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Fuel cell condition monitoring system based on interconnected
DC-DC converter and voltage monitor
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This paper presents a comprehensive solution for condition monitoring of PEM fuel cell systems. It comprises a modular DC-DC
converter, a 90-channel fuel cell voltage monitor, and embedded diagnostics algorithms. Besides its basic functionality, the DC-DC
converter is designed to perform diagnostic probing of fuel cells by injecting current excitation waveforms. The designed voltage
monitor enables precise voltage measurement of all individual cells in the stack. Interconnected DC-DC converter and voltage
monitor provide a platform for an embedded condition monitoring system. It employs a novel algorithm for fast electrochemical
impedance estimation and automatic tuning of the thresholds used in the fault detection algorithm. The final output is a unit-free
condition indicator that describes the overall health of the fuel cell stack. As such, the designed condition monitoring system allows
seamless integration and optimal exploitation of fuel cell power systems. The complete solution has been evaluated on an 8.5 kW

PEM fuel cell power system.

Index Terms—DC-DC Converter, Voltage Monitor, Condition Monitoring, PEM Fuel Cell, PRBS, Continuous Wavelet Transform

I. INTRODUCTION

Y its very nature, the proton exchange membrane (PEM)
fuel cell technology offers efficient energy conversion
along with low environmental footprint [1]. The energy con-
version is done through electrochemical reaction of combining
hydrogen and oxygen at peak efficiency of 55% [2, 3]. High
conversion efficiency combined with no green-house emissions
are promoting PEM fuel cells as an energy source of the future.
A set of supporting subsystems is a prerequisite for the
optimal exploitation of PEM fuel cells. This set comprises, but
is not limited to, balance of plant (BoP) components, direct-
current-to-direct-current (DC-DC) converter, precise voltage
monitor, and supervisory control unit [4-6]. On top of these
hardware subsystems, an effective online condition monitoring
(CM) system enables real-time assessment of fuel cell health.
A typical structure of such a PEM fuel cell-based system is
presented in Fig. ??.
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Contemporary commercial fuel cell systems are equipped
with DC-DC converters and voltage monitors that fulfill only
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basic requirements for output power conditioning (e.g., [7—
13]) and monitoring (e.g., [14, 15]), respectively. Such systems
fail in providing accurate information about system condition.
The diagnostic aspect is of a significant practical merit, since
the durability and reliability of PEM fuel cells are vitally
influenced by several kinds of faults [16, 17]. Therefore, timely
and precise information about the health condition of the fuel
cell system allows optimal exploitation with respect to its
momentary capabilities in various applications (e.g., [18-21]).

All things considered, the aim of the present study is to
bridge the gap between the laboratory-grade measurement
equipment and contemporary commercial diagnostic systems.
The designed electronics employ innovative design solutions
by employing industry-standard components. Consequently,
the constructed system is both (i) commercially viable and
(ii) precise enough to perform sophisticated diagnostic mea-
surements. The combination of the designed DC-DC converter
with the 90-channel fuel cell voltage monitor (FCVM) repre-
sents a capable platform for accurate online CM. Hence, this
paper addresses the following subsystems:

e a DC-DC converter with the capability of generating
probing signals for diagnostic purposes

e a 90-channel FCVM capable of precise voltage measure-
ment of each cell of a fuel cell stack and extraction of
small voltage variations

« an algorithm for fast impedance estimation by employing
pseudo-random binary sequence (PRBS) signal

o a systematic approach for tuning of the threshold of
the CM system and calculation of an overall unit-free
condition indicator (CI)

Deterioration in operation conditions (i.e., presence of
faults) of PEM fuel cells affects their electrochemical
impedance characteristic. Consequently, faults can be detected
with a multitude of approaches based on electrochemical
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impedance spectroscopy (EIS) [22-27]. Despite the suffi-
ciently high diagnostic resolution of this technique, two ob-
stacles hinder the usage of EIS for online CM system:

1) typical EIS estimation using single-sine excitation sig-
nals is time consuming (typically a few minutes) and is
therefore unsuitable for fast online condition monitoring
purposes

2) proper selection of diagnostic threshold requires a rich
set of historical records at various conditions of fuel cell
system

To address the first issue, an algorithm for fast estimation
of the fuel cell impedance was developed that employs small-
amplitude PRBS excitation signal with a duration of less
than 60 seconds. The DC-DC converter superimposes the
PRBS excitation signal onto the stack electrical current. Using
the FCVM for data acquisition and signal processing, the
impedance is estimated using continuous wavelet transform
(CWT) with the complex Morlet mother wavelet [28].

With regard to the second issue, the thresholds of the CM
system can be easily determined by employing the probability
of false alarm (PFA) through the analysis of the statistical
properties of the electrical impedance at different frequen-
cies [29]. As a result, a unit-free CI is obtained whose value is
directly related to the overall condition of the fuel cell system.

