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Abstract

According to the EU’s Green Deal plan, one of the main objectives for the EU is to
become a net-zero greenhouse emission society by 2050. Achieving this goal requires ad-
vancements across many areas ranging from energy production, conversion, distribution
and energy storage where the key role is taken by the electrochemical energy conversion
devices (EECD). EECD is the umbrella notion for the family of the devices such as fuel
cells, batteries, electrolysers, supercapacitors and hydrogen pumps. They share common
fundamentals of electrochemical thermodynamics and kinetics but differ in the design and
operational requirements since neither batteries, fuel cells nor other EECD can serve all
applications alone. In the very nature of the EECD are complex electrochemical processes
that are fundamental for their operation. On the other hand, they are the main source of
the degradation that significantly affects their reliability and durability. Therefore, online
health monitoring is being percepted as an indispensable integral part of the systems with
EECD, which is expected to elevate their market deployment and economic exploitation.

Current state-of-the-art health monitoring approaches strongly build on electrochemical
impedance spectroscopy (EIS). EIS contains the fingerprint of the dynamics of the EECD,
which depends on physical and chemical processes inherent to the device. By definition, EIS
is performed by perturbing EECD with mono-component, low-amplitude sinusoidal signals
with the predefined frequencies. To ensure confident characterisation, the system under
test has to comply with the conditions of stationarity, linearity and causality. However,
as the perturbation times increase, load and environmental disturbances are more likely
to cause distorting effects on the evaluation results, especially in the low-frequency region
below 100 mHz. A way to alleviate the limitations of the conventional sine-based EIS is to
employ broadband switching perturbation like discrete random binary sequence (DRBS).
In that case all the frequencies from a wide band are excited at the same time. The
approach is referred to as fast EIS method.

The aim of this dissertation is to revisit fast EIS and propose upgrade that will render
the approach applicable for cost-effective in-field monitoring. The main contributions of
the thesis are threefold.

First, the accuracy of the evaluated impedance spectrum is improved by applying con-
tinuous wavelet transform (CWT) with Morse mother wavelet. It is shown that at ultra-low
frequencies (< 1 mHz) Morse wavelet remains analytical, i.e. completely concentrated at
positive frequencies despite its dispersion. That is essential for correct spectral decomposi-
tion and, consequently, correct impedance estimation. The said properties turned essential
for accurate estimation of the state-of-health (SoH) and state-of-charge (SOC) of Li-ion
batteries.

Second, a numerically efficient approach for the spectral deconvolution by means of the
equivalent circuit model (ECM) and distribution of relaxation times (DRT) is proposed.
By detecting changes in the resulting model parameters, one can track changes in the
impedance spectrum and possibly identify the degradation mode. The demonstration on
a case study with occasional fuel supply deficiency during solid oxide fuel cell (SOFC)
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operation is performed.
Third, a concept of modular HW setup for performing EIS not only in the laboratory

but also in the in-field applications is proposed. It relies on using commercially available
low-cost components. The setup is rather general and applicable to a broad range of
EECD. It enables the use of arbitrary excitation signals and provides great flexibility both
in terms of power ranges and modes of operation.

Finally, the effectiveness of HW and algorithmic solutions is demonstrated through
numerous accelerated and long-term experiments performed on various electrochemical
energy devices, such as single cell SOFC, SOFC stack, single cell SOE, SOE stack, electro-
chemical hydrogen compressor, Li-ion battery, etc. During these experiments more than 5
TB of data was generated. Algorithms are implemented in a free open source format and
made publicly available.
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Povzetek

V skladu z načrtom zelenega dogovora je eden od glavnih ciljev EU postati družba z ničel-
nimi emisijami toplogrednih plinov do leta 2050. Za to je potreben napredek na številnih
področjih, od proizvodnje energije, pretvorbe, distribucije do shranjevanja energije, pri če-
mer imajo eno izmed ključnih vlog naprave za elektrokemijsko pretvorbo energije (EECD,
angl. electrochemical energy conversion devices). EECD predstavljajo najboljši način za
reševanje problema z neskladnostjo proizvedene električne energije. Spadajo v družino
naprav, kot so gorivne celice, baterije, elektrolizerji, superkondenzatorji in vodikove čr-
palke. Osnovni princip delovanja vseh EECD je podoben, vendar se razlikujejo v dizajnu
in načinu delovanja. V sami naravi se dogajajo kompleksni elektrokemični procesi, ki pred-
stavljajo osnovo za njihovo delovanje. Po drugi strani ti procesi predstavljajo glavni vir
degradacije, ki vpliva na njihovo zanesljivost in trajnost. Nezaželeni degradacijski pro-
cesi igrajo pomembno vlogo in močno vplivajo na njihov način delovanja, tako da zman-
jšajo njihovo učinkovitost ter skrajšajo njihovo življenjsko dobo. Zato je spremljanje teh
degradacijskih procesov zelo pomembno.

Elektrokemijska impedančna spektroskopija (EIS, angl. electrochemical impedance
spectroscopy) predstavlja enostavno in učinkovito in-situ metodo, ki se najbolj pogosto
uporablja za spremljanje zdravja EECD v realnem času. Rezultat poda podrobno informa-
cijo o dinamiki fizikalnih in kemijskih procesov, ki se pojavljajo v samih sistemih. Klasični
način EIS temelji na enofrekvenčnem sinusnem vzbujanju s prej določenimi frekvencami,
ki se zaporedno dodajajo na konstantno delovno točko. Težave nastopajo pri zagotavljanju
pogojev stacionarnosti, linearnosti in kavzalnosti, ki zaradi kompleksnosti elektrokemičnih
sistemov predstavlja najbolj zahtevno nalogo pri opravljanju EIS, še posebej za frekvence,
nižje od 100 mHz. Pri nizkih frekvencah se z naraščajočim časom vzbujanja verjetnost, da
bodo zunanje okoljske motnje vplivale na meritve, povečuje.

Uporaba širokopasovnih vzbujevalnih signalov, kot na primer diskretno naključno bi-
narno zaporedje (DRBS, angl. discrete random binary sequence), predstavlja najboljši
način, kako se izogniti omejitvam klasične EIS. Ta pristop se imenuje hitra EIS. Cilj te
disertacije je ponovno pregledati metode hitre EIS in predlagati njeno nadgradnjo, ki bo
omogočila pristop za učinkovitejšo spremljanje stanja EECD. V tej disertaciji sem predlagal
tri različne izboljšave metode hitre EIS.

Prva izboljšava predstavlja implementacijo Mors valjčne funkcije v zvezni valjčni trans-
formaciji (CWT, angl. continuous wavelet transform), ki omogoča natančno oceno impedance
pri ultra nizkih frekvencah (<1 mHz). Dokazano je, da Mors valjčna funkcija ostane anal-
itična tudi pri ultra nizkih frekvencah (<1 mHz). To pomeni, da je funkcija popolnoma
koncentrirana pri pozitivnih frekvencah kljub svoji disperziji. To daje možnost natančne
ocene zdravstvenega stanja (SOH, angl. state of health) in stanja napolnjenosti (SOC,
angl. state of charge) Li-Ionske baterije.

Druga izboljšava predstavlja sledenj spremembam impedančnih krivulj preko kvan-
tifikacije s pomočjo uporabe modela ekvivalentnega vezja (ECM, angl. equivalent circuit
model) ali preko porazdelitvenih relaksacijskih časov (DRT, angl. distribution of relaxation
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times). To ponuja možnost za pravočasno odkrivanje nezaželenega delovanja ali morebit-
nih degradacijskih procesov znotraj elektrokemičnih naprav za pretvorbo energije, kot na
primer pomanjkljivosti v oskrbi z gorivom (angl. increased fuel utilisation).

Tretja izboljšava predstavlja izgradnjo modularne eksperimentalne proge, ki jo lahko
uporabljamo za izvedbo hitre EIS z uporabo poljubnega signala za vzbujanje. Predlagana
modularna proga je sestavljena iz komercialno dostopnih in cenovno učinkovitih kompo-
nent, ki zagotavljajo veliko prilagodljivost ne glede na vhodno/izhodno moč ter na način
delovanja.

Učinkovitost zgornjih izboljšav sem dokazal preko številnih pospešenih in dolgotrajnih
poskusov na različnih elektrokemičnih napravah, in sicer na: enoceličnem SOFC, SOFC
skladih, enoceličnem SOE, SOE skladih, elektrokemičnem vodikovem kompresorju, Li-Ion
bateriji itd., pri čemer smo pridobili in obdelali več kot 5 TB podatkov. Metode in kode
za vsak zgoraj navedeni korak so javno dostopne.
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Chapter 1

Introduction

The products of burning fossil fuels are considered to be the main root-cause for the envi-
ronmental problems such as ozone layer depletion, acid rains, increased air pollution (PM10
and more harmful PM2.5 particles) and emission of greenhouse gases. As a consequence,
the increased concentration of greenhouse gases is causing the global average temperature
to rise. In order to limit the global warming trend, the Paris Agreement was signed by
setting a global framework to keep the increase of the global average temperature well
below 2.0 ◦C and to invest efforts to limit it to 1.5 ◦C by 2050.

To be in line with the Paris Climate Agreement and to become the first continent that
is carbon neutral, EU member states have set a target to reduce the CO2 emissions by
60 % by 2030 and become carbon neutral by 2050 [1], [2]. One way to achieve this is to
increase energy production from low-carbon energy sources (wind, solar, hydro, etc.) [3].
Currently, there are many studies on whether a country’s energy system can rely 100 % on
renewable energy sources [4]–[8]. According to these studies, it seems that in the future,
countries around the world will percept renewable energy as their main source of energy.

Renewables provide clean energy, but the problem is their weather reliance. This leads
to fluctuating and intermittent power production that is inconsistent with the actual power
demands. Therefore, there is an obvious need for energy storage systems capable to store
the amounts of energy produced during times of surplus whilst being capable of instant
on-demand delivery. Given the possibility to store the surplus energy enables the transition
from centralised large energy production sites to the smaller, distributed grid-connected
energy production sites. That would reduce losses in the transmission and distribution
system, reduce environmental impact and, most importantly, increase the global efficiency
of the entire energy production [9].

There are various energy storage systems (ESS) technologies for storing the surplus
energy [10]–[12]. In recent years, batteries and hydrogen technologies moved into the focus
of attention as main means of storage for renewable energies. The main reason is their high
specific power and energy per unit weight (Figure 1.1), which allows them to be equally
used both in power generation as well as mobility/transportation sector, without the need
to make big changes in their design.

Although battery and hydrogen technologies are in the commercial use, their main
weakness is related to the reliability and durability. For example, durability needs to be
increased by a factor of five (at least 60000 hours for stationary applications) in order to
present an alternative to the power generation technologies currently on the market [13].
The main problem with the durability are the degradation processes that occur inside the
devices [14]. According to the standard EN 13306 [15], the degradation process is defined
as: “An irreversible process in one or more characteristics of an item with either time, use
or an external cause”.
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Figure 1.1: Specific energy and specific power comparison of different types of ESS tech-
nologies [12].

To increase the durability, two requirements have to be fulfilled. First, to monitor
their operation, and second, to take corrective actions. The point of doing that is to
detect undesirable health condition in the early stage so that there is enough room for
executing adequate mitigation actions. That means to take either maintenance actions or
accommodate the operating conditions in order to reduce the influence of the degradation.

1.1 Hydrogen Technologies

Hydrogen (H2) is one of the most abundant elements in nature. It is also an energy-rich
gas. So far, most of the hydrogen produced is used by industry, mainly for the production
of fertilizers (ammonia) and in the metallurgical industry [16]. In the future, however, the
market for hydrogen could grow strongly. This is because hydrogen is seen as a potential
energy carrier for heating buildings and generating electricity. It is also expected to become
an important fuel in the transportation sector [17], [18]. As a result, many analysts believe
that hydrogen will replace oil as the primary source of energy and spark a whole new
revolution.

Although hydrogen is the most abundant element in the universe, molecular hydrogen
(H2) is very rare in Earth’s atmosphere (1 ppm by volume or less than 0.000055 % of atmo-
spheric air). Most of the hydrogen on Earth is contained in water and other hydrocarbons.
In order to use hydrogen as an energy source, it has to be separated from other elements
in the molecules in which it is found. In other words, it has to be produced.

There are several methods for hydrogen production [19]. The most common one is
steam methane reforming (SMR). It is applied on industrial scale and it contributes more
than 90 % of overall hydrogen production, of which 75 % is produced with natural gas. In
this process, natural gas (methane) is pressurized and heated up to temperatures between
700 ºC and 1000 ºC in the presence of steam and nickel catalyst. The result of the
endothermic reaction is carbon monoxide (CO) and hydrogen (H2)

CH4 + H2O −−→ CO + 3 H2.
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Additional amounts of H2 can be obtained in a reaction known as water gas shift, in which
carbon monoxide reacts with water vapor to produce H2

CO + H2O −−→ CO2 + H2.

Today, 6 % of natural gas is used to produce hydrogen. The major drawback of this process
are its by-products (CO2 and CO), which are released into the atmosphere as greenhouse
gases. To produce 1 ton of hydrogen, 9-12 tons of CO2 are released into the atmosphere.
This type of hydrogen is called grey hydrogen. The average price for a kilogram of grey
hydrogen is between 1.00 – 1.80 $/kg [20].

If the produced CO2 is captured, utilized and stored, it is called blue hydrogen. How-
ever, this process captures only about 80 % of the CO2 produced. That figure can be
increased up to 95 % by using a slightly more expensive process called autothermal reform-
ing. As the greenhouse gases are captured, this contributes to the decarbonization of the
planet. The average price of a kilogram of blue hydrogen is between 1.40 – 2.40 $/kg [20].

These two types of hydrogen production (grey and blue) still release greenhouse gases
and hence contribute to the global warming. However, in order to tackle the global temper-
ature rise, there is a third option of hydrogen production known as water electrolysis, and
the produced hydrogen is labelled as green hydrogen. This type of hydrogen is considered
to play a major role in future energy production and decarbonisation of the planet.

1.1.1 Production of green hydrogen (storing energy)

Electrolysis is a process in which an electric current is used to split the water molecules
(H2O) to produce hydrogen. In this reaction there are no other by-products or emissions
other than hydrogen and oxygen. This is only true if the electricity used for hydrogen
production is coming from a renewable energy source (wind, solar, hydro, etc.). Otherwise,
if the electricity is coming from fossil fuel power plants (coal, natural gas, and petroleum),
the hydrogen produced is considered as grey or blue due to the indirect production of CO2.

Currently, only 10 % of the world’s hydrogen is produced by water electrolysis. That
figure is likely to increase in the next decade due to rising obligations of the governments
across the globe to reduce greenhouse gas emissions. On top of that, hydrogen generation
sector is driven by the increased demand for long-term storage of renewable energy. For
this reason, electrolysers are positioned high in this field. On a large commercial scale,
this process can be referred to as power-to-gas [21]. That means the surplus of electrical
energy can be efficiently stored for future usage.

Electrolysis is a process in which electric current is used to split water molecules (H2O)
into hydrogen and oxygen. The basic reaction of electrolysis is:

H2O(liquid) + 237.2 kJ
mol︸ ︷︷ ︸

electricity

+ 48.6 kJ
mol︸ ︷︷ ︸

heat

−−→ H2 + 1
2O2.

The produced hydrogen using this method can be of very high purity (> 99.999 %). There
are three types of electrolysers currently in use [22]:

1. alkaline water electrolysers,

2. proton exchange membrane (PEM) electrolysers and

3. solid oxide electrolyser (SOE).

In this thesis, only SOE will be addressed.
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Figure 1.2: Energy demand for water and steam electrolysis [23].

Solid oxide electrolysers

SOE have attracted much attention due to their highly efficient conversion of electrical
energy to the chemical energy while producing highly pure hydrogen. Figure 1.2 shows
the energy demand for water and steam electrolysis. According to Hino et al. [23], the
total energy demand (∆H) for water and steam decomposition is the sum of Gibbs energy
(∆G) and heat energy (T∆S). The electrical energy demand ∆G decreases with increasing
temperature as shown in Figure 1.2. The ratio of ∆G to ∆H is about 93% at 100 ºC and
about 70% at 1000 ºC.

SOEs operate at high pressure and high temperatures around 500 – 850 ºC and use
steam instead of liquid water. Due to the high operating temperatures, the electrolyte is
made of Yttria-stabilised zirconia (YSZ), which is an excellent O2– conductor. Its working
principle is shown in Figure 1.3.

In SOE electrolysers, high-temperature steam is introduced at the cathode side, where
it is split into hydrogen molecules (H2) and oxygen ions

H2O + 2 e− −−→ H2 + O2−.

Since the YSZ electrolyte is ion conductive, the negative oxygen ions diffused to the anode
side where they get oxidised. The free electrons are transported back to the cathode side
by the external power supply, which is the driving force of the reaction. The chemical
reaction that takes place on anode side is

O2− −−→ 1
2O2 + 2 e−.
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Figure 1.3: Working principle of SOE electrolyser.

Overall:
H2O −−→ H2 + 1

2 O2

The main advantage of the SOE electrolyser over the low-temperature electrolyser is
high electrical efficiency, which can theoretically reach 100 % [23]–[25]. However, the
major drawback of SOE electrolysers is the durability of the ceramic materials at high
temperatures and long-term operation. It should be noted that the same stack can be
used also in the fuel cell mode. In that case we are talking about reverse solid oxide cells
(rSOC).

1.1.2 Gas to power (fuel cell)

Stored hydrogen can be later used in periods of high electricity demand to generate elec-
tricity. Similarly to the electrolysers, fuel cells are electrochemical devices that convert the
energy of a fuel (hydrogen, natural gas, or other hydrocarbon-based fuels) directly into
electricity. All fuel cells consist of an electrolyte layer in contact with an anode and a
cathode on either side.

There are several types of fuel cells today [26]–[28], the most frequently used are

• Alkaline fuel cell (AFC);
• Phosphoric acid fuel cell (PAFC);
• Molten carbonate fuel cell (MCFC);
• Solid oxide fuel cell (SOFC) and
• Proton exchange membrane (PEM) fuel cell.

They differ in power output, operating temperature, electrical efficiency and type of fuel
used. Each type of fuel cells has its own strengths and weaknesses, hence rendering it for
a particular niche application. For example, PEM and SOFC fuel cells have the highest
electrical efficiency, which makes them particularly attractive for automotive and stationary
applications. Therefore, in this thesis, we will address only PEM and SOFC.

