environment by means of 380

a DLL file obtained through the MATLAB real-time workshop 381

toolbox. 382

The tracking error was bounded with the function 383

Δ(k) = 0.25 + 1.9e−0.02k

which ensures a 2% tracking error and relaxes the error during 384

the initial transients, avoiding excessive controller falsifications. 385

The filters were selected as 386

Δy (z) = Δu (z) =
0.00897

z − 0.991
and the reference model as 387

Gm (z) =
0.0198

z − 0.9802
.

These transfer functions were selected based on linear models 388

identified at several operating points; therefore, the adopted con- 389

trol structure allows achieving the desired closed-loop behavior. 390

The sampling time was 0.01 s. 391

The initial value of the controller parameters was 392

θ0 =
[
2 −1.99 1 0

]T
.

The parameters for the expansion of the ellipsoid volume were 393

set as β = 1.5 and kth = 100. 394

C. Complete Control Strategy 395

The UC is complemented with a bumpless and a flow con- 396

trol to help in the startup of the system. This complementary 397

start-up controller acts as a safety strategy to avoid undesired 398

consequences in the FC stack durability, regulating the air-mass 399

inflow from the compressor. Thus, Wcp is regulated toward a 400

convenient value in such a way that λO2 reaches values close 401
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Fig. 4. Complete control scheme including the UC and the start-up controllers.

to its desired reference λO2 , ref [given that both variables Wcp402

and λO2 are related by means of (1) and (2)]. Therefore, a403

smooth starting behavior of λO2 is achieved. The complete con-404

trol scheme is sketched in Fig. 4.405

In this initial stage, the switches Sw1 = Sw2 = Sw3 are set at406

position A and the controller407

Kflow (z) = 0.43 +
0.043
z − 1

tracks a predefined profile leading the system to a suitable flow408

condition before starting the stoichiometry control. This PI con-409

troller was designed experimentally based on the step response410

of the system under the initial operating conditions to ensure a411

settling time lower than 1 s.412

The bumpless controller413

Kbump(z) = 0.3175 +
0.2

z − 1
ensures a smooth transition from flow to stoichiometry control.414

This PI controller was designed to ensure that KUC(θ0) achieves415

a rapid tracking of the signal Vcp produced by Kflow .416

Once a preset time is reached, the Sw1 = Sw2 = Sw3 are set417

at position B and the control switches to stoichiometry control.418

Initially, the EUC starts with a fixed initial control given by θ0 .419

This can be a conservative controller that covers the complete420

operating envelope in a stable way, but with poor performance.421

Once the EUC is fully operative, the switching algorithm is422

responsible for finding a more suitable parameter θ to achieve a423

better performance in the actual operating conditions.424

D. Experimental Scenarios425

In order to evaluate the performance of the proposed closed-426

loop control scheme, the following realistic scenarios are con-427

sidered for covering not only nominal (faultless) situations, but428

also the effect of real faults in the system. Note that these tests429

include a real set of safety measures and devices that avoid any430

hazardous behavior of the test bench (like over pressures, tem-431

peratures, or currents). The anode line is also monitored by a432

higher level supervisor, avoiding any irreversible damages in433

the cells due to high-differential pressure between anode and434

cathode.435

1) Scenario 1 (Start-up Controller and Reference Tracking):436

This scenario considers two parts; the system behaviour with a437

start-up flow controller and the reference tracking performance.438

First of all, in order to carry the system variables toward an439

initial operation regime, the overall control structure considers440

the initial regulation of the compressor flow Wcp at a given value,441

Fig. 5. Start-up and closed-loop response for several step changes in the
stoichiometry reference (Scenario 1).

close enough to nominal operating points when the stack is 442

delivering electrical power. In this initial stage, the falsification 443

algorithm is out of the loop and will only be activated after Wcp 444

reaches its reference value 445

Wcp, ref = (1 + ωatm)λo2, refGO2 nIst/(4Fχo2).

Fig. 5 presents the behaviour of the system variables for this Q6446

scenario. Note that the stoichiometry is not well defined, until 447

Ist is greater than zero. 448

After 150 s of flow regulation, the closed-loop system 449

switches to an initial stabilizing controller (θ = θ0) before acti- 450

vating the EUC controller at time t = 152 s [see the transitions 451

in the ellipsoid volume parameter vol(E(k)) in Fig. 5(d)] and 452

considers different values for the oxygen stoichiometry refer- 453

ence λO2 , ref ranging from 2 to 3.5. Here, the stack current Ist 454

remains constant at 5 A. This is a typical scenario where the 455

oxygen stoichiometry of a PEMFC-based system is changed 456

to obtain different net powers. Although the flow control is no 457

longer connected, Wcp follows the stoichiometry evolution due 458

to their relation given by (1) and (2). Once the EUC is activated, 459

notice the suitable change of parameters θi in Fig. 5(c), which 460
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Fig. 6. Closed-loop response for several step changes in Ist (Scenario 2).

induces smooth changes in the control signal Vcp [see Fig. 5(b)]461

in order to adapt the controller to different operating conditions462

associated with the different values of λO2 , ref . This reference463

can be directly computed offline or through an extremum seek-464

ing algorithm like the one presented in [25], where the goal is to465

optimize the overall system efficiency. The bottom plot shows466

the evolution of the ellipsoid volume vol(E(k)) (in logarithmic467

scale). It can be seen that after kth = 100 samples without any468

controller falsification, the algorithm expands the volume to be469

better prepared for new operating conditions.470

2) Scenario 2 (Disturbance Rejection): Considering that the471

desired value of λO2 , ref is already reached, it is also important to472

evaluate the performance of the EUC-based closed-loop system473

when changes in the load current Ist take place. To reproduce474

this typical working case, λO2 , ref was set at 2, while different475

values of Ist have been required from the PEMFC stack. Fig. 6476

shows the main variables related to this test. Note that λO2 is477

rapidly reaching the new steady state desired value after each478

change of Ist . Meanwhile, the parameters θi are being adapted479

to this end [see Fig. 6(c)], with changes in Ist between 6 and480

10 A and smooth changes of the control signal Vcp . The lower481

plots shows the updates of the controller parameters and the482

changes in the ellipsoid volume vol(E(k)), when the operating483

Fig. 7. Closed-loop response for 6 A step changes in Ist (Scenario 2).