For the purpose of the complete system presentation, first
the hardware components are presented: DC-DC converter
in Section II and FCVM in Section III. Afterward, a brief
overview of the method for fast impedance estimation using
CWT as well as implementation of the CM algorithms are
given in Section IV. Finally, the evaluation results are pre-
sented in Section V.

II. DC-DC CONVERTER

The presented DC-DC converter is a conversion module that
converts the output voltage of a fuel cell power module to
the voltage of an energy storage device (e.g., rechargeable
lithium battery or storage capacitor). The input device (i.e.,
fuel cell stack) and the output device (i.e., secondary battery)
are current source and current drain, respectively. Therefore,
the DC-DC converter should be treated and designed as a
current-transforming device. Yet this is uncommon for nearly
all commercially available converters, which mostly operate
as voltage-transforming devices.

IReviewer #3, question 3.5.

The DC-DC converter module presented in this paper is
designed as a current-transforming device. Consequently, the
stack current is under the primary control, while the stack
voltage is monitored in order to ensure safety and operation
in an appropriate range. The same applies to the output side,
where the current is under primary control, and the output
voltage is supervised in order to stay in the predefined range.

To achieve high conversion efficiency, a topology with
the lowest number of power components is preferred. The
conversion topology employed is the step-down converter. For
such a converter, the main energy flow goes only through
a single pole—double throw electronic switch and the power
inductor. As a result, only a small amount of energy is cycled
in the power inductor during each conversion cycle.

This topology suffers from three drawbacks: (i) the input
voltage must always be higher than the output voltage, (ii) the
input and output ports are not galvanically separated, and (iii)
the input current ripple is high. The first issue is not critical
for medium size power systems with stacks comprising 50 to
100 cells. The second one can be overcome, as fuel cell stacks
can be made electrically floating or grounded at one side. The
third one is of real concern, and it has to be properly handled,
since ripple current at the input side negatively affects the fuel
cell stack. The ripple influence is effectively mitigated by use
of electrolytic capacitor bank at the input side of the DC-DC
converter.

Given the current mode of operation, several DC-DC con-
verter modules can be paralleled to obtain higher output
currents. The external master controller can be programmed to
dynamically share the load between several parallel converters
in order to fulfill the current load requirements and to optimize
the efficiency of conversion. At low current loads, the master
controller can switch off some of the modules and drive the
others to a higher conversion power. In this way, the switching
losses of the less loaded modules are eliminated and the overall
conversion efficiency is increased.

In the present configuration, the solution is limited to a
maximum of eight parallel DC-DC converter modules, each
handling up to 80 A of output current. When eight units are
paralleled, the overall current reaches up to 640 A, attaining
the capacity of power conversion of near 16 kW in 24 V
systems. An example of implemented 5 kW conversion block
is shown in Fig. 1. The assembly consists of three parallel
DC-DC converter modules, two capable of delivering 80 A
and one 40 A of current.

4By paralleling several DC-DC converter modules, a lower

2Reviewer #3, question 3.6.
3Reviewer #5, questions 5.2.
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Fig. 1: Assembly of three DC-DC converter modules paralleled
together providing 5 kW of power conversion capability.
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Fig. 2: Block diagram of the DC-DC module.

input current ripple is achieved by the asynchronously operated
modules. The current mode step-down converter with constant
OFF-time inherently operates with variable frequency. As
confirmed by the performed test, three paralleled modules have
never fallen into synchronism, even if they were driven by the
same current set-point. This allows further optimization (i.e.,
reduction) of the size of the input capacitor bank.

The block diagram in Fig. 2 depicts the conceptual arrange-
ment of the DC-DC module. Roughly, the module can be
divided into three functional blocks, namely,

o multichannel power supply,
« microcontroller circuitry, and
o step-down power output stage.

A. Microcontroller circuitry

The microcontroller circuitry is powered by a multichannel
power supply. The supply voltages are generated by a fly-
back converter topology. The multichannel power supply must
be enabled by an external digital signal. With this signal,
the external master controller can switch ON or OFF the
complete DC-DC converter module. This enables isolation
of the defective module as well as increase the efficiency of
operation at low loads.

The DC-DC module is managed over a controller area
network (CAN) bus communication line. The primary task of
the microcontroller is to receive CAN messages with set-point
values for the DC-DC converter and to adjust the peak current
of the output stage accordingly. *The set-points that can be
sent to the microcontroler of a DC-DC converter module via
the CAN bus are: (i) the peak value of the output current,
(i1) the maximum output voltage, (iii) the amplitude of the
excitation signal for the impedance measurements, and (iv) the
frequency of the excitation signal. The only way the embedded
microcontroller can affect the power stage is by means of
a control signal through an external 12-bit D/A converter.
The microcontroller supervises the operation of the DC-DC
conversion across four analogue inputs (see Fig. 2).

B. Power output stage

The step-down power output stage is designed as a self-
sufficient block. It needs no microcontroller intervention to
oscillate and to control the output current. Hence, the safety
of the power control is not affected by possible software
errors or strong external transients, which would cause the
microcontroller to operate temporally in an undefined state.