Low temperature PEM fuel cells

The excellent operating characteristics and compactness of low-temperature PEMfuel cells
make them the most attractive candidate for the automotive industry. Currently, a number
of forklifts are powered by PEM fuel cells, and this number will increase in the future.
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The building blocks of PEM fuel cell are similar to that of the PEM electrolyser. The
electrolyte is made of a Nafion and allows only protons to pass through it. The working
principal of the PEM fuel cell is shown in Figure 1.4.

Figure 1.4: Working principle of PEM fuel cell.

At the anode side, hydrogen is oxidized and split into electrons and protons

H2 −−→ 2 H+ + 2 e−.

Then the protons migrate through the electrolyte, which is conductive only for the protons,
while the electrons are forced through the external circuit all the way to the cathode. On
the cathode side, protons are recombined with electrons to form molecular hydrogen H2
which reacts with the oxygen. A product of this reaction is pure water. The chemical
reaction at the cathode side reads

O2 + 4 H+ + 4 e− −−→ 2 H2O.

The overall reaction in the fuel cell can be written as

H2 + 1
2O2 −−→ H2O + Welec + Qheat,

whereWelec is the produced electrical energy delivered to the load andQheat is the produced
heat. Heat and water must be continuously removed in order to maintain the ideal working
condition and to avoid unwanted failures of the components.

According to Sharaf et al. [13], the main advantages of PEM fuel cells are high power
density, compact structure, rapid start-up due to low temperature operation (60 – 80 ºC),
excellent dynamic response, etc. However, the main drawbacks are: complex water and
thermal management, low-grade heat, high sensitivity to contaminants (carbon monoxide
CO and hydrogen sulphide H2S) and expensive catalyst (platinum).

High temperature solid oxide fuel cell (SOFC)

High temperature SOFC are considered as the prime candidate for stationary power gen-
eration. High temperature of (700 – 1000 ºC) enables them to operate at high electrical
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efficiency up to 80 % [29]. Additionally these temperatures allow operation with a variety
of fuels, such as hydrogen, carbon monoxide, methane and other hydrocarbon fuels [30]–
[32]. Moreover, the exhaust energy gives an opportunity to be used (recuperated) via e.g.
gas turbine, or heat exchangers, thus ranging the overall efficiency of the SOFC system up
to 90 % [33].

The structure of the SOFC is similar to that of the solid oxide electrolyser. High
operating temperatures make YSZ electrolyte excellent O2– conductor, while nickel-based
electrodes act as an excellent catalyst material. The working principal of the SOFC is
shown in Figure 1.5.

Figure 1.5: Working principle of SOFC fuel cell.

On the cathode side O2– ions are formed by reduction

1
2O2 + 2 e− −−→ O2−.

Since the YSZ electrolyte is ion conductive, negative O2– ions are transported through
the electrolyte to the anode site where they are oxidised. Molecular oxygen (O2) then
reacts with the hydrogen to form water

H2 + O2− −−→ H2O + 2 e−.

The main advantages are: high electrical efficiency, high tolerance to contaminants, fuel
flexibility, inexpensive Ni catalyst, etc. However, the main drawbacks are: slow start-up,
high thermal stresses, sealing issues, durability issues, etc.

1.2 Battery Technology

Batteries are electrochemical energy devices that can store chemical energy and convert it
directly into electrical energy when needed. Unlike fuel cells, where power is generated from
external fuel, the power from batteries is generated from the previously stored chemical
energy. A typical battery cell consists of two electrodes (anode and cathode) separated by
electrolyte, which can take solid, liquid or ropy/viscous state [34]. The two electrodes are
compounded by materials having different electrochemical potentials that spontaneously
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induce a redox reaction. This potentials difference generates current when connected to
an external load. The desired battery voltage and current are achieved by electrically
connecting the cells either in series or in parallel.

Nowadays, batteries are used in many different applications, ranging from transporta-
tion to power grid management. Compared to other types, Li-ion batteries exhibit the
greatest potential due to high energy density and storage efficiency of 83 % [35].

A single lithium-ion cell consists of a cathode, an anode, an electrolyte, and a separator
(Figure 1.6). The cathode of the lithium-ion battery is made of lithium metal oxide, such
as lithium cobalt oxide (LiCoO2), which is the main supplier of lithium ions. The anode,
on the other hand, consists of lithium-carbon (graphite) compounds. The electrolyte serves
only as a conductor for the positive lithium ions from the anode to the cathode and vice
versa through the separator. Finally, the separator has the task of blocking the flow of
electrons within the battery.

Figure 1.6: Working principle of a Lithium-ion battery.

The movement of lithium ions from anode to cathode creates free electrons. Therefore,
the current flows from anode to the cathode via external load. When the battery is
charging, the opposite happens. Lithium ions are released by the cathode and received
by the anode. The basic chemical reactions occurring inside the lithium-ion battery for
LiCoO2 as positive electrode reads:

Cathode reaction :

LiCoO2

charge−−−−−−→←−−−−−−
discharge

CoO2 + Li+ + e−,

Anode reaction:

C6 + Li+ + e−
charge−−−−−−→←−−−−−−

discharge
LiC6,

Overall:

LiCoO2 + C6

charge−−−−−−→←−−−−−−
discharge

CoO2 + LiC6.

According to Amirante et al. [9], the main advantages of lithium-ion batteries are: high
energy density (160 – 200 Wh/kg), potential for yet higher capacities, fast response time
(milliseconds), low self-discharge rate and high efficiency. However, the main drawbacks
include requirement for external circuit to maintain voltage and current within the safe
limits and high temperature dependency.



1.3. Common Features of Electrochemical Energy Conversion Devices (EECD) 9

1.3 Common Features of Electrochemical Energy Conversion
Devices (EECD)

Although the construction and operating principles of EECD differ, the underlying elec-
trochemical processes share a great deal of similarity. During energy conversion, numerous
sub-processes associated with diffusion, ion and electron transport, redox reactions and
other processes take place. They span from ultra low frequencies (<1 mHz) to ultra high
frequencies (>1 MHz). During operation, undesirable internal degradation processes may
evolve, leading to the reduction in EECD performance. In turn that leads to a reduced
state-of-health (SoH) and hence, reduction of the remaining useful life (RUL) [36]–[40].
Since all of these processes occur at the molecular level, the main question is how can the
degradation processes be inferred on the macroscopic (or system) level non-invasively, i.e.
without intruding the structure?

For the sake of high efficiency and low operating costs, in situ/operando monitoring
of EECD turns out to be of utmost importance. There are multiple in situ characteriza-
tion techniques such as magnetic resonance imaging (MRI) [41], [42] and X-ray absorption
spectroscopy (XAS) [43], however due to the complexity and price of the equipment they
cannot be used to perform on site monitoring on a mass scale. The simplest and the
most cost-efficient methods for performing real-time monitoring rely on electrochemical
techniques such as analysis of polarisation curves and EIS. Polarisation curve represents
the steady-state relationship between current and voltage, without giving any information
about the dynamic characteristics of the system. In contrast, EIS represents a linear dy-
namic method that provides information about the dynamics of the physical and chemical
processes occurring inside the EECDs.

By performing EIS, it is possible to cover the whole frequency spectra of interest, obtain
information about the main processes occurring inside the EECD under test, and possibility
to detect unwanted degradation phenomena as illustrated in Figure 1.7. Therefore the EIS
spectrum represents a common feature for condition monitoring and prognostics and health
management (PHM) of EECD.

(a) (b)

Figure 1.7: Effect of ageing on the EIS spectrum on (a) Li-ion battery and (b) PEM
fuel cell [44]. Visible changes in EIS associated with change in the internal health can be
observed.
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1.4 Dissertation in the Context of PHM

Prognostics and health management (PHM) represents a general framework focused on
performing health monitoring of technical systems, prognostics of their remaining opera-
tional life and designing the mitigation actions [45]. The general concept is depicted in
Figure 1.8.

On-Line operation

Perturbation and
data acquisiton

Feature extraction

Fault detection

Fault diagnostics

Prognostics

Decision support

Features

Degradation
models

Figure 1.8: General concept of prognostics and health management (PHM) of technical
systems slightly accommodated for EECD.

To perform PHM, the system design partly requires substantial off-line experimental
data and models built thereupon. These models are normally very detailed. They are
aimed to analyse important issues related to the conditions leading to degradation, the
evolution of degradation and impact on reliability. The same data sets and models are
important in devising models for support in online processing. The main steps of PHM
system are briefly reviewed in the sequel.

Perturbation and data acquisition

Characterisation of EECD or any devices in general requires an external perturbation signal
to obtain its response. This dissertation will largely exploit the potential of unconventional
DRBS perturbation instead of the classical mono-component sinusoidal perturbation. The
advantages are twofold. First, from the electronics point of view the excitation circuit is
much simpler than the one required for generation of the sinusoidal waveforms. Conse-
quently, such a module is cost-effective and relatively easy to build. At the same time, the
quality of the perturbation signals is comparable with those in the commercially available
laboratory equipment. Second, due to its broad-band frequency content, shorter pertur-
bation times may suffice for full characterisation of an EECD.
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Feature extraction

Feature extraction is a procedure aimed to unfold information out of the measured signals.
It is usually performed by various signal processing techniques. The result are features,
which, ideally, depend only on the system internal health condition and are independent
of the external and operating conditions. Hence the pattern of the features in the features
space represents the fingerprint of the system degradation modes and fault modes.

In this thesis, the features are acquired by applying the wavelet transform using the re-
cently developed Morse wavelet [46], [47]. Compared to the other wavelets, Morse wavelet
has superior accuracy even at ultra-low frequencies (<100 mHz) without losing its analyt-
ical properties. Unlike the current state-of-the-art techniques that usually provide only a
dozen of points per decade, the result of this approach is an impedance spectrum (Nyquist
curve) calculated with almost continuous frequency resolution without the need for addi-
tional excitation cycles. This greatly reduces the excitation time while, at the same time,
improving the quality of the results.

Fault detection

Basically, it performs analysis of change in the feature space by comparing the actual
feature pattern with the reference one. Reference patterns can be structured in terms of
models or be available in the data format. Typically, one or more faults in the EECD
under test will result in a change of the feature pattern.

Fault diagnostics

Diagnostics represents a process of isolating the source (cause) of the fault. That means
pointing out the root-cause of the fault. To do so, a sort of fault-symptom model is
needed. Such a model can be obtained by analysing the causal relationship between faults
and features of classification techniques applied to the available data records.

Prognostics

The anticipated evolution of the system condition is evaluated and the remaining useful
life (RUL) is estimated. Information from reliability models or other priors on hidden
degradation processes can be used to predict the future condition of the monitored system,
subsystem or component. The goal is to infer how long the EECD can continue operating
even in the presence of a degradation trend due to the previously detected fault.

Decision support

As soon as fault condition is inferred and the RUL anticipated, alerts to the operators
should be triggered along with the suggested corrective and maintenance to take.

1.5 The purpose of the Dissertation

The main purpose of this thesis is to contribute to the first three components as presented in
Figure 1.8, in particular the perturbation and data acquisition, feature extraction and the
fault detection step. In the conventional PHM, system perturbation as an accompanying
step in the data acquisition is not particularly addressed. In this thesis, a strong emphasis
will be on a novel way of perturbation for the sake of quality feature extraction.

The classical approach relies on superimposing a mono-component sinusoidal pertur-
bation signal to a constant operating point (DC). The amplitude of the signal has to be
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small so that the perturbation remains in the linear range, but still large enough to ensure
a suitable output signal-to-noise ratio. By changing the frequency of the perturbation
signal, the impedance is measured over a selected set of frequencies. The most challenging
task of performing EIS on EECDs is satisfying the conditions of linearity, causality, and
stability. This is especially true at low frequencies (<100 mHz), since perturbation times
might be of order of an hour. Therefore, during this time, the chances for environmental
disturbances to corrupt the measurement increase with increasing perturbation time.

A way to solve this issue is by using broad-band stochastic perturbation signals [40],
[48]–[51]. There are several publications that provide solutions to this question [48], [49],
[52]. However, some accuracy issues at ultra low frequencies occur. Furthermore, the possi-
bility of using dedicated and cost-effective perturbation circuit has been neglected. Finally,
to show the broad applicability of this idea, the complete concept has to be evaluated over
a wide variety of EECD.

1.6 Goals

The ambition of the dissertation is to develop a method and apparatus that will improve
the process of on-line in-operando characterisation of EECD. The goals are the following:

• Cost-efficient perturbation circuit enabling broad frequency excitation;
• Increase by an order of magnitude the frequency resolution of EIS spectra compared

to the mono-component sinusoidal based EIS approaches;
• Achieving accurate lowest observable frequency down in the mHz range;
• Detection of fuel starvation at SOFC;
• Estimate the uncertainties of inferred EIS characteristics; That is completely ne-

glected by the researchers in the field.
Due to the novel perturbation and signal processing approaches, it is impossible to

use equipment produced by the established manufacturers in the field of electrochemical
impedance spectroscopy. Consequently, new perturbation and data acquisition infras-
tructure should be devised for use in long-term run-to-failure experiments. It has to be
capable to cope with large amounts of data, typically several TBytes monthly. Further-
more, the infrastructure has to be cost-effective and provide a similar quality of signals as
the laboratory-scale equipment.

Besides the methodological development, a strong additional goal is to evaluate the
proposed method and apparatus on different families of electrochemical energy systems
such as: PEM fuel cells, SOFC, SOE, lithium-ion battery and supercapacitors.

1.7 Hypotheses

The thesis is based on the following hypotheses:

Hypothesis 1. The quality of impedance spectra obtained by broad-band DRBS excita-
tions is comparable with the those obtained using commercially available state-of-the-art
laboratory equipment.

Hypothesis 2. By using DRBS perturbation signal together with the Morse mother
wavelet, the number of frequency points at which the impedance is calculated can be
significantly increased without extending the measurement time.

Hypothesis 3. Changes in the internal condition of the EECD can be associated with
the characteristic changes in the parameters of the equivalent circuit model (ECM).
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1.8 Scientific Contribution

The contributions of this thesis are the following:
• It is shown that broadband perturbation signal such as DRBS results in almost con-

tinuous frequency resolution of the evaluated spectra, without the need of increasing
the measurement perturbation time. The number of frequency points is limited only
by the number of samples in the signal.

• Implementation of the Morse wavelet for accurate evaluation of the impedance spec-
tra at ultra-low frequencies (<1 mHz).

• Estimation of the impedance uncertainty at each frequency point in order to ensure
the validity of the measurements.

• Associating qualitative changes in the internal condition with quantitative changes
in the ECM parameters. The possibility of the approach to detect issues in fuel
supply is demonstrated on real data. However, it seems the unambiguous isolation
is not possible in that case since different faults exhibit similar configurations of the
features.

• A modular experimental setup which consists of commercially available and cost
effective components. It is capable of performing EIS by using arbitrary excitation
signals. This contributes to a great flexibility both in terms of power ranges and
modes of operation.

1.9 Structure of the Thesis

The remainder of the thesis is organised as follows.
Chapter 2 first describes the basics of performing EIS. That is followed by the descrip-

tion of a method for fast EIS based on unconventional DRBS excitation. The basics for
wavelet transform for processing current and voltage signals are also presented. In the
second part of the chapter, the practical aspects of performing EIS are discussed. In the
last part of the chapter, different architectures for EIS on different EECD are presented.

Chapter 3 gives a detailed presentation of the fast EIS, with the focus on ultra-low
frequencies. The advantages of using Morse mother wavelet over the other complex mother
wavelets are explained.

Chapter 4 presents different methods for feature extraction from measured impedance
spectra, which are used to perform condition monitoring on various EECDs.

And finally, Chapter 5 summarises the thesis and provides directions for future work.





15

Chapter 2

Electrochemical Impedance
Spectroscopy (EIS)

EIS is a nondestructive characterisation technique widely used in the fields of electrochem-
istry [53] like batteries [54], fuel-cells [55], electrolysers [56], materials [57], etc. The result
of EIS is system impedance (system transfer function), which carries the information about
the internal health of the system under test. Quality EIS evaluation requires good data ac-
quisition system, precise signal generators, low-noise sensors and effective signal processing
techniques. Each of these segments is addressed in the remainder of this chapter.

2.1 The Definition of Electrical Impedance

The impedance Z(ω) of a linear electrical circuit is defined as the ratio between Fourier
transforms of the voltage u(t) and the current i(t)

Z(jω) =
F{u(t)}
F{i(t)} =

F{U0 sin(ωt)}
F{I0 sin(ωt+ ϕ)} =

U0e
jωt

I0ej(ωt+ϕ)
= Z0e

jϕ

= Z0 cos(ϕ) + jZ0 sin(ϕ) = Z ′ + jZ ′′.
(2.1)

where U0 and I0 represent the amplitudes of voltage and current signal respectively, ω
represents the angular frequency of excitation and ϕ represents the phase shift. The concept
is illustrated in Figure 2.1.

The impedance spectra is divided into two main components: resistance, which rep-
resents the real part of the impedance and is denoted as Z ′ (2.1) in the electorhemical
books and reactance, which represents the imaginary part of the impedance (Z ′′). The
measuring unit of impedance is in Ohms [Ω].

2.1.1 Graphical representation of impedance

Since the result of the impedance measurement is a frequency-dependent complex function,
it is usually visualised in either a Nyquist plot (Figure 2.2a), in which the real and
imaginary part of the impedance are plotted, or a Bode plot (Figure 2.2b) in which the
phase and the magnitude (or the real and imaginary parts of the impedance) are plotted
versus the logarithm of the frequency.

2.1.2 Classical impedance spectroscopy

Classical method for performing impedance spectroscopy includes mono-component sinu-
soidal excitation signals. In order to cover the whole impedance spectrum of interest of
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I,U

Figure 2.1: Sinusoidal current signal i(t), corresponding voltage response u(t), and phase
shift ϕ.
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Figure 2.2: Different representations of EIS spectra: (a) Nyquist plot and (b) Bode plot.

the system under test, it has to be excited at multiple predefined frequencies.
The impedance of the system under test is calculated by applying the Fourier trans-

formation to the measured voltage u(t) and current i(t) signal correspondingly

U(jω) =

∫ ∞
−∞

u(t)ejωtdt.

Similarly, the real and imaginary parts of the signals can be obtained separately by splitting
the above integral using the Euler’s formula as:

<{U(jω)} =

∫ ∞
−∞

u(t) cos(ωt)dt

={U(jω)} =

∫ ∞
−∞

u(t) sin(ωt)dt.

(2.2)

The integrals (2.2) are then solved for each discrete frequency ω at which the system was
excited.