conditions change as a consequence of changes in Ist . It can 484

be seen that parameters θi change more than once for constant 485

values of Ist . This is mainly a consequence of the noise in the 486

measures of Vcp . 487

Besides, Fig. 7 shows the stoichiometry regulation under a 488

demanding scenario, in which the current Ist increases and 489

decreases in step changes of 6 A. Even under demanding 490

conditions, the proposed EUC control scheme is capable of 491

rapidly returning the stoichiometry to the set-point value. To 492

properly handle these abrupt step changes, faster devices such 493

as supercapacitors and/or batteries should be connected in par- 494

allel with the PEMFC system. 495

3) Scenario 3 (Cathode Outflow Fault): This scenario con- 496

siders the effect of a couple of faults in the performance of 497

the PEMFC-based system. Faults in this case are related to the 498

cathode outflow in the following way 1) there is a flow blockage 499

(FB) that causes the increase of the cathode inlet pressure Pca , 500

and 2) there is a flow leak (FL) that is compensated by increas- 501

ing Vcp without affecting Pca . The goal is to check the behavior 502

of the EUC-based closed loop when rejecting these changes 503

in the cathode line, while both Ist and λO2 remain constant 504

at 5 A and 3, respectively, along the whole experiment. Fig. 8 505

shows the system variables related to this test. The magnitude of 506

the FB fault can be quantified by either analyzing the behavior 507

of Pca [see Fig. 8(b)], or computing the compressor power by 508

means of Vcp and Icp , both plotted in the same figure. Since 509

the FB fault appearing at t = 35 s progressively increases Pca , 510

the EUC controller suitably adapts the parameters during that 511

effect (see transitions of vol(E(k)) after 35 s). In the case of 512

the FL fault, its magnitude can be quantified by observing Vcp , 513

since Pca is not affected due to the compensation performed by 514

the manipulated input after t = 255 s. It should be noticed that 515

the proposed control scheme is capable to properly reject the 516

effect of the considered faults, and after a slight deviation, λO2 517

returns to its desired reference value. The controller also allows 518

to recover the system even when the fault disappears and the 519

nominal behavior is recovered. 520
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Fig. 8. Closed-loop response during FB and FL faults (Scenario 3).

Fig. 9. Closed-loop response for Ist changes under an FB fault (Scenario 3).

As an additional evaluation of the proposed control scheme,521

Fig. 9 shows the disturbance rejection capability under a FB522

fault. The EUC controller reaches the proper recovery of λO2 ,523

when several changes of Ist were performed.524

Fig. 10. Closed-loop response during a compressor fault (Scenario 4).

4) Scenario 4 (Compressor Fault): Here, a different fault is 525

considered, which is related to the capacity of the air supply 526

from the compressor connected to the PEMFC cathode. The 527

fault affects the compressor by changing the inertia and nom- 528

inal friction of its motor shaft. Again, the goal is to check the 529

behavior of the EUC-based closed loop when rejecting this fault, 530

while both Ist and λO2 remain constant at 6 A and 2, respec- 531

tively. Fig. 10 shows the system variables during this test. The 532

magnitude of the fault in this case is strongly related to Icp , but 533

note that for this case, Pca remains constant [see Fig. 10(b)]. 534

The fault appears at time t = 50 s, disappears at t = 106 s, 535

and appears again at t = 146 s. The EUC controller adapts the 536

parameters θi conveniently, while reducing the stoichiometry 537

regulation error as much as possible. 538

The results presented in this paper mainly highlight the im- 539

plicit fault tolerance capabilities given by the EUC scheme (due 540

to its data-driven control nature) independently of knowing the 541

particular way the faults affect the system. As stated in the 542

Introduction, several authors have reported the design and im- 543

plementation of FTC techniques for PEMFC systems, which 544

explicitly use the system model [15], [16] unlike the fault toler- 545

ance capabilities of the proposed model-free approach. On the 546

other hand, reported adaptive schemes for PEMFCs address the 547



IE
EE

Pr
oo

f

BIANCHI et al.: FAULT-TOLERANT UNFALSIFIED CONTROL FOR PEM FUEL CELL SYSTEMS 9

manipulation of the air-mass flow for controlling λO2 [8], [27],548

and the online system identification and efficiency management549

by controlling λO2 , relative humidity, and stack temperature550

[9]. Although those approaches show experimental evidences551

of their proper operation under nominal conditions, they do not552

consider the effects of faults over the performance of the closed553

loop.554

V. CONCLUSION555

An FTC for PEMFC was proposed and experimentally tested556

in a laboratory test bench. The proposed control is based on557

EUC that allows adapting the controller parameters by evalu-558

ating the closed-loop performance solely from measures of the559

compressor voltage (control input) and the oxygen stoichiome-560

try (controlled output). The EUC algorithm does not rely on a561

plant model, which makes it suitable for dealing with complex562

systems and also to tackle faults in the cathode outflow or in the563

compressor. Four experimental scenarios have shown that the564

proposed UC control is capable of effectively working in differ-565

ent operating conditions and most common faults in PEMFCs.566

A start-up mass-flow control strategy has also been introduced,567

which avoids abrupt changes in the system variables when the568

initial conditions are far away from the nominal values.569
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