The energy flow of the power output stage of the DC-DC
converter is controlled by pulse-width modulation (PWM).
The design of the output stage is presented in Fig. 3. PWM
cycles power metal-oxide-semiconductor field-effect transis-
tors (MOSFETS) in a synchronous mode. This mode reduces
power dissipation during the OFF cycle of the converter.
Power inductor L filters the modulating current variations and,
together with the output capacitor C,,;, provides necessary
low-pass filtering. Input current variations are filtered out with
input capacitor bank Cj,, which eliminates fuel cell stack
current ripple. Stack current is delivered through the Schottky
diode D; intended to prevent back current flow that would
otherwise cause an irreparable damage to the fuel cell stack.

The standard current mode converter with constant fre-
quency is most often employed, although it suffers from
the inherent low-frequency instability [32-35]. As the stack
voltage is frequently close to the required output voltage, the
DC-DC conversion is subjected to operation at high PWM
duty cycles. The constant-OFF mode of the current control is
a particularly convenient method for this purpose. Therefore,
at the design of the DC-DC converter, a current mode step-
down converter with a constant OFF-time and synchronous
switching mode was used. The constant-OFF type encounters
no inherent instability problems and enables cycle-by-cycle
peak current control of the output stage.

Fig. 3 shows that the output pair of N-type MOSFETsS is
driven by a high-side/low-side MOSFET driver. When the
upper MOSFET bank is switched ON, electrical current starts
to flow from the fuel cell stack and the input capacitor bank
into the output capacitor bank and the load. The current in the
inductor increases until the current sensor detects a set-point
value, as shown in Fig. 4. When output current exceeds the
set-point value, the Comp; triggers the monostable flip-flop.
This causes the top MOSFET bank to switch OFF and the

SReviewer #5, questions 5.3.
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Fig. 3: Power output stage of the current-mode DC-DC con-
verter.
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Fig. 4: Key waveforms of the DC-DC converter operating
at two different input voltages U;, and the same output
current [,,; (CH1[blue]: LI signal, CH2[magenta]: HI signal,
CH3[brown]: voltage of the power inductor’s entry point,
CH4[cyan]: power inductor current).

bottom MOSFET bank to switch ON (the driving signals for
the MOSFET banks are shown in Fig. 4). The inductor current
recirculates through the lower transistor bank and decreases
linearly for a defined amount of time (constant-OFF). When
the predefined time elapses, the top MOSFETs switch ON
again and allow the passage of stack current to the output.
The OFF-time is determined by the RC constant of the
monoflop constant. The ON-time is variable and depends
on the input voltage. If the input voltage from the stack is
high, the ON-time becomes short, and vice versa. When the

input voltage approaches the output voltage, the oscillation
ceases away, and the current goes straight through. ®With the
present design, the OFF-time is set to 4 us. When the fuel
cell stack output voltage is near twice the required DC-DC
converter output voltage, the output stage oscillates at 125
kHz. The switching frequency increases with the input-output
voltage ratio. When the input voltage is only a few volts
above the output voltage, the switching frequency drops to
a few kilohertz. At the ultimate situation, the switching stops
completely. In this way, a very wide range of input voltages
are covered. Given the back flow protection diode Dy, the
input voltage must be at least one diode drop higher than
the output voltage. To illustrate the constant-OFF mode, the
waveforms shown in Fig. 4 were acquired under the same
output current I,,; but at two different input voltages U;,.
The OFF-time is identical in both cases, whereas the ON-time
is longer in the case of lower input voltage U;,, (i.e., Fig. 4b)
in order to fulfill the requirements of the output current.

When a battery is connected to the output of the con-
verter, the implementation of the synchronous mode is not
a straightforward task. The back-flow current might flow from
the battery back through the power inductor and the lower
bank of MOSFETs (e.g., at zero current set-point). In such
a case, the inductor current would rise to values, at which
the circuitry would be damaged instantly. To avoid this, the
circuitry actually switches between the normal mode (when
the diode D> is used to recirculate the inductor current) and
the synchronous mode (when low side MOSFETs are used
instead). The switch-over is performed by the comparator
Comps. At low output current, the output stage operates in
normal mode, and lower MOSFETSs are never switched ON.
At higher output currents, the synchronous mode takes over
and keeps the switching looses low.

The DC-DC converter strictly operates in current-
transforming mode. However, when the output voltage reaches
the gassing level of the battery, the output current is reduced.
In this situation, the output voltage limiter (see Fig. 3) reduces
the current set-point. It operates as a secondary voltage control
loop and fixes the battery voltage at the set-value by forcing
lower output current as demanded.

III. FUEL CELL VOLTAGE MONITOR

A significant voltage drop is an indication that either
the operating conditions or the health of the fuel cell are
seriously impaired. Therefore, even low-cost fuel cell-based
power systems require some kind of cell voltage monitor-
ing. A significant discrepancy exists between the laboratory-
grade and commercially available diagnostic and measurement
equipment. The trade-off is between the capability of handling
fast and precise measurements on one hand and the price on
the other [36, 37]. Most of the commercially installed FCVM
systems are capable of measuring only the joint voltage of
two or more adjacent fuel cells with rather low sample rate
and resolution. Notwithstanding the cost-effectiveness, such
equipment suffices only for detecting severe deteriorations in
the fuel cell condition. As a result, it is incapable of performing

OReviewer #5, questions 5.4.