In order to avoid possible discontinuities, the obtained signals are first multiplied with a
windowing function w(t). A window function is zero-valued outside of some chosen interval,
normally symmetric around the middle of the interval. This is especially important, since
most of the measured signals on real systems do not start from zero or end at zero, and
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such discontinuities at the beginning or at the end can influence the final result. Therefore,
(2.2) gets the following form:

<{U(jω)} =

∫ ∞
−∞

u(t)w(t) cos(ωt)dt

={U(jω)} =

∫ ∞
−∞

u(t)w(t) sin(ωt)dt.

2.1.3 Influence of the number of periods of the sinusoidal excitation on
the accuracy of the results

The number of periods used in sinusoidal excitation determines the accuracy of the results.
It is especially important when performing EIS in a noisy environment. The accuracy of
the final result can be significantly improved by making more than one signal cycle subject
to integration.

This can be easily demonstrated by solving (2.2) for a certain f0, which for demon-
stration purposes is set to f0 = 10 Hz. The frequency accuracy depending on the number
of periods is shown in Figure 2.3. For short excitation signals, typically with less than 5
periods (top left plot in Figure 2.3), frequency resolution is too wide, thus reducing the
precision of the resulting EIS. This means the influence from neighbouring frequencies will
have a significant impact on the values of the integrals (2.2).
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Figure 2.3: Frequency accuracy of single sine excitation for a different number of periods
N for a “sine” filter at f0 = 10 Hz calculated using the integrals (2.2).

2.2 Conditions to be Met in Impedance Spectroscopy

To correctly evaluate EIS, the system under test has to satisfy the following conditions:
• linearity,
• causality and
• stability.

2.2.1 Linearity

In linear dynamic systems sinusoidal signal on input causes sinusoidal signal on the output.
The amplitude of the output has to be directly proportional to the amplitude of the input
signal.
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Generally, EECDs are nonlinear systems. To meet the linearity conditions, the ampli-
tude of the input excitation signal should be small enough in order not to excite non-linear
modes of the system, but big enough to ensure a suitable signal-to-noise ratio output.
The attribute small depends very much on the operating point. That is illustrated on a
static characteristic of a fuel cell in Figure 2.4. In Figure 2.4a, the operating point falls in
the linear part of the characteristic. A small-amplitude sinusoidal perturbation causes a
small-amplitude response which is almost sinusoidal as well. However, the same amplitude
of the perturbation applied to the operating point in Figure 2.4b causes a response, which
is no longer mono-component but contains higher harmonics. To reduce the amount of
higher harmonics, the amplitude of the input signal should be significantly reduced.

U

I

(a)

U

I

(b)

Figure 2.4: Impedance spectroscopy performed at different operating points of a nonlinear
system: (a) operating point is within the linear region and (b) operating point is within
the nonlinear region.

One should also note that EIS based on linearisation results in different EIS character-
istics for different operating points.

2.2.2 Causality

The notion of causality stands for the presumption that the system response is a result
only of the perturbation signal at the input. However an EECD is normally subjected to
various perturbations of different origin. For example, fluctuations in fuel flow in a fuel
cell can disturb the EIS measurement and hence result in corrupted values of the evaluated
impedance.

2.2.3 Stability

The notion of stability in the context of EIS refers to the system property according to
which a system subjected to a perturbation returns to its original state once the pertur-
bation is removed. If the state of the system under test changes during the experiment,
the results are not valid and they should not be taken into account. A typical example
are batteries. If EIS is performed under higher charging/discharging rates, the state of
charge at the beginning and the end of the experiment might differ, which means that
the battery’s internal condition has changed. Consequently, the EIS properties might have
changed as well.
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Particular attention should be devoted when impedance spectroscopy takes long per-
turbation times, especially in the low-frequency region. Although a mono-component sinu-
soidal excitation leads to the increased accuracy of the evaluated EIS, yet 3 to 10 periods
are required to achieve sufficient frequency resolution [58]–[60]. During this time, drifts
and environmental disturbances may occur, which can significantly affect the accuracy of
the final result.

Ensuring stability conditions becomes especially challenging when performing charac-
terisation at the frequencies below 1 mHz. At these frequencies, the time required to
perform the excitation can be notoriously long. For example, using mono-component si-
nusoidal excitation at 1 mHz with recommended 3–10 periods would take from 3,000 to
10,000 seconds of perturbation. That is where broadband excitation signals come at their
best since they may substantially reduce the time required for performing EIS.

2.2.4 Broadband excitation signals

A broadband signal is composed of many sinusoidal signals with frequencies taking values
from a broad interval. If a linear system is excited with such a signal, then thanks to the
superposition principle, the overall system response is a sum of the partial responses

I =
∑
k

Ike
jωkt

U =
∑
k

Uke
j(ωkt+ϕk)

The EIS characteristic is then evaluated as follows

Z(ωk) =
U(ωk)

I(ωk)
ejϕk

Signal generators used for excitation can generate signals with a finite amount of power.
In case of a mono-component sinusoidal signal, the entire power is concentrated at one
frequency. However, in broadband signals, the same power of the signal is distributed
across many frequencies in a broad range. A component in a broadband signal can bear
only a fraction of power of the overall signal, which is substantially lower compared to
the mono-component case. Because of that, the broadband excitation signals are more
susceptible to lower values of SNR.

To use a broadband signal as excitation signal, the following properties must be ful-
filled [61], [62]:

• its bandwidth must include the highest frequency of interest,
• the amplitude must be large enough to guarantee an appropriate signal-to-noise ratio.

Broadband excitation signals can be deterministic, such as multisine and chirp, or stochas-
tic, such as DRBS. Stochastic excitation signals, however, must be stationary in order to
be used for performing EIS.

Multisine excitation signal uses the sum of sinusoidal signals to form a broadband sig-
nal [63], [64]. It is defined as u(t) =

∑N
k=1Ak sin (2πfkt+ φk), where Ak are the ampli-

tudes, fk frequencies and φk the phases of the sinusoidal functions applied. Time needed to
take the measurements is defined by the lowest frequency used in the signal. In Figure 2.5,
an example of a multisine signal in time-domain and its corresponding power spectrum is
shown. Multisine signal is often used for performing EIS on different electrochemical con-
version devices [65]–[67]. However, in order not to exceed the maximum allowed amplitude
of the signal in the linear region, the amplitude of the sinusoidal signals should be carefully
used. One way to do it is by performing phase optimisation of each of the signals.
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Figure 2.5: (a) Multi-sine signal in time domain and (b) its amplitude power spectrum.

Chirp represents a sinusoidal signal in which the frequency is swept up and/or down
during the measurement. It is defined as

u(t) = sin

[(
π(f2 − f1)

T
t+ 2πf1

)
t

]
,

where f1 and f2 represent the minimum and maximum used frequency, respectively, and
T represents the measurement period. In Figure 2.6, an example of a chirp signal in time-
domain and its corresponding power spectrum is shown. Chirp signal has also been used
for performing EIS on EECD [68], [69].
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Figure 2.6: Chirp signal in (a) time domain and (b) its power spectrum.

DRBS signal is designed to match white noise properties [62]. Its value switches between
−a and +a at the discrete time points kλ (k ∈ N0), where λ is minimal time between the
two switchings [61, pp. 161–162]. λ also determines the effective bandwidth of the DRBS,
which is defined as fb = 1

3λ . This means that all of the frequencies are on average excited
with the same power (more precisely, power density). Power spectral density Φd

X(ω) of the
DRBS is defined as:

Φd
X(ω) = a2λ

∣∣∣∣∣sin
(
ωλ
2

)
ωλ
2

∣∣∣∣∣
2

.

where ω represents the angular frequency and a is the amplitude of the generated signal.
In Figure 2.7, an example is shown of a DRBS signal in time-domain and its corresponding
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power spectrum density. In the interval [0, fB], the power spectrum of the signal is rather
flat and hence pretty much similar to power spectrum of the white noise.
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Figure 2.7: DRBS signal in (a) time domain and (b) its power spectrum.

2.3 Impedance Evaluation by Means of Continuous Wavelet
Transform

When applying Fourier transform to the measured signals, their local time properties and
details of interest die out due to averaging. If the details matter, it is more suitable to
use the time-frequency spectral decomposition. Time-frequency methods enable analysis in
a two-dimensional time-frequency plane. In turn, the signal’s spectral evolution in time
can be observed. A simple way is to use short-time Fourier transform, which is defined as
follows:

F (τ, ω) =

∫ +∞

−∞
fm(t)g(t− τ)e−jωtdt, (2.3)

where g(t) is a window function and τ denotes time.
Expression (2.3) is a time-localised Fourier transform. Fourier transform is performed

at each position of the sliding window g(t), which results in a sequence of spectra. The
main problem with the short-time Fourier transform is limited time-frequency resolution,
which is related to the choice of the time window shown on the left-hand side in Figure 2.8.

Δ
ωΔ
ω

Figure 2.8: The concept of time-frequency resolution. The left-hand graph shows constant
time-frequency resolution typical for the short-time Fourier transform. The right-hand
plot shows adaptive time-frequency resolution, a partitioning that is typical for the wavelet
transform.
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Continuous wavelet transform (CWT), on the other hand, allows flexible time-frequency
resolution, which is achieved through the concepts of scaling of mother wavelet ψu,s(t).
Mother wavelet functions represent an orthogonal set of function, which are used to rep-
resent any finite energy signal f(t). CWT is defined as [70]:

Wf(s, u) =

∫ ∞
−∞

f(t)ψ∗u,s(t) dt,

where ψ∗u,s(t) = 1√
s
ψ∗( t−us ) denotes the complex conjugate and u and s are the translation

and scaling parameters. The u and s parameters can be easily transformed in time and
frequency based on the properties of the selected wavelet function.

There are many different mother wavelet functions available, but only complex mother
wavelet functions are applicable for EIS evaluation such as: the Bump wavelet, the Morlet
wavelet [71], [72] and the Lognormal wavelet [73].

However, due to its outstanding high time localization properties, the generalised Morse
mother wavelet is considered as the best candidate for impedance analysis [74]. In frequency
domain it is defined as:

Ψ(ω) = U(ω)Kα,βω
βe−ω

α

Details on the use of CWT with the Morse wavelet in the context of EIS can be found in
Chapter 3.

It should be noted that having a finite number of samples, certain wavelet coefficients
become corrupted due to the edge effects at the beginning and the end of the observation
window. These coefficients must be omitted from further analysis. The effect is a direct
consequence of the so-called cone of influence [75].

The impedance values can be obtained by CWT in a pretty much similar way as with
the Fourier transform. CWT analysis of the voltage u(t) and current i(t) will result in a
set of complex wavelet coefficients:

Wi(t, f) = <{Wi(t, f)}+ j={Wi(t, f)},
Wu(t, f) = <{Wu(t, f)}+ j={Wu(t, f)}.

whereWx(t, f) denotes the wavelet of a signal x(t) and its function of time t and frequency
f . The impedance is the ratio of the wavelet coefficients:

Z(t, f) =
Wu(t, f)

Wi(t, f)
. (2.4)

It should be noted that the impedance calculated in (2.4) is defined with time and frequency
and provides instantaneous amplitude and phase at every time-frequency point. This
means that one can track the evolution of the phase and amplitude of the impedance for
each frequency over time. Having the time evolution of the complex impedance, it becomes
possible to perform a more detailed analysis on the impedance values.

2.4 Data Validation

System impedance represents a complex analytic function in the upper half-plane. More-
over, real and imaginary part are not independent as they emerge from the same signals.
This strong property is expressed by means of the Kramers-Kronig relations, which render
possible to reconstruct the imaginary part of the impedance spectra from the real part and
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vice versa [76], [77]

={Ẑ(ω)} = −2ω

π

∫ ∞
0

<{Z(x)} − <{Z(ω)}
x2 − ω2

dx

<{Ẑ(ω)} = <{Z(∞)} − 2

π

∫ ∞
0

x={Z(x)} − ω={Z(ω)}
x2 − ω2

dx.
(2.5)

KK can be used as a tool to check whether the measured system satisfies the condition of
stability, causality and linearity.

The infinite integration in (2.5) leads to the inevitable numerical errors. Ehm et al. [78]
provided a solution to this numerical problem and proposed a Z-HIT method. In Z-HIT,
the amplitude spectrum can be reconstructed from the phase spectrum as follows

log |Ẑ(ω0)| ≈ a+
2

π

∫ ω0

ωmin

φ(ω)d logω + γ
dφ(ω0)

d logω0
(2.6)

where φ(ω) is the phase spectrum, γ = −π
6 and ω0 ∈ [ωmin, ωmax]. The derivation dφ(ω0)

d logω
can be evaluated numerically by means of the Savitzky-Golay filter [79]. The constant a
is determined by a least squares fit. It is done in a way where the region in which it is
calculated is immune to external disturbances.

Using (2.6), impedance data are valid if the difference ||Z(ω)|−|Ẑ(ω)|| is small enough.
If either system dynamics, experimental conditions or data acquisition violate linearity,
causality and stability, the reconstruction via Z-HIT may fail in certain frequency regions.
These regions should be excluded from further EIS analysis.

2.5 Practical Aspects of EIS Measurement

In the context of electrochemical systems, two kinds of excitation modes apply, i.e. po-
tentiostatic mode and galvanostatic mode. In potentiostatic mode, the manipulated input
is voltage and the system response (output) is current, while in the galvanostatic mode,
current is the manipulated input and voltage is the output. Potentiostatic mode is often
used in cases of high impedances, for example in corrosion. In that case, currents cannot
go unintentionally high but remain limited. On the other hand, the galvanostatic mode
is particularly suitable for measuring very low impedances (e.g. batteries, fuel-cells and
electrolysers) since in that case, limited currents result in limited voltages.

Most of the conventional EIS devices currently available on the market are referred to
as frequency response analysers (FRA). FRA generates sinusoidal excitation for a selected
frequency, acquires current and voltage samples and evaluates the value of impedance at
that particular frequency. The perturbation is repeated for a selected set of frequencies
across the frequency band of interest. The main advantage of these devices is their relia-
bility, accuracy, and the ability to operate in both potentiostatic and galvanostatic modes.
However, these devices are not modular in a sense that if EIS measurements at higher
power ranges are needed, one cannot simply apply multiple items of the same device (in
parallel or in series) but has to purchase a new item designed for higher power range. A
constraint often encountered in FRA concerns the lack of freedom in choosing the exci-
tation waveforms and the inability to have access to time-domain data. This makes it
unattractive for performing fast impedance spectroscopy.

A problem addressed in this thesis concerns modularity and flexibility of the hardware
equipment to be used in applications. As demonstrated in the sequel, that can be achieved
by using low-cost standard laboratory devices, such as digital loads, power supplies, and
signal generators. If the required power, current or voltage range of the EECD exceeds
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the range supported by a single device, several such devices can be put together either in
parallel or in series to meet the specified range. The key requirement for standard devices
to be employable for impedance spectroscopy is that they can be synchronized one with
another. That is crucial because all the devices that contribute to the final excitation
signal have to generate exactly the same waveform in the time domain. In some cases, the
equipment dedicated to EIS measurements might not provide the opportunity to the user
to apply a user-defined, arbitrary excitation waveform.

In order to obtain good quality data, the following modules are required:
• Current sensors,
• DAQ system,
• Device for inducing excitation signals,
• Control and processing unit.

The role for each of the modules described above is explained in detail in the sections that
follow.

2.5.1 Current sensors

Current can be measured directly or indirectly. The simplest (direct) method uses the shunt
resistor shown in Figure 2.9a. Although accurate and relatively inexpensive, it suffers from
three weaknesses:

1. To implement a shunt, one needs to break the electrical circuit in order to physically
embed in the circuit. That can be rather impractical in some cases.

2. For small currents, the voltage drop across the shunt is very small and has to be
amplified using an external instrumentation amplifier.

3. With increasing currents, the energy dissipation increases, thus leading to the increase
of the resistance and, consequently, to a higher voltage drop. Hence a bias appears
in the deduced current values.

Indirect methods rely on sensing magnetic field that is generated by a current passing
through the cable. The magnitude of the magnetic field is proportional to the magnitude
of the electric current. There are two options, one is Hall probe (Figure 2.9b) and the other
is Flux-gate sensor (Figure 2.9c).

The Hall probe is based on the Hall effect. A voltage difference is generated across an
electrical conductor placed in a magnetic field. The main advantage of using Hall probe is
that it is galvanically separated between the primary and secondary circuit, easy to install,
relatively immune to external disturbances and it has high bandwidth.

Flux-gate current sensor is similar to a Hall effect current sensor, except that it uses
a magnetic coil instead of a Hall effect system. The magnetic core is built using a high
permeability material, which is immersed in the magnetic field to be measured. It is based
on a closed-loop technology that allows accurate and precise monitoring of DC and AC
currents with high bandwidth, very low noise and negligible drift. Due to its higher accu-
racy, it makes these sensors ideally suited for industrial, aerospace, and other applications
that require high accuracy measurements. Details about the operating principle of the
Flux-gate can be found in [80], [81].

The main advantage of flux-gate sensors is that their primary and secondary circuit
are galvanically separated, they have very high SNR and can be used for both AC and DC
measurements.

In our experiments, EIS was performed with two different types of current sensors:
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(a) (b) (c)

Figure 2.9: Different sensors for measuring current: (a) shunt resistor, (b) Hall probe and
(c) Flux-gate.

• LEM HASS-50S1 which represents a Hall probe and

• CAENels CT-1002 transducer which represents a flux-gate current sensor.

As mentioned before, current measurements performed using CAENels CT-100 sensor are
by far superior when compared with the measurements performed using LEM HASS-50S.
A comparison of the noise levels between both sensors is shown in Figure 2.10.
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Figure 2.10: Comparison of current signals obtained with Hall current sensor and flux-gate
current sensor. Note the substantially higher noise level in the former sensor.

2.5.2 Data acquisition system

Signal measurement

There are two types of signal measurements: single-ended and differential. They are
illustrated in Figure 2.11.

In a single-ended measurement, the potential difference between a point of interest in
the circuit and ground is observed. In contrast, a differential measurement represents a

1Datasheet of LEM HASS-50S sensor can be found on https://www.lem.com/sites/default/files/
products_datasheets/hass_50_600-s.pdf

2Datasheet of CAENels CT-100 transducer can be found on https://www.caenels.com/wp-content/
uploads/2015/04/CT-100_CT-150_UsersManual_V1.5.pdf

https://www.lem.com/sites/default/files/products_datasheets/hass_50_600-s.pdf
https://www.lem.com/sites/default/files/products_datasheets/hass_50_600-s.pdf
https://www.caenels.com/wp-content/uploads/2015/04/CT-100_CT-150_UsersManual_V1.5.pdf
https://www.caenels.com/wp-content/uploads/2015/04/CT-100_CT-150_UsersManual_V1.5.pdf
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Figure 2.11: Comparison between single-ended measurement and differential measurement.

measurement of the voltage difference between the two voltage signals. The main advantage
of the differential measurement is noise rejection. Namely, a problem with single-ended
measurements is that noise in the signal might be amplified prior to the transmission to
the entry of DAQ system. In the differential measurement, noise is added to both signals
and filtered out by the common-mode rejection filter of the data acquisition system.

When performing EIS on EECDs, most of them are not connected to the ground, which
means that their voltage is floating. Therefore, the voltage and current signals coming from
the device under test should be measured differentially.

To prevent one measurement channel interfering with the other, each single channel
must be isolated from the rest of the system, e.g. the system’s power supply, chassis
ground, and so on. If all the channels are mutually isolated, they are isolated from the
ground.

Analogue-to-digital converters (ADCs)

Depending on the DAQ system, the analog-to-digital conversion can be multiplexed or
simultaneous. In a multiplexed DAQ system, such as NI USB-6215, a single ADC is used
to convert multiple signals from analog to digital domain. This is done by multiplexing
the analog signals, meaning only one channel at a time can be processed by the ADC
(Figure 2.12).

ADC

Channel 1

Channel 2

Channel 3
Channel 4

Channel 5 Cadc

Figure 2.12: Schematic of a multiplexed DAQ system.

For example, the multiplexer frequency fMUX of NI USB-6215 is 250 kHz. It can
measure up to 8 differential signals with adjustable sampling frequency fs. If only one
signal is measured, the maximal sampling frequency fs is 250 kHz. When all 8 channels
need to be sampled, the maximal sampling frequency is 250/8 = 31.25 kHz.

The main problem of multiplexed DAQ systems is the time delay that occurs during
sampling. For example, if ADC conversion on the channel no. 1 starts at time t, the time
to complete ADC equals ∆tMUX = 1

fMUX
. That means the next channel (say no. 2) can

start with sampling at ∆tMUX . Although sampled with a delay, the DAQ system associates
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the sampled value with time t, which is not quite correct especially when sampling high
frequency signals. From Figure 2.13a it can be seen that for low frequency signals the time
delay caused by the multiplexer does not influence the end result significantly. However,
this is not the case when high frequency signals are measured. In such a case, the time
delay caused by the multiplexer can significantly influence the final result. Therefore, the
final result of the impedance measurement will fail to fulfil the KK relations.

An example of sampling two signals using multiplexed DAQ system is shown in Fig-
ure 2.13a.
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Figure 2.13: Sampling two signals using (a) multiplexed DAQ system and (b) simultaneous
DAQ system. The black dots represent samples. Note that in case (a), the sampled value
of the second signal is not taken at t but with a delay.

In applications where information about the phase between signals is essential, the best
solution is a DAQ system with simultaneous sampling. In a simultaneous DAQ system,
each channel has its own ADC chip. Since there is no multiplexer, the ∆tMUX = 0 s. The
process of simultaneous sampling is shown in Figure 2.13b.

Another issue related to the multiplexed DAQ systems are the transients that occur
when sampling signals with different DC voltages. Between consecutive switching from
one channel to another, the multiplexer capacitor is charged and discharged depending
on the DC value of the input signals. The charging/discharging rate is equal to τinput =
CadcZchannel, where Cadc is the capacitance of the multiplexer and Zchannel is the output
impedance of the signal. To avoid transients, the value of τinput has to be as low as possible.
Since Cadc is fixed and typically in the range of several hundred picofarads (∼100 pF),
the only variable parameter is the output impedance of the input signal channels. This
impedance has to be as low as possible. One way to circumvent this problem is to use
DAQ systems with simultaneous sampling, which by default have separate capacitors at
each ADC.

In the experiments, we used two simultaneous DAQ, i.e. Keysight DAQ970A and
Dewesoft Sirius HS - LV. Keysight DAQ970A can simultaneously measure 12 signals, which
are acquired using 24-bit sigma-delta ADC with a sampling frequency fs=800 kHz. The
isolation voltage of this system is 48 V. On the other hand, Dewesoft Sirius HS-LV can
simultaneously measure 8 signals that are acquired using 16-bit ADC with a sampling
frequency fs=1 MHz. However, due to the high isolation voltage 1000 V, Dewesoft Sirius
HS-LV is used for more demanding applications that exceed voltages of 48 V.

Filtering

Before the analogue signal is sampled, it is filtered using a low-pass filter. In order to
satisfy the Nyquist–Shannon sampling theorem over the band of interest, the filter cut-off
frequency (fc) must be fc < fs

2 .
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Figure 2.14: First-order differential low-pass anti-aliasing filter.

Since most of the signals used to perform EIS are differential, a passive differential
low-pass filter is used. The electrical scheme of the filter is shown in Figure 2.14. The
cut-off frequency is fc = 1

4πRCd
. Capacitors Cc have at least ten times lower capacity than

Cd and are used as common-mode filters.

Wiring

4-point sensing is an EIS measurement technique that uses separate pairs of current-
carrying and voltage-sensing electrodes to increase accuracy of the measurement. Typ-
ically, twisted pair cables are used to minimise the influence of the external disturbances
and avoid the creation of a ground loop. Also, twisted pair wiring significantly reduces
the noise currents induced by the coupling of electric or magnetic fields. The idea is that
the currents induced in each of the two wires are almost equal. Since differential voltages
are only measured, the common-mode noise at the input of the ADC is automatically can-
celled. Therefore, any inductance that appears in the result is due to the properties of the
device being measured and is physically present. In fact, the inductance does not appear
as a result of the wiring.

2.5.3 Devices for inducing excitation signals

There are two different concepts of inducing excitation signals for performing EIS on any
electrochemical energy conversion device (Figure 2.15).

DRBS
Generator

Power
Resistor

Original 
DC/DC
or PS

Electrochemical 
energy device

Current sense

Voltage sense

(a) Unidirectional excitation with only digital
signals.

Original 
DC/DC
or PS

Electrochemical 
energy device

Current sense

Voltage sense+

+

Large
Capacitor

Bank

Low voltage
auxilary PS

Resistors defines
excitation current

(b) Bidirectional excitation with any arbitrary
excitation signal.

Figure 2.15: Different concepts for performing EIS on any electrochemical energy conver-
sion device using custom-made arbitrary excitation signals.

The first concept shown in Figure 2.15a is the simplest version to create. It allows only
unidirectional excitation that is imposed through the MOSFET transistor via external
generator. Any digital port of any computer can also be used as an external generator.
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However, the main drawbacks of this concept are low efficiency and inability to perform
sinusoidal excitation.

This concept is realised in a more sophisticated manner in Rigol DL3031A electronic
digital load3. It contains a current drain controller, which means that it is capable to
execute any current waveform according to the user-defined signal generator. It is a single
channel programmable electronic load designed for power ranges up to 350 W with a
maximum current of 60 A. The accuracy of the build in arbitrary generator is ±1 mA.
By adding more digital loads in parallel, higher power (or current) ranges that exceed the
maximum power (or current) of a single Rigol DL3031A can be achieved.

The second concept shown in Figure 2.15b allows symmetric excitation in both direc-
tions. It is realised by using MOSFET transistors for switching together with external
resistors and a bootstrapped auxiliary power supply. There are two main advantages of
this version:

1. While draining, the energy is not lost but stored in external capacitors, and later
returned back to the system. Therefore the energy consumption is significantly re-
duced when compared to the first concept, which corresponds to increased overall
efficiency.

2. Ability to generate any form of user-defined continuous signals.

However, the main disadvantage of this concept is the large capacitor storage required
to store the excess amount of energy. So far, this concept has been used only in charging
mode.

2.6 Different Architectures for Performing EIS

2.6.1 Discharging mode (fuel cell, battery, capacitor)

In the discharge mode, the electrochemical energy conversion device represents a power
source. Performing EIS is a simple task. It is done using a single digital load (Rigol
DL3031A) or multiple loads depending on power requirements, which are connected in
series with the fuel cell, a DAQ system and a control unit. The task of the digital load is to
regulate the electric current drawn from the fuel cell and superimpose user-defined arbitrary
signals to it. The block scheme of the measurement system is shown in Figure 2.16a.

When the voltage of the fuel cell falls below a certain threshold, additional excitation
can destabilize electronic load. For example, the voltage at the input terminals of Rigol
DL3031A must be above 5 V to perform excitation. Otherwise the device faces serious
risk to go unstable. To avoid such a behaviour, an additional voltage booster is intro-
duced to artificially increase the voltage at the input terminals. The block scheme of the
measurement system including the voltage booster is shown in Figure 2.16a. The voltage
booster represents a power supply in voltage mode that has a sufficiently high bandwidth.
High bandwidth is important to avoid unwanted artefacts that affect the final result. For
example, the Itech IT6512C power supply used as a voltage booster has a cutoff frequency
of 50 kHz.

This architecture was used to obtain impedance results from the experiments explained
in Section 4.1 and partly in Section 4.3.

3for details of the device, see https://beyondmeasure.rigoltech.com/acton/attachment/1579/
f-0778/1/-/-/-/-/DL3000_DataSheet_EN.pdf

https://beyondmeasure.rigoltech.com/acton/attachment/1579/f-0778/1/-/-/-/-/DL3000_DataSheet_EN.pdf
https://beyondmeasure.rigoltech.com/acton/attachment/1579/f-0778/1/-/-/-/-/DL3000_DataSheet_EN.pdf
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Figure 2.16: Conceptual set-up in galvanostatic mode for performing EIS on fuel cells,
batteries or supercapacitors in (a) normal mode or (b) with included voltage booster.
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Figure 2.17: Conceptual set-up in galvanostatic mode for performing EIS on electrolysers,
batteries and supercapacitors.

2.6.2 Charging mode (electrolyser, battery, supercapacitor)

In the charging mode, power supply is required to provide power to the electrochemical
system under test. It must have a sufficient bandwidth to avoid unwanted artefacts in the
results. Such power supply is Itech IT6512C, which was used in most of the experiments.
It is designed for power ranges up to 1800 W with a maximum current of 120 A and
a maximum voltage of 80 V. The current is controlled by one or more digital electronic
loads (Rigol DL3031A), depending on the application, which are connected in series with
the power supply. Similar to discharge/fuel cell operation mode, it is used to control
the current flow in the circuit and superimpose user-defined arbitrary signals. The block
scheme of the measurement system for performing EIS in charging/electrolysis mode is
shown in Figure 2.17.

This architecture was used to obtain the impedance result from the experiments ex-
plained in Section 4.2.
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EIS at Ultra-Low Frequencies

Measuring impedance at ultra-low frequencies (<10 mHz) is a challenging task. At low
frequencies, the measurement time required for accurate impedance estimation has to be
sufficiently long, as it is shown in Figure 2.8. During this time, it is hard to avoid internal
and external disturbances that could significantly affect the accuracy of the final result.

As mentioned before, one way to reduce the measuring time for impedance spectroscopy
and to possibly avoid drifts and external disturbances is to use DRBS excitation signal
together with CWT for signal analysis. Selecting a proper mother wavelet for CWT greatly
influences the results.

A mother wavelet function ψ(t) represents a bandpass filter that is used to preserve
the main characteristics of the signals such as amplitude and phase [82]. By definition, a
mother wavelet function has localized oscillatory features with zero mean and finite energy.∫ +∞

−∞
ψ(t) dt = 0∫ +∞

−∞
|ψ(t)|2 dt <∞

Since impedance of the system represents a complex function, only analytical (complex)
wavelets are suitable for this task, such as Morlet, Morse, lognormal and Bump wavelet [48].
An analytical wavelet is the one whose spectrum has only positive frequencies [83]:

Ψ(ω) = 0 for ω < 0

where Ψ(ω) represents the Fourier transform of the mother wavelet.

3.1 Comparison Between Morlet and Morse Wavelet

The most commonly used mother wavelet for impedance analysis is the Morlet wavelet [71],
[84]. It represents a Gaussian envelope modulated by a complex-valued carrier wave at ra-
dian frequency ω0. The time domain of the Morlet wavelet ψω0(t) and its Fourier transform
Ψω0(ω) are defined as followed:

ψω0(t) = π−1/4
(
ejω0t − e−

ω20
2

)
e−

t2

2

Ψω0(ω) = π1/4e−
(ω−ω0)2

2
(
1− e−ωω0

)
where ω0 represents the central frequency. By changing the central frequency ω0, a com-
promise is made between localisation in time and localisation in frequency. Smaller values
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of ω0 enable accurate localisation of short time events, while large values of ω0 increase the
number of oscillations inside the envelope, leading to increased localisation in frequency
domain.

As mentioned in Chapter 2, the lowest observable frequency component (flow) from a
signal is defined by its length T , i.e. flow = 1/T . During the time T of the signal, the flow
frequency component has performed at one oscillation. Because of the limited measuring
time, low frequency components of the acquired signal are highly time-localised. However,
high frequency events appear more frequently and are more frequency-localised.
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(a) Morlet wavelet for higher values of central
frequency.
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(b) Morse wavelet for higher values of central
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(c) Morlet wavelet for lower values of central fre-
quency.

0 2 4 6 8

−0.4

−0.2

0

0.2

0.4

time [s]

Fr
eq

ue
nc

y 
[H

z]

(d) Morse wavelet for lower values of central fre-
quency.

Figure 3.1: Comparison of the Wigner-Ville transform of the Morlet wavelet and Morse
wavelet. Parameters of both wavelets are chosen in a way that their central frequency
is the same. (c) Morlet wavelet loses its analytic properties due to leakage to negative
frequencies, while (d) the Morse wavelet remains analytic even for highly time-localized
parameter settings.

The biggest disadvantage of the Morlet wavelet is that it is only approximately analytic
for sufficiently large values of the central frequency ω0 > 5 s−1 (Figure 3.1c). As we can
see from Figure 3.1c, the Morlet wavelet loses its analytic properties due to leakage to the
negative frequencies, for lower value of the central frequency parameter ω0.

The Morse wavelet, on the other hand, is a two-parameter wavelet, which according to
Lilly et al. [74] has been successfully used to estimate properties of a number of different
non-stationary signals, including blood flow data, seismic and solar magnetic field data,
neurophysiological time series, drifting oceanographic float records, and has also been used
in image analysis. Due to its two free parameters, the Morse wavelet has an additional
degree of freedom. These great properties have not been exploited so far in the domain
of EIS analysis, so the results presented below are the first such attempt in the field of
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electrochemistry.
The general form of the Morse wavelet in frequency domain is defined as follows [83]:

Ψ(ω) = U(ω)Kβ,λω
βe−ω

λ

where U(ω) is the Heaviside unit step function and Kβ,λ is the normalizing factor. The
roles of β and λ parameters in shaping the Morse wavelet are examined in detail by Lilly
et al. [74]. However, for more computationally efficient calculation, the following form of
the Morse wavelet is used in the analysis that follows [85]:

ψ(ω) = U(ω)e
−ωa+q

(
logω+ 1

a
log ae

q

)
,

where parameter q is related to the central frequency ω0 as ω0 = q
a
(1/a) and e represents

the Euler’s number.
Unlike the Morlet wavelet, which loses its analyticity for low values of the central

frequency, the Morse wavelet remains analytic for all values of its central frequency. A
comparison between the Morse and Morlet wavelets about their analyticity can be seen from
their Wigner-Ville distributions shown in Figure 3.1. In Figure 3.1a and 3.1b, parameters
of both wavelets are chosen in a way that their central frequency is the same. It can be
seen that the two wavelets appear indistinguishable, and their Wigner-Ville distributions
are nearly identical.

In contrast to the Morlet wavelet, Morse wavelet remains analytic even for highly time-
localized parameter settings (Figure 3.1d). In Figure 3.1d, the Wigner-Ville transform
of the Morse wavelet remains completely concentrated at positive frequencies despite its
dispersion. This is particularly important for extracting low-frequency components, where
the wavelets must be narrow in time to match the modulation time scale.

The outstanding properties of the Morse wavelet together with the DRBS excitation
have been successfully used to accurately measure the impedance of the Li-ion battery at
ultra low frequencies (< 1 mHz), which are shown in Section 3.3.

3.2 Noise Influence

When performing EIS measurement, there are three main sources of disturbances. The
first source of disturbances comes from random phenomena in the excitation circuit as
well as from the noise present in the current sensor, which is denoted as ni(t) ∼ N (0, σ2i )
in Figure 3.2. Note that for the sake of simplicity we assume the noise ni is normally
distributed. The second and the third source of disturbances act together on the voltage
signal. One is measurement noise nu(t) ∼ N (0, σ2u) and the other is the term ndist, which
aggregates the effects of disturbances originating in balance-of-plant (BoP) and system en-
vironment. Examples include fluctuations in fuel and air flow (for instance due to control
system issues), fluctuations in the temperatures, etc. In terms of the frequency content
ndist(t) is much slower than nu(t), therefore it results in slowly time-varying EIS charac-
teristics. That should be keep in mind, especially when performing in-field applications.
In case of EIS measurements in the laboratory conditions, one can take all the measures
to minimise the presence of nenv(t) and hence ensure the causality condition for EIS to be
fully valid.

The influence of noise components ni and nu is shown by simulating a simple electrical
circuit shown in Figure 3.2. EIS is evaluated from simulated inputs and outputs assuming
galvanostatic mode applies. The noise components are (ni(t) ∼ N (0, σ2i )) as well and
(nu(t) ∼ N (0, σ2u)). The parameters of the theoretical system used for simulation are
given in Table 3.1.
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+ +DRBS
excitation signal

Real system

Figure 3.2: Schematic of a general measurement system for performing EIS in galvanostatic
mode with ni(t) is the input noise and system uncertainties and nu(t) is the measurement
noise.

Table 3.1: Parameters of the simulation circuit.

Parameter Rs [Ω] R1 [Ω] Q1 [Ω−1sα] α1 R2 [Ω] Q2 [Ω−1sα] α2

Value 0.5 1 0.005 0.8 2 0.1 0.95

The time domain simulation was performed using three different DRBS excitation
signals, with fb ∈ {10, 100, 1000} Hz. The time domain response was simulated using
closed-form solutions of linear fractional-order differential equations as explained in [86].
A snapshot of the current excitation and voltage response signal is shown in Figure 3.3a.
Obtained signals are time-frequency decomposed using CWT with Morse mother wavelet.
The absolute values of the wavelet coefficients of the current signal are shown in Figure 3.3b.
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Figure 3.3: Results of simulation of the system shown in Figure 3.2 with parameters in
Table 3.1. (a) Snapshot of the current excitation and voltage response signal and (b) time-
frequency evolution of the absolute value of the wavelet coefficients of the current signal.