IEEE TRANSACTIONS ON INDUSTRIAL ELECTRONICS, VOL. 62, NO. 8, 2015

Fig. 5: FCVM connected to an 8.5 kW PEM fuel cell system
Hydrogenics HyPM-HD 8-200 (top view: FCVM’s PCB; side
view: realization of contacts to all of the fuel cells).

total stack monitoring or providing more sophisticated diag-
nostic information.

The proposed solution bridges the gap between the
laboratory-grade measurement equipment and contemporary
commercial diagnostic systems. The proposed FCVM is a
low-cost data acquisition device capable of performing precise
voltage measurement of individual cells inside a fuel cell stack
that consists of up to 90 cells. Additionally, it provides a
platform for conducting EIS measurements on every cell of
the stack. Fig. 5 shows a typical implementation of the FCVM
connected to a PEM fuel cell stack of a commercially available
power unit via spring contact pins.

A. Resolving high common-mode voltage potential issue

One of the biggest issues when measuring the voltage of
an individual cell within a larger stack is a high common-
mode potential, which builds up from the potentially low cell
to the highest cell in the stack. The signal acquisition system
must be capable of measuring only a few hundred millivolts
superimposed on several tens of volts. Such high common-
mode potential poses two limiting factors: the ability of a
multiplexer to select the individual cell within this very wide
common-mode voltage range and the ability of instrumentation
amplifiers or floating A/D converters to extract the relatively
small cell voltage in the presence of high voltage offset [38].

The issue of high common-mode voltage range of multi-
plexers remains unsolved by readily available low-cost mea-
surement devices. The proposed solution employs standard
CMOS analogue multiplexers. By proper biasing and using

an isolated DC-DC power supply, making an analogue mul-
tiplexer floating is possible. Fig. 6 shows that an isolated
DC-DC converter provides voltage supply to the multiplexer.
Two Zener diodes regulates the bias for the multiplexer for
maximum input range, while an NPN transistor supplies
current to a digital signal isolator, which selects the particular
input. The selected voltage is then transferred to the difference
amplifier for further signal preparation and A/D conversion.
One such circuitry is capable of handling signals from up to
30 fuel cells.
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Fig. 6: Floating power supply scheme, which allows industry-
standard multiplexer to operate in floating mode.

to decrease the number of multiplexers, two multiplexers
are interlaced as shown in Fig. 7. In this way, only one input
is effectively used per cell. Thus, selecting 30 cells is possible
by using a pair of standard 16-to-1 multiplexers. One spare
channel is used for automatic auto-zero measurement, which
eliminates the offset voltage of the difference amplifier.

Instrumentation
Amplifier

Fig. 7: Connection of two industry-standard multiplexers to
measure up to 30 fuel cell leads in order to reduce component
count.

An ARM Cortex-based microcontroller performs synchro-
nization among different AD channels required for proper
data acquisition. Additionally, the microcontroller controls the
communication interfaces and provides the necessary compu-
tational resources for execution of the diagnostic algorithms.

B. FCVM measurement modes
The FCVM can perform two types of measurements:

« voltage monitoring of all the cells of the stack
o impedance measurement of individual cells

In the first mode, the FCVM measures the voltage of each
individual cell inside a stack with resolution of 62.5 V. The
stack voltage and current are also measured with a resolution
of 24 mV and 10 mA, respectively. The stack voltage and
current are measured through simple voltage divider and Hall-
effect current transducer, respectively. In the monitoring mode,
the refresh rate is 400 ms.
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The second measurement mode provides a powerful tool for
performing measurements intended for EIS-based diagnostics.
The relevant AC diagnostic signals are superimposed to the
operational DC signals of the fuel cell and have small ampli-
tudes with respect to the DC component. Measuring such low
amplitude AC signals at low noise is of utmost importance.

To achieve the required high resolution at low noise, the
voltage of an individual cell undergoes two preprocessing
steps. In the first step, the DC component is subtracted by
employing the analogue subtraction circuit. In the second step,
the remaining AC component of the signal is amplified by a
factor of 10 in order to attain low noise and higher resolution
of A/D conversion, as shown in Fig. 8. Consequently, the
FCVM measures the AC voltage of sequentially selected cells
inside a stack with a high resolution of 80 x4V at a sampling
rate of 5 kHz. A special care was taken to keep frequency
response of voltage and current measuring paths as equal as
possible as the impedance is actually proportional to their ratio
in amplitude/phase space.

+ =]
— [ ggzr\‘— Power [ EMC Téamv
= sov°—] Supply | Filter | 7
<H 1T
I H 12V 5V 33V5V5o
=
2| |[MUX
£1[] paira A/D
=HaH Difference
5 = Amplifier
& SEL DIP LED
= H:=H . FEE
O3] [mux By
S E7 pairB SPT
Rzt
SEL )
H=H Microcontroller
==
5| |MUx
il b
£1.[] pairC
o F15[] [CAN0] [CANT] [RS485
SEL CAN Bus  Serial Bus

Fig. 8: Block diagram of the FCVM.

Normally, extraction of AC signals in the presence of DC
signal is performed by using a high-pass analogue filter.
However, switching among cells would cause long settling
time of the filter, which would significantly prolong the data
acquisition time. Since the DC voltage of the cell, obtained
by the first measuring mode, is already known to the micro-
controller, the value is sent to the subtraction circuitry via
the D/A converter, as shown in Fig. 8. The result is the AC
component of the signal with a small DC residue caused by
circuit imperfections and slow cell voltage variations. This
composite signal is then amplified to gain higher resolution
and to keep high signal-to-noise ratio. As DC residue is also
amplified, it is removed later by digital signal processing
within the microcontroller.

C. DC-DC converter and FCVM as a condition monitoring
system

To perform online EIS-based CM of PEM fuel cells, the
DC-DC converter module and the FCVM were interconnected
into a CM system. The interconnection enables to conduct
measurements that are required for a fast online estimation
of the impedance of PEM fuel cells. The FCVM manages
the estimation procedure, performs the voltage and current

measurements, and conducts the signal processing tasks. The
DC-DC converter perform the DC-DC conversion, and when
prompted by the FCVM, it executes the current excitation
of fuel cells. The scheme of the interconnected condition
monitoring system is shown in Fig. 9.
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Fig. 9: Connection scheme between the FCVM and the DC-
DC converter for online condition monitoring.

IV. CONDITION MONITORING

The embedded CM approach builds on top of a method for
fast impedance estimation [28]. This method employs PRBS
excitation signal and CWT signal processing tool. It enables
substantially faster estimation of PEM fuel cell impedance
characteristic compared to other conventional methods, which
utilize single-sine signals. Due to the specific statistical proper-
ties of the PRBS waveform, the CM thresholds are determined
based on the probability distribution of impedance at particular
frequencies and desired value of PFA [29]. Finally, a unit-
free CI indicator is formulated, which provides an overall
assessment of the PEM fuel cell condition.

A. Fast impedance estimation using CWT and PRBS

1) CWT based on the complex Morlet wavelet
Following the procedure described by Debenjak et al. [28],
the impedance characteristic can be efficiently estimated by

TReviewer #3, question 3.2 (the comments are split between sections III-C
and V-A.
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using complex wavelet coefficients of the CWT of the fuel
cell’s current i(t) and voltage u(t) using the complex Morlet
mother wavelet. The CWT of a square integrable function
f(t) € L?(R) is defined as follows [39]:

/ O (1)

where v, +(t) is a scaled and translated version of the mother

wavelet ¢(t):
1 t—u
wms(t) = ﬁw ( s ) 5 (2)

which in the present study is the complex Morlet wavelet with
parameter wq [40]:

W f(u,s) = (f(t), Yus(t

b(t) = a—1/4 (e—jwot -~

e—w§/2) ot/2. 3)
The wavelet coefficients (1) fully characterize the analyzed
signal f(t) on the time-scale plane. The translation between
scale s and frequency f is straightforward by using the
following [39]:
1 s @)
o wo++2+ wg

Therefore, in the remainder of the paper, all subsequent
relations will rely on actual frequency f.

2) PRBS as excitation signal

PRBS can be regarded as sufficiently close to stationary
random noise with power spectral density similar to that of
white noise. Furthermore, the probability distribution of the
amplitude of its frequency components can be regarded as
Gaussian [41]. Analyzing such a signal with CWT preserves
its statistical properties within the wavelet coefficients. As
the DC-DC converter superimposes the PRBS signal on the
current (t) drawn by the load, the voltage u(t) will response
accordingly. Analyzing both signals with CWT results into
wavelet coefficients:

Wi(t, f) =
W’Lb(t, f) =

RAWi(t, 1)} + 33{Wilt, )}
REWu(t, £)} + 53{Wult, £)}-

Impedance at a particular frequency can be regarded as
zero-mean Gaussian circular complex random variable [42].
Therefore, the complex wavelet coefficients have the following
properties:

&)

ROV 1), 30V )~ N (0.5 )
2 (6)
ROVu( ), St 1)) ~ A (0.5,

where the corresponding variances o2 and o? are parameters
that should be estimated. Using the complex wavelet coeffi-
cients (6), the impedance at particular frequency f = fy can
be calculated as a ratio of the complex wavelet coefficients:

Wou(t, f)

W‘f—fo = Zr(t) +Jjzi (t) @)

z(t) =

B. Probability  density  function of the complex

impedance z(t)
Current i(t) and voltage u(t) in (7) are correlated, which
can be expressed with the covariance matrix [43—45]:

1 o2 POLO;

x= 2 [p*auai o? } ’ ®)
where p = p, + jp; is complex correlation coefficient, such
that |p| < 1. As a result, the probability density function (PDF)
of the ratio (7) reads as follows [46]:

1—|pf? (ZI2 1

Prir

pu> )

pa(e) = o (S + 55 -2

2 2 )
TO50; o 01 Ou0;

The distribution of real z,. and imaginary z; components
of the impedance (7) can be derived from the distribution (9).
The PDF of the imaginary component z; reads as follows [46]:

(lf\p\ )0 oy

2((1 = p2) 02 + 2zpioy0y + 2 ay) 3/2°
(10)

For the real component z,., the PDF has the same shape and
reads as follows:

Pz (2ilpr, pi) =

(1)

Besides the probability distribution of the real z, and
imaginary z; components of the impedance, in many cases, the
module of the complex impedance can be used as a feature in
condition monitoring. For the circular Gaussian complex ran-
dom variables (6), the corresponding modules |Wu(t, fo)| and
|[Wi(t, fo)| are distributed according to Rayleigh distribution:

|Wu(ta f0)| ~ Rayleigh(gu)a
[Wi(t, fo)| ~ Rayleigh(c;).

pZT (ZT'|p7'? pl) = pzi (Z7| - pi7 _p’r)

(12)

As the current i(¢) and voltage u(t) are correlated, the PDF
of the module of the ratio (7) reads as follows [47]:

20703 (1 — p*)|2[(07|2] + 03)

[(02]2[2 + 02)2 2|22

2| >0,

(13)
where |p| < 1 is the correlation coefficient, as defined in (8).
The probability distribution function (13) is positively skewed
and defined on the nonnegative semi-axis. A typical realization
of the probability distribution function (13) is shown in Fig. 10.

P|Z|(|Z|) =
—4p%c2

25

I Histogram
— PDF
Thresholds 90%

E
3
0.2 0.3 0.4 0.5 0.6 0.7 0.8 Ot,() 1
Amplitude |Z] [m©)]
Fig. 10: Probability distribution function of |Z]| at 157 Hz.
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C. Fuel cell condition indicator based on PFA

Determining the optimal threshold values at which the
deterioration can be regarded as significant is of great impor-
tance for a condition monitoring system. Too-high thresholds
decrease the sensitivity of the diagnostic system to faults and
hence increase the probability of missed alarms. At the same
time, the probability of false alarms is decreased. Too-low
thresholds increase the chances for false alarms, which can
easily ruin the credibility of the monitoring system. The most
commonly used criterion for determining the thresholds is not
by explicitly defining their values, but rather by defining the
permitted PFA [48].

A condition monitoring system based on low PFA will raise
alarms only when the condition of the fuel cell is suboptimal.
Having derived the PDF (13), upper and lower thresholds can
be handily found as critical values of a two-sided test using
its cumulative distribution function (CDF) Pz (2):

-1 (PFA . PFrA
T, =Py (T) = lnf{PIZ\(Z) > 7} :

2
_ Pra . Pra
TT:P‘le (1772 )sz{Pm(z)Zlf—2 }
Note that expression 252 is used to split the PFA between
both ends of the PDF, since the presence of different faults
can increase or decrease the value of |z|. The CDF P (2)
that corresponds to (13) reads as follows [47]:

(14)

PL(2) 1 03 — 2201»2
zI\Z) = 5 —
T2 o 12 (1 - ) 0203 + (08 — 2202)

= (15)

8The steps of the proposed method for threshold selection
are listed in Algorithm 1. The threshold values have to
be separately calculated for each individual fuel cell. The
algorithm has to be performed for each fuel cell only once
(e.g., when commissioning a new system), under fault-free
conditions. The only design parameter is the desired PFA
value.

Algorithm 1 Determining threshold values

1: Apply PRBS excitation signal

2: Measure voltage u(t) and current () signals under fault-
free condition

3. Estimate impedance z(t) using (7)

4. Estimate covariance Y using (8)

5: Compute CM thresholds (14) using CDF (15) and the
desired PFA value

Condition indicator: Selected threshold values (14) can
be additionally employed for mapping the complex impedance
values into an so-called CI, which is an abstract feature that
can be directly related to the condition of the system [48].
For a healthy system, CI should acquire low values (i.e.,
C1I = 0). As the condition deteriorates, the value of CI should
increase in accordance with the severity of the fault(s) present
in the system. Using PFA value, the values of CI are typically
scaled in such a way that values close to one should indicate
imminent failure. Thus, CI offers two advantages:

8Reviewer #5, questions 5.8.

1) it gives a unified and unit-free view of the overall system
condition

2) its trend over time can be used for prognostics (i.e.,
estimation of the remaining useful life”)

In the context of fuel cells, the presence of fault can
either increase or decrease certain impedance components.
Therefore, for a fault-free operation, the value of the CI will
be in the middle of the region bounded by thresholds at a
certain PFA, as shown in Fig. 10.