The statistical properties of both excitation and response signals are preserved within
the wavelet coefficients. As a result, the wavelet coefficients of the voltage and current
signal follow the statistical properties of a zero-mean Gaussian circular complex random
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variable [87], with the following properties:

< [Wi(t, f)] ∼ N (<
[
W̄i(t, f)

]
, σ2i )

= [Wi(t, f)] ∼ N (=
[
W̄i(t, f)

]
, σ2i )

< [Wu(t, f)] ∼ N (<
[
W̄u(t, f)

]
, σ2u)

= [Wu(t, f)] ∼ N (=
[
W̄u(t, f)

]
, σ2u)
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Figure 3.4: Comparison between the histogram of the calculated impedances and the
corresponding probability distribution of different impedance components. (a) Real part
of the impedance. (b) Imaginary part of the impedance.

The impedance of the system represents a ratio between the wavelet coefficients of the
current and the voltage. Therefore, for linear system, the wavelet coefficients of the voltage
Wu(t, f) and the current Wi(t, f) are correlated using the following covariance matrix:

Σ =

[
σ2u ρσuσi

ρ∗σuσi σ2i

]
,

where ρ = ρr + jρi is the complex correlation coefficient such that |ρ| ≤ 1. The resulting
distribution can be derived in a closed form as [71], [88]:

fZ(z) =
1− |ρ|2
πσ2uσ

2
i

( |z|2
σ2u

+
1

σ2i
− 2

ρrzr − ρizi
σuσi

)−2
, (3.2)

where zr and zi are real and imaginary components of the random variable Z. In Figure 3.4,
the comparison between the calculated histogram of the real and imaginary part of the
impedance at selected frequency and the corresponding probability distribution of the real
and the imaginary part of (3.2) is shown .

Figure 3.5 shows a comparison of the calculated impedance together with the uncer-
tainty region and the theoretical impedance of the system. It can be seen that the variance
of the impedance, especially the variance of the imaginary part, increases significantly at
frequencies near the system’s poles. This is a consequence of the fact that the mother
wavelet functions used for CWT are not ideal bandpass filters. As a result, neighbour-
ing frequencies affect the overall result. Small changes in the frequency can significantly
influence the impedance result, hence the increased variance.

There are two additional effects that have to be discussed. The first one is shown in
Figure 3.6a, where the variance of the calculated impedance changes due to changes in the
sampling frequency. The second effect is increased variance shown in Figure 3.6b, which
is caused by the decreased effective values of the amplitude of the excitation that leads to
reduced SNR, thus to an increase of measurement uncertainty.
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Figure 3.5: Comparison between the impedance calculated using DRBS excitation signals
with Morse wavelet and the theoretical impedance of the system with parameters given
in Table 3.1. (a) Yellow represents the noise influence on the measured Nyquist plot. (b)
Bode plot of the measured real and imaginary part of the impedance within the 90 %
confidence interval (yellow area).
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Figure 3.6: (a) Zoomed parts of graphs in Figure 3.5b showing two regions analysed with
different sampling frequencies. (b) High frequency part where the variance of the real and
imaginary part starts to increase due to the lower effective values of the amplitude of the
excitation.
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ABSTRACT Electrochemical impedance spectroscopy (EIS) is a widely used means for characterization of
the dynamics of batteries and electrochemical energy conversion systems in general. EIS is useful for on-line
condition monitoring since it contains valuable information on the internal condition of the batteries. The
conventional approach to the EIS of batteries relies on their successive excitation with mono-component
sinusoidal signals at the pre-defined frequencies. When inferring about the battery’s state-of-health, the low-
frequency part of the impedance characteristic is of particular interest. Excitation in the low-frequency
region can take an excessively long time. Moreover, maintaining stable experimental conditions over long
time intervals i na way that the external disturbances will not affect the estimated impedance, might
be demanding, especially in the in-field applications. To alleviate the said limitations, and to minimally
intrude the process operation, in this paper we apply broadband electrochemical impedance spectroscopy
based on a discrete random binary sequence for perturbation of the battery input. The impedance is
evaluated by processing voltage and current signals with continuous Morse wavelet transform. The main
contributions of the paper refer to (i) the accurate evaluation of the impedance spectra from µHz to kHz
range with high-frequency resolution (more than 200 points per decade) and (ii) the evaluation of the
uncertainty region of the impedance characteristic. The entire characterisation takes only a fraction of
the time required by the classical sine-based electrochemical impedance spectroscopy. The algorithm is
successfully demonstrated on a commercial Li-ion battery, which, together with the all datasets are available
for download at https://repo.ijs.si/gnusev/supplementary_material.git.

INDEX TERMS Discrete random binary sequence, continuous wavelet transform, variance estimation,
Li-ion battery.

I. INTRODUCTION
Thanks to their high energy and power density, Li-ion batter-
ies have become indispensable in a broad range of stationary
and automotive applications as well as in portable devices [1].
Reliable indication of the change in the internal state of
health of all the main battery components (cathode, anode,
electrolyte) and remaining useful life could be gained by EIS
since change in the patterns of the impedance spectra could be
related with the change in the internal condition. In the recent

The associate editor coordinating the review of this manuscript and

approving it for publication was Bernardo Tellini .

paper from Zhang et al. [2], it was demonstrated on a huge
set of long-term experiment data that information contained
in EIS is very useful in diagnosing the degradation modes as
well as assessing the remaining useful life.

EIS is performed by applying small amplitude pertur-
bation signal to the battery input and then measuring its
response on the output. Typically EIS measurements use
mono-component sinusoidal excitation [3]–[9]. Hence the
impedance is calculated only at a limited number of frequency
points (usually ten frequencies per decade).

It has been shown that in the sub-millihertz region the
Nyquist curve contains valuable information for estimating
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the actual capacity of the battery, i.e. state of health (SOH),
and its state of charge (SOC) [3], [9]. Therefore, performing
accurate measurement in the low frequency region is of great
interest.

EIS using sinusoidal excitation usually requires 3 to
10 periods [10]–[12]. Consequently, for low frequencies the
time required to perform excitation might become notori-
ously long. For example, the time required to measure EIS
at 1mHz, by following the recommended 3-10 periods, would
take 3000 to 10000 seconds. During long excitation period it
is non-trivial to avoid drifts and environmental disturbances
that might significantly impact the accuracy of the final result.
Moreover, in the ultra-low frequency region (<10 mHz),
a reasonable resolution would require excessive overall mea-
surement times. On top of that, the information about the
uncertainty of the measured impedance spectra is mainly
ignored.

To evaluate EIS with high resolution over a dense set of
frequency points, while, at the same time, reducing the exci-
tation times to the shortest possible duration, we propose the
application of broadband excitation signals [13]–[19]. From
the reported cases, the lowest frequency at which EIS was
measured was 100 mHz requiring approximately 90 seconds
of excitation time [13], [15].

The contribution of this paper to the EIS evaluation for
Li-ion batteries is twofold. The first is adoption of dis-
crete random binary sequence (DRBS) for battery excitation.
DRBS could be viewed as composited of an infinite num-
ber of sinusoids over a continuum of frequencies. Second,
the approach enables straightforward estimation of the confi-
dence region of the evaluated EIS.

Small-amplitude DRBS guarantees that linearity assump-
tion, the experiment is based on, is valid. However, instead
of exciting the system with consecutive mono-component
sinusoids, simultaneous excitation over a range of frequen-
cies is performed. The linearity assumption guarantees that
the output is sum of responses obtained at the particular
sinusoidal inputs. DRBS was successfully applied to the
EIS evaluation of fuel cells [20], [21]. The same approachwas
used by Li et al. [22] for estimating Warburg-like impedance
spectra. All of them used Morlet wavelet as mother wavelet.
However, the main disadvantage of the Morlet wavelet is that
it looses its analytical properties for low values of the central
frequency parameter [23], which makes it ineffective for
calculating impedance at low frequencies (below 10 mHz).

In the proposed approach, particular attention is paid to
the accurate estimation of impedance at low frequencies.
The original approach from [20], [21] is further improved
so that the loss of analytical properties of Morlet wavelet is
overcome by usingMorsewavelet for impedance calculation.

Validation of the proposed EIS approach was done on a
commercial 3.0 Ah 811 NMC-Graphite 18650 cylindrical
Li-ion battery type LG18650HG2 (LG Chem). The same
battery was then characterised using the DRBS excitation
and evaluation of the Nyquist characteristic by processing
voltage and current signals with theMorse wavelet transform.

The main goal is to show that by using time-domain sig-
nals we get results comparable with those obtained with the
established high-end laboratory equipment. We go beyond
the state of the art as our approach is capable to estimate the
confidence intervals of the measured impedance. The signal
processing code is available in the supplementary material.

The organization of the paper is as follows. The main
properties of the excitation waveform and the signal process-
ing approach are presented in section III. Validation of the
approach by using a simulated equivalent circuit model is pre-
sented in section IV. Description of the experiment is given
in section V. Finally, section VI presents the experimental
validation of the approach.

II. EXCITATION SIGNAL
Conventional EIS in batteries is done by using a sequence
of mono- or multi-component sine waves, thus obtaining the
EIS values at a discrete set of frequencies. From the system
identification perspective, a broad-band noise-like signal can
excite the system dynamics over a broad frequency range.
Such a signal must fulfil several properties [24], [25]:

• it must be stationary,
• its bandwidth must include the highest frequency of
interest,

• the power spectral density must be large enough to
guarantee an appropriate signal-to-noise ratio.

A signal that satisfies the above properties and whose
generation is fairly simple is the random binary sequence.
Its value switches between −a and +a at random time
instances. The number of changes over a period of time
is Poisson-distributed, where the intensity parameter of the
Poisson distribution determines the signal bandwidth.

For the case of discrete time signals, changes can not occur
at arbitrary time instances, but only at the discrete time points
kλ (k ∈ N0), where λ is minimal time between the two
switchings [24, pp. 161–162]. Such a signal is referred to
as discrete random binary sequence (DRBS). A time reali-
sation of the DRBS and its frequency spectrum are shown
in FIGURE 1.

The main idea of using DRBS for system excitation is to
simultaneously excite the system with almost all frequen-
cies of interest. In an ideal scenario this would mean using
band-pass limited white noise. DRBS is a signal with close
statistical resemblance with white noise. The power spectral
density 8d

X (ω) of the DRBS is shown in FIGURE 1b and
reads:

8d
X (ω) = a2λ

∣∣∣∣∣ sin
(
ωλ
2

)
ωλ
2

∣∣∣∣∣
2

. (1)

where λ represents the minimal time between the two switch-
ings, ω represents the angular frequency and a represents
the amplitude of the generated signal. Power spectrum has
zeros exactly at integer multiples of 1/λ. Useful, near-flat
part of the frequency band fB is approximately determined by
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FIGURE 1. (a) Discrete random binary sequence waveform generated
with λ = 3.3 seconds with the effective band fB = 0.1Hz. (b) Power
spectral density of the discrete random binary sequence. Numerical plot
is calculated using a 300 seconds long realisation of the DRBS signal and
Welch method for power spectral density estimation.

the −3 dB crossover frequency fB = 1
3λ [26]. The complete

derivation of (1) is given in Appendix A.

III. CONTINUOUS WAVELET TRANSFORM
Continuous wavelet transform (CWT) belongs to the group
of time-frequency analysis methods. The simplest example
of the time-frequency analysis is the short-time Fourier trans-
form. It segments the measured signal fm(t) by using sliding
window g(t) in the time domain. The short-time Fourier
transform is defined as:

F(τ, ω) =
∫
+∞

−∞

fm(t)g(t − τ )e−jωtdt, (2)

where g(t) is window function.
As such, (2) can be regarded as a time localised Fourier

transform. Fourier transform is performed at each position
of the sliding window g(t), which results in a sequence of
spectra, hence the name time-frequency analysis.

A challenge with time-frequency analysis concerns the
limits of resolution expressed by the Heisenberg-Gabor
inequality [27]. We assume f (t) = fm(t) · g(t) and its Fourier
transform F(ω) are well localized functions. The center in

time of the function f is defined as

µt =
1
||f ||2

∫
∞

−∞

t|f (t)|2dt

The concentration of the function around the center is
expressed with the spread 1t

1t =
1
||f ||

(∫
∞

−∞

(t − µt )2|f (t)|2dt
) 1

2

(3)

In the same spirit the centerµω and the spread1ω are defined

µω =
1
||F ||2

∫
∞

−∞

ω|F(ω)|2dω

1ω =
1
||F ||

(∫
∞

−∞

(ω − µω)2|F(ω)|2dt
) 1

2

(4)

Then the Heisenberg-Gabor inequality reads [28]

γ = 1t ·1ω ≥
1
2

(5)

and γ stands for the area of the Heisenberg box described
with the rectangle [ω,ω +1ω]× [t, t +1t].

Message contained in (5) is illustrated in FIGURE 2 by
indicating the bounds of the selected time-frequency resolu-
tion. For more detailed definition of the joint time-frequency
resolution one may refer to [29, Chapter 2].

The left-hand plot represents the case of the short-time
Fourier transform (2) where the time-frequency resolution
is kept constant. The shape of the rectangle is determined
by the selected window function g(t). The right-hand graph
depicts the so-called adaptive time-frequency resolution.
In this case, at high frequencies, higher precision in time
localisation is achieved at the cost of lower frequency res-
olution. The opposite is true for the low-frequency region,
where high frequency resolution is traded for the low time
resolution. Regardless of the partitioning, the area of the
‘‘rectangles’’ remains constant as guided by (5).

Fixed length time window in short-time Fourier trans-
form (2) results in an inflexible time-frequency partitioning
(plot on the left in FIGURE 2). Better results can be achieved
by using more sophisticated functions that define orthogonal
space capable of describing the transient signals in a more
efficient manner [30]. One such transform is continuous
wavelet transform, in which any finite energy signal f (t)
can be represented with a set of orthogonal functions ψ(t)
referred to as wavelets:

Wf (u, s) =
1
√
s

∫
∞

−∞

f (t)ψ∗
(
t − u
s

)
dt, (6)

where u represents time shift parameter and s is a scaling
parameter. The scaling parameter contracts and expands the
mother wavelet thus achieving adaptive time-frequency reso-
lution, cf. the right-hand part of FIGURE 2.

There are numerous families of mother wavelets each
with their own strengths and weaknesses. Since the goal is
to analyse impedance data, only complex mother wavelets
can be considered for this task. The most notable mother
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FIGURE 2. Schematic representation of the general concepts of time-frequency resolution. The left-hand graph shows constant
time-frequency resolution typical for the short-time Fourier transform. The right-hand plot shows adaptive time-frequency resolution,
a partitioning that is typical for the wavelet transform.

wavelets for performing CWT are Morlet [31], Bump
wavelet, the Morse wavelet [32], [33] and the Lognormal
wavelet [34].

A. SELECTION OF MOTHER WAVELET
The most common criterion for selecting the mother wavelet
is its time-frequency resolution [29], [30], [34]. The time
and frequency resolution of a wavelet function defines
the minimal time and frequency difference for which two
mono-component sinusoidal signals can be still reliably dis-
tinguished [29]. In the sequel wewill analyse the time and fre-
quency resolution separately as well as joint time-frequency
resolution.

The Morlet wavelet and its Fourier transform are given
respectively by

ψω0 (t) = π
−1/4

(
ejω0t − e−

ω20
2

)
e−

t2
2 (7a)

9ω0 (ω) = π
1/4e−

(ω−ω0)
2

2
(
1− e−ωω0

)
(7b)

where ω0 is the central frequency.
The Morlet wavelet has optimal joint time-frequency con-

centration i.e. the Heisenberg box area reaches its lower
bound 1t1ω = 2π

√
2
. However, in spite of strong properties,

the Morlet wavelet suffers from some weaknesses. In partic-
ular, it depends only on one parameter ω0. Also, we are also
limited with the parameter choices it cannot be considered
analytic for ω0 < 5 s−1.

The Morse wavelet is designed as a two-parameter family
of wavelets aimed to achieve optimal localization in the sense
that the eigenvalues of a joint time-frequency localization
operator are maximized. The general form of the Morse
wavelet in frequency domain is defined as follows [35]:

9(ω) = U (ω)Kα,βωβe−ω
α

(8)

where U (ω) is Heaviside unit step function and Kα,β is nor-
malizing factor. However, for more computationally efficient
calculation the following form of the Morse wavelet is used
in the analysis that follows [29]:

ψ(ω) = U (ω)e
−ωa+q

(
logω+ 1

a log
ae
q

)
, (9)

where parameter q is related to the central frequency ω0

as ω0 =
q
a
(1/a) and e represents the Euler’s number.

Due to its complexity, the wavelet transform is performed
by a simple multiplication in the frequency domain by using
FFT algorithm. The computational complexity is n log(n),
where n is the number of samples in the signal. For that
reason the time-domain waveform of the Morse wavelet is
not required.

In can be noticed that in the cases of Morlet as well as
Morse wavelet the parameter ω0 = 2π f0 directly affects
the wavelet’s frequency resolution 1ω. A comparison of the
features of the Morlet and Morse wavelet is presented in
FIGURE 3. Three aspects are analysed:
a) the frequency resolution depending on the central fre-

quency parameter ω0 = 2π f0,
b) time resolution (minimal time 1τ ) in which two con-

secutive impulses can be distinguished depending on the
frequency resolution, and

c) the variation of the joint time-frequency resolution γ
with respect to the frequency resolution. The value of
γ is related to the minimal resolvable area in which two
signals can be reliably distinguished both in time and in
frequency.

Regarding the first aspect, addressed in FIGURE 3(a),
the Morlet wavelet reaches a plateau for the frequencies
below ω0 = 3 s−1, which is not the case for the Morse
wavelet. This effect is mainly due to the fact that for the
low values of central frequency ω0 the Morlet wavelet
looses the analytical properties [23]. The time resolution of
both wavelets is similar, as shown in FIGURE 3(b). The
joint time-frequency resolution γ , shown in FIGURE 3(c),
is slightly lower in the case of Morlet wavelet.

For the case of battery EIS, the goal is to achieve suf-
ficiently accurate results at the low frequencies. Since the
Morse wavelet preserves the analytical properties even at the
ultra-low frequencies [23], all of the subsequent analysis is
performed using Morse wavelet as the mother wavelet.

B. IMPEDANCE EVALUATION USING CWT
The impedance values can be obtained by CWT in a pretty
much similar way as with the Fourier transform. CWT anal-
ysis of the voltage u(t) and current i(t) will result in a set of
complex wavelet coefficients:

Wi(t, f ) = <{Wi(t, f )} + j={Wi(t, f )},

Wu(t, f ) = <{Wu(t, f )} + j={Wu(t, f )}. (10)
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FIGURE 3. Comparison of time-frequency characteristics between the Morlet and the Morse wavelet. The notation is
adopted from [34]. (a) the minimal resolvable frequency depending on the central frequency parameter ω0, (b) the
minimal time 1τ required for distinguishing two impulses and (c) the joint time-frequency resolution, which is related to
the minimal resolvable area in which two signals can be reliably distinguished both in time and in frequency.

where Wx(t, f ) denotes wavelet of a signal x(t) and is func-
tion of time t and frequency f . The impedance is the ratio of
the wavelet coefficients:

Z (t, f ) =
Wu(t, f )
Wi(t, f )

. (11)

It should be noted that the impedance calculated in (11) is
defined by time and frequency and provides instantaneous
amplitude and phase at every time-frequency point. This
means that one can track the evolution of the phase and
amplitude of the impedance for each frequency over time.
Conversely, the impedance calculated through FFT provides
only time-averaged values of the amplitude and phase for
each frequency. Hence, having the time evolution of the
complex impedance, it becomes possible to perform more
detailed analysis on the impedance values, a task that renders
impossible when the impedance is calculated through FFT.

IV. A SIMULATED EXAMPLE
Method described in Section III is validated on a simu-
lated Randles circuit, shown in FIGURE 4. Such a circuit
is commonly used to simulate impedance of lithium-ion
batteries [36]–[38]. The theoretical impedance of the Randles
circuit reads:

Z (jω) = Rs +
1

(jω)α1Q1 +
1

R1+Zw

+ jωL (12)

where Rs is the series resistance, R1, Q1 and α1 are the
parameters of the pole, where Q1 ∈ R+ and α1 ∈ [0, 1],
Zw is the Warburg impedance Zw = 1

Qw(jω)0.5
and L is the

inductance.
The goal is to estimate the impedance characteristic of

Randles circuit (12) in the frequency band between 600 µHz
and 2 kHz using time domain excitation and response signals.
Since the DRBS has almost flat power spectrum approxi-
mately up to 1

3λ (see FIGURE1b), onemight assume that only
one waveform with large enough λ will suffice. However,
an almost flat power spectrum can be achieved only with an
infinitely long signal. We suggest to split the required band-
width into decades and for each decade use aDRBS excitation
with different λ. In such a way, each frequency band will be
excited with sufficient energy allowing for accurate spectral

FIGURE 4. Schematic representation of the Randles circuit (12).

estimation. So, for the required numerical validation, the sys-
tem was excited with 6 DRBS signals whose bandwidths and
duration are listed in Table 1.

TABLE 1. Time needed for each DRBS signal used for excitation.

The simulation of the model (12) was performed in poten-
tiostatic mode. The DRBS excitation was applied to the volt-
age u(t) and the response was recorded through the output
current i(t). Since the simulation was done in time domain,
the time response of (12) was simulated using closed-form
solutions of linear fractional-order differential equations [39].
The sampling frequency was different for each simulated
signal and is given in Table 1. The waveforms of the voltage
u(t) and current i(t) are shown in FIGURE 5.

With 6 excitation signals, the overall impedance was
obtained by merging results of the CWT from each
DRBS excitation and the corresponding response i(t), see
FIGURE 6. The estimated characteristic almost ideally
matches the theoretical impedance, shownwith grey markers.

From the Table 1 it can be seen that approximately 97 min-
utes of excitation is required to evaluate thewhole impedance.
Also, it should be noted that by using our approach the
impedance spectrum is evaluated with a frequency resolution
of 122 frequency points per decade. The length of the lowest
DRBS bandwidth dictates the lowest frequency, at which the
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FIGURE 5. DRBS voltage excitation signal and the theoretical current
response signal of the Randles circuit to the DRBS excitation.

FIGURE 6. Comparison between the theoretical impedance and calculated
impedance by applying the method proposed in Section III. In order to
calculate the impedance 6 different DRBS signals (Table 1) were used.

impedance can be calculated. In the particular simulation
the length of the DRBS with the bandwidth 0.01 Hz corre-
sponds to the 3 periods of the lowest frequency for which
the impedance is calculated (600 µHz). If the same number
of points had to be evaluated by using the classical single
sine-wave excitation signal with only 2 periods, that would
overall take around 54 hours of excitation. For comparison,
by using the standard 10 points per decade the time needed for
impedance evaluation by 10 mono-component sinusoidal sig-
nals in the same frequency bandwidth from 600µHz to 2 kHz,
will take around 4.7 hours of excitation time. This example
clearly indicates that the method described in Section III
accurately determines the low frequency spectra in spite of
a shorter excitation time.

V. EXPERIMENTAL VALIDATION
The method for fast EIS measurement was experimentally
validated using 811 NMC-Graphite 18650 cylindrical Li-ion
battery (LG18650HG2, LG Chem). During measurements
the battery was held fixed under constant applied force as
shown in the lower part of the FIGURE 7.

A. EXPERIMENTAL SET-UP
Since the application of the method described in Section III
requires access to the time domain data, the excitation and
measurement equipment include high-precision data acquisi-
tion system, electronic load with built-in arbitrary waveform

FIGURE 7. Block scheme of the experimental set-up for fast battery
characterization.

generator and control unit.We used the Keysight N6705CDC
power analyser together with the N6781A Source/Measure
Unit module, which allows access to the time-domain sig-
nals. This device is a multi-functional power supply system
that combines the functions of a DC voltage/current source
together with built-in data acquisition system. The output
of the device also includes arbitrary waveform generator.
In order not to surpass the 5 mV voltage change of the battery,
the experiment was performed in potentiostatic mode. The
requirement of the restricted magnitude of imposed volt-
age perturbation when determining impedance response of a
Li-ion battery is explained and clarified in the Supplemen-
tary Appendix D A block scheme of the set-up is shown
in FIGURE 7.

B. EXPERIMENTAL PROTOCOL
Prior to impedance measurements the battery cell was pre-
conditioned. At the side of positive terminal and at the lower
part of the battery steel housing (negative pole) we have
carefully spot-welded two nickel tab strips that served for
connecting the sense (U+, U−) ports (FIGURE 7). Battery
cell was placed in a specially designed measurement rack
that exerts constant mechanical force of 150 N at the positive
terminal and bottom of the housing via two massive brass
electrodes that are connected with the current (I+, I−) ports.
This means we can perform true 4-electrode measurements
where all the resistances of the measuring wires (cables)
and contact resistances at the two battery terminals are
effectively eliminated. We placed the battery together with
the rack in a temperature chamber and allowed for 2 hours
for the temperature of the battery to equilibrate at 23 ◦C.
We performedfive initial galvanostatic±3A charge/discharge
cycles in voltage range from 2.5 V up to 4.2 V, followed
by a half-charge up to 3.705 V and 3 hours of voltage hold
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whereby the current dropped below 1.5 mA. By applying
this pre-conditioning procedure the battery was driven to
be in thermal and electrochemical equilibrium at State of
Charge 0.5. The impedance of the battery was measured in
the frequency region 600 µHz to 1.1 kHz. Experiments were
performed in potentiostatic mode by using DRBS excitation
signals with amplitude VAC = 5 mV. The amplitude was
chosen in a way to guarantee linearity, but still big enough to
maintain sufficient signal-to-noise ratio. The EIS was mea-
sured using 6 DRBS excitation signals as listed in TABLE 1.
The pause between each DRBS sequences was 30 seconds.

As stated in the previous section, the lowest observable
frequency in the spectra is determined by the duration of
the excitation signal (fmin = 3

T ), where T represents the
length of the acquired signal. In our case the lower observable
frequency is fmin = 600 µHz. On the other hand, the highest
observable frequency is determined by the sampling fre-
quency of the acquired signal.

VI. RESULTS AND DISCUSSION
The same battery sample was measured using three different
approaches:

1. Initial measurements Initially, the battery was mea-
sured using standard laboratory equipment BioLogic
SP-200 by performing mono-component sinusoidal sig-
nal excitation in the frequency range between 1 mHz
and 10 kHz with frequency resolution of 10 points
per decade. These measurements are only used as a
reference.

2. Single sine measurements For validation purposes using
the equipment described in Section V, the EIS curve
was measured using single sine excitation in the fre-
quency interval between 1 mHz and 1 kHz. This might
seem as a repetition of the first step. However, the goal
was to reconstruct the original results using standard
method so that we can check validity of themeasurement
equipment.

3. DRBS based EIS Using the same equipment as in
the second step, the battery’s EIS was measured in the
same frequency band between 600µ Hz and 1.1 kHz
using the proposed DRBS and CWT based approach.

The implementation of the approaches is available as sup-
plementary material the details of which are presented
in Appendix E.

A. INITIAL REFERENCE MEASUREMENTS
The EIS curve of the initial measurements is shown with
black × in FIGURE 9. The EIS was measured after 5 initial
charge/discharge cycles and comprises 68 frequency points
(10 points per decade) in the frequency region between 1mHz
and 10 kHz. Excitation at each frequency point took 1 period.
The whole characterisation process took 96 minutes together
with pauses between the frequency points. The impedance
characteristics, as expected, contain one semi-circle in the

frequency region between 3 Hz and 5 kHz and constant-phase
capacitive properties at frequencies below 3 Hz.

B. IMPEDANCE CALCULATION USING
MONO-COMPONENT SINUSOIDAL EXCITATION
In order to validate the proposed approach, additional
measurements were performed using the classical mono-
component sinusoidal excitation in the same frequency band
1 mHz to 2 kHz with the resolution of 10 points per decade.
The length of the sinusoidal excitation signal was 3 periods
for the frequencies below 1 Hz and 10 periods for the fre-
quencies above 1 Hz. The overall excitation time, without
pauses between the frequency points, was 157.53 minutes.
The obtained EIS curve is shown in FIGURE 9, along with
the results of the DRBS based approach.

C. IMPEDANCE EVALUATION USING DRBS EXCITATION
With the DRBS excitation the EIS curve was evaluated in
the frequency range 600 µHz and 1.1 kHz by using 6 dif-
ferent DRBS signals, as described in TABLE 1. The volt-
age excitation signal and the battery current response are
shown in FIGURE 8. The characterisation was performed
at VDC = 3.705 V with amplitude VAC = ± 5 mV. The
main rationale for using potentiostatic mode was to fulfill the
requirement not to exceed the 5 mV voltage change, when
performing characterization on battery. The amplitude of the
noise in the voltage signal was estimated Vnoise = 114 µV
and the signal-to-noise ratio SNR= 90 dB. When calculating
the impedance values, the parameters of the Morse wavelet in
equation (9) were a = 3 and q = 1.224.

The obtained EIS curve is shown in FIGURE 9. By using
the proposed method, the impedance is calculated at 862 fre-
quency points, which amounts to approximately 100 points
per decade. It should be noted that this can be easily increased
by up to 3000 points per decade without changing the dura-
tion of the excitation. The total length of the excitation signals
is 97 minutes. In order to accurately estimate impedance for
the frequencies lower than 10 mHz, the length of the DRBS
signal has to be at least 3 periods of the lowest frequency.
Hence, in our example the length of the longest DRBS signal
with 10 mHz bandwidth is 5000 seconds, which corresponds
to 3 periods of the lowest observable frequency f = 600µHz.

FIGURE 9 shows the comparison between initial
impedance measurement performed with BioLogic SP-200,
the impedance measured using DRBS signals and the
impedance measured using classical single-sine excitation
signals. It can be seen that the impedances obtained by the
two approaches are identical.

It should be noted that the inductive part of the impedance
exhibits a higher variance. This is due to a hardware’s attenu-
ation at higher frequencies. More details about the measured
impedance spectra at frequencies higher than 1 kHz are given
in Appendix C.

The key result is that by using the method described
in section III, it becomes possible to estimate the
probability distribution of the impedance values at the
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FIGURE 8. Voltage excitation signal and the current response of the
battery.

FIGURE 9. Comparison of impedance calculated using DRBS and classical
single-sine excitation signals. The uncertainty region of the estimated
impedance are represented with yellow colour.

calculated frequency points. This provides information
regarding the confidence interval of the measurements. The
uncertainty region of the estimated impedance is represented
with brighter colours (yellow) in FIGURE 9. The details
of the method for estimating impedance distribution are
presented in Appendix B.

D. DISCUSSION
With classical sine-based EIS measurements the impedance
is calculated at a discrete set of frequencies. Broadband
excitation, combined with a sophisticated signal processing,
allows the evaluation of the impedance at a high frequency
resolution. The theoretical limit of the number of points N ,
in which the impedance can be calculated using the proposed
approach, is T = 1

fs
× N, where T is duration of excita-

tion and fs is the sampling frequency. For example, in our
case the sampling frequency is fs = 24.45 kHz and the
duration of measurement is 5834 seconds. That means with
only 5834 seconds of measurement the impedance can be
evaluated for the frequency range 600 µHz to 1.5 kHz at
almost 200 million points using only single excitation signal.

As shown in FIGURE 9, the uncertainty of the impedance
estimation at lower frequencies increases i.e. the spread of
the confidence is getting larger for lower frequencies. Instead

of analysing only time-averaged impedance values when
using sine-based excitation, with the proposed approach it
becomes possible to estimate the uncertainty of the measured
impedance as explained in Appendix B. It should be pointed
out that this uncertainty includes both unavoidable measure-
ment errors, as well as the inherent randomness of the pro-
cesses occurring during battery’s operation. The uncertainty
region is a valuable information reflecting the quality of the
measurement, which is in field of EIS measurements usually
neglected.

VII. CONCLUSION
The paper demonstrates the advantages of using DRBS exci-
tation with Morse wavelet for broadband EIS compared to
the conventional sine-based approach. The EIS is estimated
at almost the continuum of frequency points without the
need of additional excitation cycles. This greatly reduces the
excitation time while in the same time improves the quality
of the results.

Furthermore, having broad-band excitation as input,
it becomes possible to assess the uncertainty of the measured
impedance at each frequency point. This is a feature that is
unavailable in classical sine-based approaches and has not
been exploited yet.

Having a tool capable to get fast and accurate impedance
values at ultra-low frequencies it will become possible to
address the issues of SOH estimation in more details. The
complete approach has computationally efficient implemen-
tation. The proposed CWT based impedance can be easily
calculated as series of Fourier transforms. All these properties
show the practical merit of proposed CWT based EIS.

APPENDIX A
AUTOCORRELATION AND POWER SPECTRAL
DENSITY OF THE DRBS
The imposed DRBS voltage variation is denoted as u(t) and
its realisation reads [40]

u(t) =
∑
n

Unw
(
t − nλ− D

λ

)
, (13)

where Un is the amplitude of the nth pulse, which can be
either −a or a, D is the initial displacement (delay) of the
initial pulse, λ is the minimal width of the pulse and w(t) is a
rectangular pulse defined as:

w(t) =

 1 for |t| ≤
1
2

0 elsewhere.
(14)

The autocorrelation function of (13) can be written as:

Ruu(t1, t2) = E

[∑
n

∑
l

UnUl w
(
t1 − nλ− D

λ

)
× w

(
t2 − nλ− D

λ

)]
. (15)
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FIGURE 10. Schematic of a general measurement system form
performing EIS with nu(t) is the input noise and system
uncertainties and ni (t) is the measurement noise.

Since the amplitudes of different pulses l 6= n are indepen-
dent, and are also independent of the displacementD then the
above relation becomes:

Ruu(t1, t2) = a2
∑
n

E
[
w
(
t1 − nλ− D

λ

)
× w

(
t2 − nλ− D

λ

)]
+

∑
n6=l

∑
l

E[Un]E[Ul]

×E
[
w
(
t1 − nλ− D

λ

)
w
(
t2 − nλ− D

λ

)]
.

(16)

For equiprobable values of−a and a the second term is zero.
The first term is an autocorrelation of two rectangular signals.
Consequently, it can be easily shown that the autocorrelation
of the DRBS with equiprobable states −a and a reads:

Ruu(τ ) =

 a2
(
1−
|τ |

λ

)
for |t| ≤ λ

0 elsewhere,
(17)

where τ = t2−t1. The power spectral density (1) can be easily
derived as a Fourier transform of the autocorrelation (17).

APPENDIX B
ESTIMATING THE PROBABILITY DISTRIBUTION OF THE
MEASURED EIS VALUES
The schematic of the measurement setup is shown
in FIGURE 10. The battery under test can be regarded
as an ideal system. When performing characterisation we
have two sources of disturbances. The first one are the
disturbances imposed on the excitation signal denoted as
nu(t) ∼ N (0, σ 2

u ). These disturbances include any noise from
the excitation circuit as well as any influence of inherent
random processes within the battery. The second source is the
measurement noise ni(t) ∼ N (0, σ 2

i ). Consequently, the time
evolution of the wavelet coefficients (10) at each frequency
follow the statistical properties of a zero-mean Gaussian
circular complex random variable [41]. Since the wavelet
coefficients of the voltage Wu(t, f ) and the current Wi(t, f )
are linked through a linear system,1 they are correlated. The

1When using small amplitude excitation the battery’s characteristic can be
regarded as piecewise linear.

resulting bivariate complex Gaussian distribution has the
following covariance matrix:

6 =

[
σ 2
u ρσuσi

ρ∗σuσi σ 2
i

]
, (18)

where ρ = ρr + jρi is the complex correlation coefficient
such that |ρ| ≤ 1. The resulting distribution can be derived in
a closed form as [20], [42]

fZ (z) =
1− |ρ|2

πσ 2
u σ

2
i

(
|z|2

σ 2
u
+

1

σ 2
i

− 2
ρrzr − ρizi
σuσi

)−2
, (19)

where zr and zi are real and imaginary components of the
random variable Z . The location of the mode of fZ (z) depends
on the correlation coefficient ρ.

APPENDIX C
FREQUENCY DOMAIN ANALYSIS OF THE OBTAINED
RESULTS
The Nyquist plot of the measured impedance spectra of the
battery shown in FIGURE 9 describes the joint behaviour
of the real and imaginary parts. To get a better overview of
the accuracy of the proposed approach, the variance of the
real and imaginary impedance components over frequency
are shown in FIGURE 11 and FIGURE 11, respectively.
FIGURE 12, respectively. As already shown in the analysis of
the Nyquist plot, the uncertainty of the measured impedance
is higher at lower frequencies.

FIGURE 11. Comparison of real part of the impedance calculated using
DRBS and classical single-sine excitation signals. The uncertainty region
of the estimated real part of the impedance is represented with yellow
colour.

There is an additional effect of increased uncertainty at
higher frequencies (1kHz). This is a direct result of the
frequency characteristics of the data acquisition system.
FIGURE 13 shows the comparison between the bandwidths
of the theoretical and calculated power spectral density (PSD)
of each excitation signal DRBS used to perform EIS. It is
clear that the measured PSD for all DRBS excitation signals
are identical to the theoretical PSD, except for DRBS 1000Hz
(FIGURE 13f). Above 1 kHz, the effective amplitude of the
measured signal is significantly lower. This leads to a reduced
SNR and thus to an increase of the measurement uncertainty.