The mapping into the corresponding CI can be achieved by
using the CDF (15). As a result, the impedance components of
the fault-free region will acquire values in the vicinity of 1/2.
Setting the maximal value for the CI to be the chosen PFA,
the final scaling relation reads as follows:

(16)

1
ClI=2x (1 *PFA)71 ’P|Z(Z) — 2',

where Fiz|(z) is the CDF of the corresponding impedance
component.

D. Computationally efficient CWT with the Morlet wavelet
By substituting the mother wavelet v (t) with

~ 1 t
) =—yv*(—], 17
8u(t) = Z2v (-1 a7
the relation (1) transforms into the following convolution:
1 [ ~
= — s (u — . 1
Wi = [ fiw—na.ay

In the Fourier domain, the convolution (18) becomes
1 [, A .
W f(u,s) = —/ Fw)Vsy(sw)e!“ dw,  (19)
2r J_

where f(w) is the Fourier transform of the original sig-
nal f(¢) and ¢ (w) is the Fourier transform of the Morlet
wavelet (3) [40]:

A w—wg)? L2 wg
Y(w) = o (6(20) - 62620) . (20)

V. EXPERIMENTAL VALIDATION

1" Among other faults, the water management ones vitally
affect PEM fuel cell operation reliability and efficiency [17].
The diagnosis of these faults is of great practical value, provid-
ing information for efficient fuel cell system management. For
validation of the proposed CM solution, a commercial PEM
fuel cell system was employed, which was subjected to water
management faults.

A number of studies show that the water management
faults affect the electrochemical impedance of a PEM fuel
cell, and therefore can be detected by utilizing EIS-based
approaches [49-56]. Water content affects the transport of the
involved chemical species (i.e., reactant gases and protons) in
different ways [22, 27]. In the case of flooding, the formed
water droplets block the pathways to the reaction sites and

9The problems of prognostics are not treated by this paper.
10Reviewer #1, question 1.1.
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thus preventing the oxygen from being involved and consumed
as a reactant. Conversely, when the water level is low, the
membrane of a PEM fuel cell is subjected to drying. The PEM
is made of an ionomer that has to be sufficiently hydrated in
order to conduct protons. If the cell is subjected to drying,
the water content of the PEM is reduced and consequently the
proton conductivity of the membrane is decreased. Addition-
ally, due to a lower water content, the volume of the ionomer
is reduced and it results in a decrease of the contact surface
area.

A. Experimental procedure

During the experiments, the fuel cell system was kept at
constant operating and environmental conditions. The DC
current operating point 4. was set to 70 A, ''whereas the
peak-to-peak amplitude of the superimposed PRBS waveform
was set to 4 A. On the one hand, such an amplitude was high
enough to sufficiently perturb the PEM fuel cells in order to
obtain reliable impedance estimations, and on the other, small
enough not to cause difficulties due to nonlinearity of the PEM
fuel cells.

2The frequency f, of the PRBS excitation signal was
set to 600 Hz. The frequency f, defines the rate at which
the PRBS signal can switch its value. In other words, the
value of the signal can change every 1.67 ms (At = 1/f,).
According to the theory, the PRBS signal has nonzero power
spectrum (and therefore provides the excitation energy) at all
frequencies, except at those with values of integer multiples
of the frequency fs [57, pp. 164—172]. However, for practical
impedance estimation purposes, the useful bandwidth fp of
the PRBS excitation signal is limited to approximately one
third of the frequency fs (fp ~ fs/3) [28]. For the case
at hand, the useful frequency band fp covers frequencies
from O to approximately 200 Hz. On the other hand, the data
acquisition sampling frequency fp g, at witch the voltage and
current signals were acquired, was set to 5 kHz. '“During the
experiment, the impedance was estimated every 40 seconds.
Within that time interval, the PRBS excitation was applied for
10 seconds. At the same time, the required voltage and current
signals were acquired.

Fig. 11 shows an example of the current and voltage signals
of a PEM fuel cell during the experiment, which were acquired
by the FCVM and used for the impedance estimation. '"As
can be seen from Fig. 11, the actual fuel cell current is not
of an ideal PRBS waveform. The shape is affected by the
presence of the input capacitor bank of the DC-DC converter
and its dynamics, as discussed in Subsection III-C. It should
be stressed that the proposed impedance estimation method
(i.e., CWT-based signal processing) does neither assume nor
require that the current is of pure PRBS waveform. Based on
the actual frequency components in the voltage and current
signals, the method estimates the impedance and provides the
corresponding confidence intervals of the estimation. However,

TReviewer #3, question 3.1 (part related to the amplitude of the excitation
signal).

I2Reviewer #5, questions 5.5, 5.6. and 5.7

BReviewer #3, question 3.7.

the CI methodology assumes the complex circularity of the
signals’ frequency components (presented in section IV-A2).
The PRBS comply with the requirement and the circularity
is retained as long as the signal is subjected to any kind of
linear transformation. Consequently, the CI methodology is
capable of handling affected PRBS signals as long as the DC-
DC converter does not modify them in a nonlinear fashion.