46160 VOLUME 9, 2021

3.3. Performing EIS at Ultra-Low Frequencies Using DRBS and Morse Wavelet 45



G. Nusev et al.: Fast Impedance Measurement of Li-Ion Battery Using Discrete Random Binary Excitation and Wavelet Transform

FIGURE 12. Comparison of imaginary part of the impedance calculated
using DRBS and classical single-sine excitation signals. The uncertainty
region of the estimated imaginary part of the impedance is represented
with yellow colour.

This effect can be clearly seen in FIGURE 14, which is a
zoomed part of the FIGURE 9 at high frequencies.

APPENDIX D
RESTRICTION OF THE MAGNITUDE OF THE INPUT
EXCITATION SIGNAL
During the impedance response measurements of Li-ion bat-
teries, we are subject to the constraint of the maximum
magnitude of the voltage (and current) perturbation. The
limitation is of electrochemical in origin. First, it is important
to distinguish between two fundamentally different aspects
of impedance measurements. The first is the accuracy of the

imposed (excitation) signal and the obtained response signal,
which determines the ‘‘quality’’ of the obtained impedance
data and is directly related to the measurement parameters
such as SNR, etc. The second aspect, which is not related
to instrumentation and signal processing, is the aspect of
electrochemical stability of the tested system (battery) during
the measurement. In general, tests on Li-ion battery systems
(e.g. the LG18650HG2 used here) have to be considered
with great care when performing good quality impedance
measurements over a wide frequency range (down to very low
frequencies).

Moreover, it should be noted that Li-ion batteries can
exhibit significant (long-lasting) relaxation times when
approaching equilibrium (for selected SOC). In our particular
case of the LG18650HG2 battery, which consists of an 811Ni
rich NMC cathode and a graphite anode, corresponding relax-
ation times of the two active electrode materials have been
observed in the range of (at least) several hours. For example,
in a recent study of the 811 NMC cathode at Galvanostatic
Intermittent Titration Technique (GITT), it was observed that
the typical relaxation times of this material ranged from
2 hours to more than 4 hours (depending on SOC) [43].
Therefore, a reasonable relaxation time must be allowed
prior to the impedance measurement. There are two ways to
implement this: either by introducing a classical open-circuit
period or by applying a suitable selected constant voltage to
the battery cell. In this work, we used the second approach
because we wanted the battery to operate at the selected
SOC = 0.5, which in our particular case of the 811 NMC
graphite battery corresponds to 3.705 V. The decision that

FIGURE 13. Comparison between the bandwidths of the theoretical and measured power spectral density (PSD) of each
excitation DRBS signal used to perform EIS. In the figure a) represents DRBS 0.01 Hz, b) represents DRBS 0.1 Hz, c)
represents DRBS 1 Hz, d) represents DRBS 10 Hz, e) represents DRBS 100 Hz and f) represents DRBS 1000 Hz. Above 1 kHz,
the effective amplitude of the measured signal is significantly lower leading to a reduced SNR which corresponds to an
increased measurement uncertainty.
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FIGURE 14. Zoomed part of the FIGURE 9 in which the inductive effect is
visible. The increased variance in the inductive part is due to the limited
acquisition bandwidth, as can be seen from the results in FIGURE 13.

the SOC should be close to 0.5 was made based on the fact
that at this SOC the battery (with all its internal compo-
nents) is electrochemically and chemically most stable. In
other words, for the case of LG18650HG2, the choice of a
SOC = 0.5 ensures that the system will not change over
long periods of time, allowing a systematic and reliable
study of the corresponding impedance. In contrast, Ni-rich
NMC active materials are subject to strong side electro-
chemical processes when approaching the upper limit voltage
(e.g., 4.2 V), leading to degradation of the cathode during
long-term charge/discharge cycles [44].

With the above considerations in mind, we can move on
to the important point of whether to use a (small) applied
voltage perturbation or a current-controlled perturbation.
Li-ion insertion materials possess exactly defined (relaxed)
open-circuit voltage (VOC ) as a function of SOC. The value of
VOC is determined by the difference in the chemical potential
of lithium in the two host materials (cathode-anode). In other
words, when a battery is allowed to relax for a sufficiently
long period of time at open-circuit voltage (or, alternatively,
for a sufficiently long period at constant voltage so that the
corresponding current drops to a very low level), it is consid-
ered to be very close to the true thermodynamic equilibrium
state. In this case, the corresponding voltageVOC is very close
to Veq(SOC,T ) (this notation shows that the equilibrium
voltage is a function of both SOC and temperature T). Thus,
for accurate electrochemical measurements, both SOC and
temperature have to be accurately controlled (temperature
control is realized by placing the tested battery in an appropri-
ate temperature chamber or dipping it in a thermostatic bath).

FIGURE 15 shows measured voltage profiles of the
galvanostatic charge/discharge cycle for the 811 NMC-Li
cell (C/20 obtained byGITT sequence) and the LG18650HG2
battery cell, obtained at a current density of C/50 (the C rate
corresponds to reaching a full nominal capacity in 50 hours
of charging or discharging, i.e., nominally 60 mA). The
measured voltage of the battery LG is about 100 mV lower
compared to the 811 NMC-Li cell, which is due to the fact
that the main operating voltage of the graphite anode is

about +100 mV compared to the metallic lithium anode.
We can observe that for the selected SOC = 0.5, the voltage
hysteresis of the NMC-Li cell is ±9 mV relative to the Veq
(3.805 V) and the voltage hysteresis of the LG18650HG2 bat-
tery is ±12 mV relative to the Veq (3.705 V). The intrinsic
voltage hysteresis of the two compared cells is indeed even
lower and could be determined, for example, by ‘‘quasi-
static’’ measurements at extremely low rates [45]. Let us
define the maximum voltage deviation from the equilibrium
voltage as:1Vmax = V−Veq, where V is the applied voltage.
The measured voltage hysteresis at finite current density sets
the upper bound on the limited (maximum) voltage deviation
we can afford in impedance measurements. Namely, if we
increase or decrease the applied voltage V by more than
±δVmax relative to Veq, we push the system out of voltage
hysteresis. So in this particular case, if the applied voltage
perturbation is greater than about±9mV, the system (battery)
slips out of linearity. Thus, one of the basic conditions
for impedance determination will no longer be satisfied. In
voltage-controlled experiments, we must be careful not to
exceed the range of voltage hysteresis. In the present work,
we decided to limit themaximumvoltage deviation to±5mV.
In this way we have ensured that the linearity of the system
is maintained at all tested frequencies.
An exception to the above rule is possible for cases where

experiments are of very short duration (mainly high fre-
quency). In particular, if the time/frequency is short/high
enough that the storage of energy (charge) in the interior of
solid-state particles of the active material has not yet started,
then higher voltage perturbations can be used. In the present
case of NMC graphite battery, this cut-off frequency is
about 0.3 Hz [43].
On the other hand, when performing measurements by

using current-driven (so-called galvanostatic) perturbations,
we have to be very careful not to exceed the minimum
frequency (fmin) at which we would push the system under
test out of voltage hysteresis. As described and discussed
above for the currently under tested LG18650HG2 battery,
the largest input perturbation at SOC = 0.5 should definitely
be less than 1Vmax = ±12 mV. Also, to ensure that we
stay within the linear response of the system, we choose the
maximum perturbation smaller than 1Vmax of the 811 NMC
cathode material (±9 mV) by taking the narrower bound of
±5 mV. We directly obtain the maximum current amplitude
(Ia,max) that can be applied to the battery under test by the
relation:

Ia,max =
1Vmax
|Z (f )|

(20)

where |Z (f )| is the magnitude of the impedance at a chosen
frequency f. Specifically, in the present work, for the case of
LG18650HG2 battery at SOC = 0.5, we found the following
values for |Z (f )|: 18.4 m� (1 Hz), 20.1 m� (100 mHz),
27.5 m� (10 mHz) and 55.8 m� (1 mHz). According to
the above relation, we obtain the corresponding limits of
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FIGURE 15. (a) Comparison of measured voltage hysteresis for 811 NMC-Li cell (C/20 GITT) and LG18650HG2 battery cell (C/50). (b) and
(c) Enlarged view of the reading out of the corresponding overvoltage 1Vmax (0.5) at the selected SOC = 0.5.

current amplitude Ia,max : 271mA (1Hz), 249mA (100mHz),
182 mA (10 mHz) and 90 mA (1 mHz).

In summary, for impedance measurements performed
down to very low frequencies, we have defined a constraint on
the maximum magnitude of the current perturbation that we
can apply without violating the linearity of the system. For the
battery studied in this work (LG18650HG2), the current per-
turbation has to be limited to below 90 mA for measurements
below 1 mHz. Since we were also interested in impedance
behavior at low (or even ultra-low) frequencies in this work,
we decided to use voltage-controlled perturbations to safely
avoid problems with the limited current. Also, as mentioned
earlier, most measurements were made using the Keysight
N6705C DC power analyser. The accuracy of the system
output voltage is 0.025% + 600 µV, while the accuracy of
the current is 0.04% + 300 µA.

APPENDIX E
DESCRIPTION OF THE SUPPLEMENTARY MATERIAL
The supplementary material contains all the necessary data
and Python notebook required for the reconstruction
of the presented results. The entry point is the note-
book Supplementary_material.ipynb. This note-
book contains all the necessary guidelines and refer-
enced libraries, which are readily available as open source
versions. The corresponding git references are given
in the notebook. All scripts and datasets are available
for download at https://repo.ijs.si/gnusev/
supplementary_material.git.

Voltage was used as an excitation signal to test the battery.
The amplitude of the DRBS signal was UAC = 5 mV The
dataset used for calculation of impedance spectra consist
of 6 different files, named:

− DRBS_0.01hz.mat
− DRBS_0.1hz.mat
− DRBS_1hz.mat
− DRBS_10hz.mat
− DRBS_100hz.mat
− DRBS_1000hz.mat

Each file consists of the time-domain voltage (u) and cur-
rent signal (i), their sampling frequency (fs) and minimum
(fmin) and maximum (fmax) frequency in which the CWT
is calculated. Additionally the measured impedance spectra
from BioLogic SP-200 is also provided in order to compare
measured impedance spectra.
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Chapter 4

Condition Monitoring of Different
EECD by Means of Fast EIS

Condition monitoring of the EECD is essential for ensuring reliable operation. Changes in
the pattern of the impedance curve may indicate the presence of a fault or a degradation
mode. To minimise the effect of the degradation process one needs to analyse the change
in the impedance curve in order to undertake proper mitigation and maintenance actions
to help increase system reliability and extend its useful life.

Typically, changes in EIS characteristics are quantified by using parametric models
such as ECM [89], [90], DRT [91]–[93].

Equivalent circuit model

ECM is a well-established method for analysing impedance data. It uses passive elements,
such as resistors, capacitors, and inductors as building blocks. Also, it uses fractional-order
components capable of describing processes occurring in electrochemical energy conversion
systems, such as [94], [95]:

CPE also known as Q-element, is usually used to describe the impedance of a double layer
capacitance. The impedance of the CPE represents a general form of the impedance
of the capacitor and reads:

ZCPE(jω) =
1

(jω)αQ

where α ∈ (0, 1] and represents the fractional order coefficient. When α = 1, the
CPE describes an ideal capacitor. The Nyquist plot of the CPE element for different
values of the α is shown in Figure 4.1.

Cole-Cole (RQ) element is the most commonly used element in ECM for describing
processes in electrochemistry. It represents a parallel connection of a resistor and
CPE element. Its impedance reads:

ZRQ(jω) =
R

1 + (jω)αQR
=

R

1 + (jωτ)α
,

where τ = α
√
RQ. The Nyquist plot of the RQ element for different values of the α

is shown in Figure 4.2.

Gerischer element impedance is given in Equation (4.1) and reads:

ZGER(jω) =
R√

1 + jωQR
(4.1)
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Figure 4.1: Nyquist plot of a CPE element for different values of fractional order parameter
α.
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Figure 4.2: An example of the Nyquist plot of a Cole-Cole (RQ) element for different
values of fractional order parameter α.

A more general form is referred to as Cole–Davidson element. Its impedance reads:

ZCole−Davidson(jω) =
R

(1 + (jω)QR)β

where β ∈ (0, 1] and represents the fractional order coefficient. The Nyquist plot for
different values of β of the Cole–Davidson element, including the Gerischer element,
is shown in Figure 4.3.

Generalised Warburg element is used to describe diffusion. There are two types of
Warburg elements: finite length Warburg (FLW), which is typically used to describe
impedances of fuel cells, and the finite space Warburg (FSW), which is typically used
to describe impedances of Li-ion batteries. Sometimes FLW and FSW are called the
short and open Warburg elements, respectively. Impedance equation of FLW is given
in (4.2), while impedance equation of FSW is given in (4.3).

ZFLW (jω) =
Z0√
jωτ

tanh
√
jωτ

ZFLS(jω) =
Z0√
jωτ

coth
√
jωτ

Their impedance curve is given in Figure 4.4.
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Figure 4.3: An example of the Nyquist plot of a Cole–Davidson element for different values
of the fractional order parameter β, including the Gerischer element.
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Figure 4.4: An example of the Nyquist plot of a finite length Warburg (FLW) and finite
space Warburg (FSW) element.

Havriliak-Negami is the most general form of the ECM element. Its impedance is
defined as:

Z(jω) =
R

(1 + (jωτ)α)β

and depicted in Figure 4.5.
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Figure 4.5: An example of the Nyquist plot of a Havriliak-Negami general element.

Each component above can be associated with a physical process that occurs within the
cell. Combining various elements in a circuit leads to an ECM that describes the transfer
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function of the analysed system. The idea of ECM is to keep the electrical model as simple
as possible while providing a good enough fit to the measured impedance. However, the
main drawback of ECM is that generally we have no unique solution. In some cases, two
different equivalent circuits may result in the same transfer function.

Values of the ECM parameters are determined by means of optimisation. The most
commonly used method for parameter estimation is complex nonlinear least square (CLNS) [96].
To get the optimal values reliably, it is important to have good initial estimates. To cir-
cumvent this problem, more sophisticated optimisation methods were used for parameter
estimation, such as evolutionary algorithms [97], variational Bayes approach [90], Markov
chain Monte Carlo (MCMC) approach [98] and others.

Sections 4.1 and 4.2 present a study in which the evolution of ECM parameters over
time was used to perform condition monitoring on short SOFC stack and PEM hydrogen
compressor, respectively. Moreover, the measuring equipment presented in Chapter 2 was
used to perform EIS on them. During their operation, different faulty operation modes
were introduced, which are later successfully detected.

Distribution of relaxation times

The distribution of relaxation times (DRT) represents a well established method for impedance
deconvolution, which separates the polarisation processes with different time constants di-
rectly from the non-parametrically estimated impedance data. It is a linear transformation
used to estimate the number of time constants present in the transfer function.

The DRT method states that any impedance satisfying the KK relations can be rep-
resented as a sum of an infinite number of RC-elements connected in series, as shown in
Figure 4.6. This type of circuit is known as a chain of Voigt elements [99]. The impedance
of a single RC-element is given by Z(ω) = R

1+jωRC , with relaxation time constant τ = RC.
For an infinite number of RC-elements with continuously increasing relaxation times τ
from 0 to ∞, its impedance is:

Z(ω) = R∞ +

∫ ∞
0

G(τ)

1 + jωτ
dτ (4.4)

where R∞ represents the ohmic (serial) resistance.
The distribution of relaxation times represents the function G(τ). It is an integral

function which gives the value of the overall polarisation resistance Rpol. This can be
demonstrated for ω → 0 by solving Equation (4.4)

lim
ω→0

∫ ∞
0

G(τ)

1 + jωτ
dτ =

∫ ∞
0

G(τ)dτ = lim
ω→0

Z(ω)−R∞ = Rpol (4.5)

In order for (4.5) to be valid, the distribution function G(τ) has to satisfy the following
normalisation condition: ∫ ∞

0

G(τ)

Rpol
dτ = 1

According to Klotz [100], the area under each peak in the DRT equals the polarization
resistance of that particular loss mechanism.

Calculation of the DRT for known transfer function is a straightforward task as derived
by Fuoss et al. [101]. In order to calculate the DRT from the known impedance function
Z(jω), it is separated into its real and imaginary part, as follows:

Z(jω) = J(x)− jH(x)
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Figure 4.6: In general, DRT method assumes a chain of Voigt elements connected in series.
Each element indicates a process that occurs at a specific time constant, τi = RiCi.

where x = log
(
ωm
ω

)
, ωm represents the frequency at maximumH(x) andH(x) = −=(Z(x)).

Taking all this into account, the original DRT function τG(τ) can be expressed using the
following expression:

τG(τ) = 1
π

(
H(s+ j π2 ) +H(s− j π2 )

)
where s = log(τωm) (4.6)

Therefore, if we include the substitutions for the variables s and x into the (4.6), we get a
new expression for the DRT:

τG(τ) = − 1
π

(
=(Z(e− log τ−j π2 )) + =(Z(e− log τ+j

π
2 ))
)

Details about the mathematical derivation of the transform can be found in [101].
Figure 4.7 shows how the fractional order parameter α of the CPE element influences

the DRT. A two-pole fractional transfer function was chosen with time constants τ1 =
0.01 s and τ2 = 1 s, representing two different processes. This can be represented using a
serial connection of two R-CPEs elements. In case when the fractional order parameters
α1 = 1 and α2 = 1, the transfer function reduces to a simple serial connection of two RC
elements. The corresponding DRT represents two Dirac pulses (peaks) at locations of the
time constants. In cases when α1 < 1 and α2 < 1, the shape of the DRT peaks starts to
widen for lower values of the fractional order parameter. The area below the DRT is equal
to the polarisation resistance.

However, in practice, determining the DRT is not an easy task, since knowledge about
the transfer function is missing. Also, due to finite measurement, Equation (4.4) is ap-
proximated using discrete function for Gn for N serial RC elements. The discrete DRT
function reads:

Z(jω) = R∞ +
N∑
n=0

Gn
1 + jωτn

The contribution of each RC element is logarithmically distributed for predefined values
of τn. The problem of finding the DRT of an unknown function represents an ill-posed
problem. In order to solve it, regularization methods, such as Tikhonov or Lasso regulari-
sation, are required [102], [103]. More detailed information about the DRT calculation can
be found in [103].