AT [A]

AU [mV]

35 40 45 50

0 5 10 15 20

25
Timeo[ms] 30

Fig. 11: Example of acquired current and voltage signals.

The experiment went through five stages: fault free, dried,
fault free, flooded, and back to fault free. The first fault-free
stage lasted 10 minutes during which the relative humidity
of the inlet air was kept at 10%. During the second stage,
between the 10th and the 17th minute, the air fed to the fuel
cell was dried down to relative humidity of 2%. Afterward,
the inlet air was humidified back to 10% relative humidity to
simulate fault-free stage again. In the fourth stage, between the
30th and the 47th minute, saturated air with relative humidity
of 100% was fed into the fuel cell system, inducing flooding
of fuel cells. Finally, the air humidity was decreased down to
the initial 10%. Such an experiment profile enables analysis
of the fuel cell response under different fault scenarios with
various fault severities. These stages of the experiment are
clearly indicated in Fig. 12.
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Fig. 12: Trend of |Z] at 157 Hz throughout the experiment.

B. Time evolution of particular impedance components
14The parameters p, o2, and o? of the PDF (13) were

estimated at a frequency of 157 Hz. Note that the exact value

4Reviewer #3, question 3.1 (part related to the frequency at which the
impedance was estimated).
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The time evolution of |z| corresponds with the five exper-
iment stages, as shown in Fig. 12. The shaded regions mark
the occurrence of drying and flooding of the fuel cell. In the
drying region, the module of the impedance increased and
surpassed the threshold of 70%. Despite the minute changes in
the relative humidity of the inflow air, there are clear changes
in the value of the impedance, with 30% probability of false
alarm. Unlike the minor changes caused by the mild decrease
in the humidity, the flooding with 100% saturated air inflow
shows significant changes in all three impedance components.
The values of |z| indicate that the condition of the fuel cell
departed from the fault-free area, with less then 10% PFA.
Finally, when the relative humidity of the air inflow was
returned to normal, the impedance components returned to the
initial values within the fault-free region.

C. Time evolution of the CI

The time evolution of the CI (16) is shown in Fig. 13.
The values of the CI were calculated for PFA = 10%.
As expected, during the fault-free operation, the CI acquired
low values. As the first fault was induced, the values of the
CI increased up to 0.5, which indicates deterioration of the
fuel cell condition. The acquired value of 0.5 clearly shows
departure from fault-free operation while at the same time is
in-line with the low severity of the induced drying, relative
humidity change of 8%. Unlike the low severity of the drying
fault, during the flooding phase of the experiment, the value of
CI surpasses the limit value of 1. The overwhelming flooding
of the system is directly reflected in the high value of the CI.
Finally, at the end of the experiment, when the air condition
was back to nominal, the values of CI decreased, indicating
an almost fault-free operation.

SThe results confirm that the CI is sufficiently sensitive to
the water management faults. At the same time, the values
of the CI are directly related to the severity of the fault. As
such, the CI in its present form is applicable for performing
fault detection and fault evaluation. In order to perform fault
identification and localization, an extension of the proposed
CI is required. A possible solution to this problem could be
reached by utilization and aggregation of impedance informa-
tion at multiple frequencies.

VI. CONCLUSION

This study presents a versatile online condition monitoring
system for PEM fuel cells, which builds on integrated DC-
DC converter and FCVM. As a result, a fuel cell system is
enriched with information about its current health condition,
which in essence enables optimal exploitation.

I5Reviewer #5, questions 5.9.
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Fig. 13: Trend of CI of |Z| throughout the experiment.

The system encompasses a DC-DC converter with diagnos-
tics capabilities, a 90-channel voltage monitor, and embedded
algorithms for signal processing and condition monitoring.
The developed DC-DC converter module can be grouped
in parallel with what the overall output power is increased.
Besides power conditioning, the DC-DC converter enables
system probing with arbitrary signals that can be used for
diagnostic purposes. Together with the FCVM, it provides the
basic hardware platform for online condition monitoring of
commercial PEM fuel cell-based power systems. Both devices
are built to meet tight requirements regarding size and costs
imposed by commercially oriented applications and at the
same time to fulfill accuracy requirements set by the diagnostic
methodology.

On top of the designed hardware, the online CM system also
includes the method for fast estimation of fuel cell impedance.
The benefits of the proposed methodologies are twofold. First,
it considerably shortens the time required to conduct mea-
surements, which makes it viable for commercial applications.
Second, the threshold selection methodology is based on PFA,
which enables unambiguous threshold specifications. Based on
these thresholds, a unit-free condition indicator is calculated,
which describes the overall health of the fuel cell stack. These
pieces of information are of significant practical merit for both
integrators as well as end users.

The proposed hardware and methodology were validated
on a commercially available 8.5 kW PEM fuel cell-based
system. The results show that the overall system performs as
expected and that it provides the desired information about the
operational condition of the system.
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