Since changes in the DRT peaks are indirectly associated with changes of the impedance
spectra and therefore with the changes of the electrochemical energy conversion device
under test, it can be used as a tool for monitoring its performances. As a result, Section 4.3
presents a study where the DRT method is used to perform assessment and evaluation of
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Figure 4.7: DRT plot of a two-pole fractional order system, shown in the upper figure,
where the values of Q1 and Q2 were chosen in a way so that the time constants would be
τ1 = 0.01 s and τ2 = 1 s. By changing the fractional order parameters α of the transfer
function, the shape of the curve changes.

SOE stacks designed for application in a reversible operation. In this study, the measuring
equipment presented in Chapter 2 has been used to perform EIS.
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A B S T R A C T

This paper deals with the monitoring of the internal condition of a 6-cell solid oxide fuel cell stack during a
3600-hour test with short fuel starvation intervals. The relationship between change in condition and change of
impedance spectra as well as the parameters of the equivalent circuit models are analysed. Tentative features
indicating reduced fuel supply are identified. The analysis uses discrete random binary sequence, a stochastic
broadband excitation signal that allows much shorter perturbation times. More than 600 electrochemical
impedance spectroscopy curves and the associated equivalent circuit model parameters were analysed. High
fuel utilisation interval is detected in two ways: (i) by violating the Z-HIT test in the low-frequency part
(below ≈ 1 Hz) and (ii) significant change of the area-specific resistance parameter. The degradation after fuel
cut-offs is clearly reflected in the change in area-specific resistance and the serial resistance. The numerical
implementation of the proposed algorithms is available at: https://repo.ijs.si/pboskoski/py_eis.git.

1. Introduction

One of the most active areas in the field of SOFC is the development
of advanced health monitoring approaches together with the design of
optimised control strategies [1]. The aim was to improve the perfor-
mance of SOFC technology by operating the equipment at the limit of
usability.

Electrochemical voltammetry and EIS are still the most widely used
in-operando characterisation approaches [2]. The former focuses on the
detection of voltage drops (assuming constant current) but is unable
to identify the root cause. The Nyquist curve is more informative, and
conclusions about system condition can be drawn, for example, by
identifying the ECM parameters [3–8] or by identifying the distribution
of relaxation times (DRT) [9–11].

Conventional EIS is based on the successive use of low-amplitude
mono-component sinusoidal signals to excite only locally linearised
system dynamics. The impedance is evaluated for a selected discrete
set of frequencies [12–14]. The amplitude should be carefully chosen
to ensure an appropriate signal-to-noise ratio of the system output
response. However, in order to correctly capture the essential charac-
teristics of the impedance curve, especially in the low frequency range

∗ Corresponding author at: Jožef Stefan Institute, Jamova cesta 39, SI-1000, Ljubljana, Slovenia.
E-mail address: gjorgji.nusev@ijs.si (G. Nusev).

1 The maximum number is limited to the number of samples in the acquired data. However, since the sampling frequency 𝑓𝑠 is usually in the range of 100 kHz,
the impedance curves can be calculated with almost at continuous resolution.

(<100 mHz), excessive perturbation times (in the range of hours) are
applied. The selection of the perturbation frequencies is therefore a
compromise between the time in which the process is disturbed and
the resolution of the Nyquist curve.

An alternative to the successive sinusoidal perturbation in
impedance spectroscopy refers to the application of broadband stochas-
tic excitation signals [15–18]. However, evaluating the impedance
from these signals requires more sophisticated signal processing ap-
proaches, e.g. the continuous wavelet transform (CWT). Despite ad-
vances in signal processing, these results have been mostly neglected by
electrochemical experts. One of the goals of this work is to demonstrate
the effectiveness of a fast characterisation approach for SOFC stack
diagnosis. It is shown that not only the required perturbation could
be significantly reduced, but also the impedance can be evaluated with
high resolution on a dense set of frequencies.1 Better resolution of the
impedance curve allows more reliable parameter estimates of the ECM.
The estimates are obtained by a constrained optimisation approach
that addresses the problem of ill-conditioned Hessian of the criterion
function.
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A further contribution of this paper is related to the application
of fast impedance spectroscopy for the detection of increased fuel
utilisation and fuel cut-off. That is one of the main concerns in the
operation of SOFC stacks. The fuel shortage can cause a local oxidant
environment, i.e. very low concentrations of H2 and CO, resulting in
oxidation of Ni and formation of NiO. The nickel oxidation causes an
irreversible mechanical degradation of the electrolyte and electrode
interface due to the dimensional expansion of the anode support [19].

Despite a solid understanding of degradation mechanisms due to
insufficient fuel supply [20–23] there is an obvious need for efficient
online monitoring tools capable of providing early warning of the
onset of Ni oxidation in the anode. Several approaches have been
proposed so far, based on the fact that insufficient fuel supply moves
the operating point into the nonlinear region of the voltage–current
characteristic. An idea how to detect the nonlinearity was proposed
by Esposito et al. [24] who applied CWT to the SOFC voltage signal
and showed the qualitative change in the transform in the presence
of anode reoxidation caused by high fuel utilisation (i.e. local fuel
starvation). A simple method for detecting non-linearity is contained
in total harmonic distortion analysis (THDA), a method originating
from the power engineering industry, which was first used to monitor
the fuel utilisation of PEM fuel cells [25]. Later on, it was applied
by [26,27] to SOFC stacks. In a recent comprehensive study, THDA
was used for early detection of various degradation mechanisms in
SOFC [28], including Ni oxidation. The results show that THDA can
be used online to provide a consistent and reliable indicator of the fuel
utilisation rate on the SOFC stack. Implementation of the THDA method
is simple and inexpensive, which is important for online applications.
However, the approach requires invasive excitation, typically on the
minute scale in the frequency range of 0.01–1 Hz, i.e. in the range
where gas transport processes dominate.

By applying the proposed DRBS excitation coupled with the CWT
analysis, it is shown that accurate results can be obtained in a fraction
of the time required by the state of the art methods. To evaluate the
proposed approach, a rapid characterisation of the 6-cell SOFC stack
was performed every 6 h, resulting in more than 600 EIS curves for
each cell of the stack. It is shown that high fuel utilisation problems
can be identified from the pattern of changes in the parameters of the
ECM.

The paper is structured as follows. The complete methodology is
presented in Section 2. Details are presented on the impedance eval-
uation by means of complex CWT and impedance validation through
KK relationships as well as the optimisation procedure for ECM param-
eter estimation. The description of the experimental setup is provided
in Section 3. Finally, Section 4 discusses the results obtained with the
experiment.

2. Methodology

The aim of this section is to describe the entire procedure from
system perturbation and signal processing up to the determination of
diagnostic features. The core of the approach is fast electrochemical
impedance spectroscopy proposed by Boškoski et al. [29] and now
applied for the first time to SOFCs. It is based on the idea of overcoming
the limitations of the conventional EIS by using broadband excitation
together with powerful signal processing techniques.

Conventional EIS typically uses single and sometimes multi-compon
ent sine waveforms for system excitation [30]. Consequently, the
impedance is assessed for a set of selected frequencies. To obtain
sufficiently accurate results, several periods of a sinusoidal excitation
signal are required for each desired frequency.

The selection of amplitude of the perturbation signal for EIS is
always a result of compromise. On the one hand, it must be low,
so that only linearised system dynamic modes are excited at a se-
lected operating point. On the other hand, the amplitude should be
high enough to ensure a sufficient signal-to-noise ratio. The random

binary signal has proved to be a suitable candidate for the excitation
signal [31]. It takes either of the two values, −𝑎 or 𝑎, and alternates
from one to another at random time instances. Such a signal could
be regarded as composed of an infinite ensemble of sinusoids defined
at all possible frequencies and with amplitudes adjusted accordingly.
Thanks to the linearity assumption, each perturbing sinusoid on input
causes a sinusoid of the same frequency on the output. From the
superposition principle an ensemble of the sinusoidal inputs creates an
ensemble of the sinusoids on the output which together constitute the
system response. To find out the system gain and phase characteristic
at a particular frequency we have to unfold the adequate sinusoidal
components with that frequency both from input and output signal. For
this reason, a spectral decomposition is absolutely mandatory.

A random binary signal can in theory switch from one value to
another at any instance of time. In reality, however, the switching is
only possible at discrete times that coincide with the sampling time
instances. Such a signal is referred to as a discrete binary random signal
(DRBS [32]). The minimum time between the two successive switching
operations determines the effective bandwidth of the DRBS, which is
denoted as 𝑓𝑏. This means that all of the frequencies are on average
excited with the same power (more precisely, power density). As a
result, it becomes possible to calculate EIS at (almost) any desired
frequency point just from a single measurement. Detailed derivation
of the statistical properties of DRBS is given in [32,33].

2.1. Impedance evaluation by means of continuous wavelet transform

When performing EIS with single-component signals, all energy of
the input and output signals is concentrated on the excitation fre-
quency. Assuming strict stationarity condition, the impedance can be
obtained from the amplitude and phase relationships. In practice, due
to the noise in the signals, the Fourier transformation proves to be a
better solution.

For broadband excitation and under less restrictive stationary condi-
tions, time–frequency spectral decomposition appears to be a more suit-
able tool. A typical approach is the short-time Fourier transform. The
problem with Fourier-based approaches is the limitation of the time–
frequency resolution, which is related to the choice of the time window
function. CWT allows a flexible time–frequency resolution, which is
achieved through the concepts of scaling of the mother-wavelet 𝜓𝑢,𝑠(𝑡).
It is defined as [34]

𝑊 𝑓 (𝑠, 𝑢) = ∫
∞

−∞
𝑓 (𝑡)𝜓∗

𝑢,𝑠(𝑡) 𝑑𝑡, (1)

where 𝜓∗
𝑢,𝑠(𝑡) denotes the complex conjugate and 𝑢 and 𝑠 are the

translation and scaling parameters. The 𝑢 and 𝑠 parameters can be
easily transformed in time and frequency based on the properties of
the selected wavelet function.

From the plethora of available wavelet functions, only complex
mother wavelet functions are applicable for EIS evaluation. The subse-
quent analysis is performed with the Morlet wavelet [29,35], defined
as

𝜓(𝑡) = 𝜋−
1
4
(
𝑒−𝑗𝜔0𝑡 − 𝑒−

𝜔0
2
)
𝑒−

𝑡2
2 . (2)

Details on the use of CWT with the Morlet wavelet in the context of EIS
can be found in [17,29].

It should be noted that having finite number of samples, certain
wavelet coefficients are corrupted due to edge effects at the beginning
and the end of the observation window. These coefficients must be
omitted from further analysis. This effect is a direct consequence of the
so-called cone of influence [36].

The impedance based on CWT can be calculated in a similar way
as in the case of the Fourier transform, i.e. as the ratio of the wavelet
coefficients of the voltage 𝑢(𝑡) and the current 𝑖(𝑡):

𝑍(𝑡, 𝑓 ) =
𝑊 𝑢cell(𝑡, 𝑓 )
𝑊 𝑖cell(𝑡, 𝑓 )

, (3)

58 Chapter 4. Condition Monitoring of Different EECD by Means of Fast EIS



Journal of Power Sources 489 (2021) 229491

3

G. Nusev et al.

where 𝑊 𝑢cell(𝑡, 𝑓 ) and 𝑊 𝑖cell(𝑡, 𝑓 ) are the wavelet coefficients of 𝑢(𝑡)
and 𝑖(𝑡) calculated using (1). Note that unlike Fourier transform,
in the CWT analysis, both time and frequency are needed to define
the instantaneous transfer function 𝑍(𝑡, 𝑓 ) in (3). Possible fluctuations
during the experiment and drifts, especially in the low-frequency part
of the spectrum, cannot remain unnoticed since they are clearly seen
in 𝑍(𝑡, 𝑓 ). As a corollary, Fourier transform at a frequency 𝑓 could be
obtained by averaging the 𝑍(𝑡, 𝑓 ) over time.

2.2. Validation of impedance data

In order to ensure a valid EIS evaluation, the measured system
under test has to comply with the conditions of stability, causality and
linearity. Since the transfer function of the SOFC represents a complex
analytic function in the upper half-plane, validity of the EIS measure-
ments can be checked with Kramers–Kronig relations. KK relations
render possible to reconstruct the imaginary part of the impedance
spectra from the real part and vice versa [37,38]:

ℑ{𝑍(𝜔)} = −2𝜔
𝜋 ∫

∞

0

ℜ{𝑍(𝑥)} −ℜ{𝑍(𝜔)}
𝑥2 − 𝜔2 d𝑥

ℜ{𝑍(𝜔)} = ℜ{𝑍(∞)} − 2
𝜋 ∫

∞

0

𝑥ℑ{𝑍(𝑥)} − 𝜔ℑ{𝑍(𝜔)}
𝑥2 − 𝜔2 d𝑥.

(4)

The infinite integration in (4) leads to inevitable numerical errors.
Ehm et al. [39] provided a solution to this numerical problem and
proposed a Z-HIT method. In such a case, the amplitude spectrum can
be reconstructed from the phase spectrum as follows

log |𝑍̂(𝜔0)| ≈ 𝑎 + 2
𝜋 ∫

𝜔0

𝜔𝑚𝑖𝑛
𝜙(𝜔)d log𝜔 + 𝛾

d𝜙(𝜔0)
d log𝜔0

(5)

where 𝜙(𝜔) is the phase spectrum, 𝛾 = − 𝜋
6 and 𝜔0 ∈ [𝜔𝑚𝑖𝑛, 𝜔𝑚𝑎𝑥].

The derivation d𝜙(𝜔0)
d log𝜔 can be evaluated numerically by means of the

Savitzky–Golay filter. The constant 𝑎 is determined by a least squares
fit.

Using (5), impedance data is valid if the difference ‖𝑍(𝜔)| − |𝑍̂(𝜔)‖
is small enough. If either system dynamics, experimental conditions
or data acquisition are not compliant with the assumption the EIS is
based on, the reconstruction via Z-HIT will fail in certain frequency re-
gions. These regions should be excluded from the parameter estimation
process.

2.3. Deconvolution of the EIS spectra

2.3.1. Equivalent circuit models
ECMs consist of both simple and frequency-dependent elements

(fractional-order), which together form a transfer function that should
best fit the impedance curve. The simplest fractional-order element
is the constant phase element (𝑄), which describes the double-layer
capacitance at the electrodes. Its impedance is defined as [12]. There
are various definitions of the impedance of the constant phase ele-
ment [40]. This analysis adopts the notation of Sluyters-Rehbach [41]:

𝑍𝑄(𝑗𝜔) =
1

(𝑗𝜔)𝛼𝑄
, (6)

where 𝛼 ∈ [0, 1] represents the fractional order of the pole. The
impedance of a capacitor is the special case of the impedance of the
constant phase element at 𝛼 = 1. There are also other elements that
could be used, such as the Warburg element to describe mass transport
losses or a more general Havriliak–Negami element [30].

Note that the selection of the ECM structure can be ambiguous.
Since a model is only an approximation of reality, different ECM
structures can in practice lead to a comparable matching quality of
the measured impedance curve. In our approach we adopt the view
that the main diffusion and polarisation can be described by the class

of models [10,11,42] represented by a serial connection of parallel
connected resistors 𝑅 and constant phase elements 𝑄:

𝑍(𝑗𝜔) = 𝑅𝑆 +
𝑛∑
𝑖=1

𝑅𝑖
1 + (𝑗𝜔)𝛼𝑖𝑅𝑖𝑄𝑖

+ 𝑗𝜔𝐿, (7)

where 𝑅𝑆 is serial resistance, 𝐿 is the inductance, 𝑅𝑖 and 𝑄𝑖 are the
parameter values of each pole and 𝛼𝑖 ∈ R+ and 𝛼𝑖 ∈ [0, 1] is the
fractional order of the 𝑖th pole. Each component can be associated with
a physical process in the cell. The goal is to keep the ECM as simple
as possible while providing a sufficiently close fit to the modelled and
measured impedance [43]. It should be noted that an ECM model can
be directly associated with the corresponding DRT curve because they
represent two equivalent descriptions of the same system [44].

2.3.2. Selecting structure of the ECM for SOFC systems
The first step in system identification is the selection of the model

structure, i.e. determining the number of poles in the model (7).
The structural identification of fractional order models (7) is a rather
challenging task, which is insufficiently treated in the literature. In the
absence of rigorous approaches, one way to solve the task is to use
background knowledge to infer the number 𝑛 in (7).

In hydrogen-powered SOFC fuelled by hydrogen one could expect
five dominant processes whose time constants span the frequency band
from 0.1 Hz to 1 MHz [45,46]. These processes can be divided into
three main groups [47]: gas conversion, cathode processes and anode
processes. The gas conversion processes contribute to the low frequency
part of the EIS curve, the cathode processes are mostly pronounced in
the mid-frequency range and the high-frequency part can be attributed
to the anode related processes.

The contribution of the gas conversion impedance to the overall
impedance is strongly influenced by the flow rate and the concen-
tration of the fuel gas over the anode (humidification rate of the
fuel gas). The gas conversion impedance should be considered as an
effect of the passage of current at an electrode under finite gas flow
rate [48]. According to Klotz [49], the dynamic characteristic of the
gas impedance is that it is strongly dependent on the time required for
the gas to pass through the anodic gas channel at the corresponding
flow rate. Various experiments provide empirical evidence positioning
the influence of this process below 1 Hz [48]. Furthermore, the gas
conversion impedance is not related to the anode performance itself,
but is a function of the setup geometry, the position of the electrodes
and the gas flow rate.

Cathode processes are controlled by the oxygen surface exchange
kinetics [46]. The time constant of these processes lies between the
time constant of gas conversion and the time constant related to the
anode processes. Experiments with SOFC, based on variations of the
oxidant gas composition, typically place the cathode processes in the
frequency interval between 3 Hz and 300 Hz [46,50]. Anode processes
are mainly associated with charge transfer reaction and ion transport.

2.3.3. Estimation of ECM parameters
Finding the optimal parameters of the ECM means solving the

nonlinear optimisation problem with constraints

𝐱∗ = argmin
𝐱
𝜀(𝐱)

𝐱𝐿 ≤ 𝐱 ≤ 𝐱𝑈
where

𝜀(𝐱) =
𝑁∑
𝑖=0

|||||
𝑍𝑀 (𝑓𝑖) − 𝑍̂𝑆 (𝐱, 𝑓𝑖)

𝑍𝑀 (𝑓𝑖)

|||||

2

(8)

where 𝑍𝑀 (𝑓𝑖) represents the measured impedance at the frequency 𝑓𝑖,
𝑍̂𝑆 (𝐱, 𝑓𝑖) represents the estimated impedance given 𝐱 at the frequency
𝑓𝑖. The vector 𝐱 contains all ECM parameters and 𝐱𝐿 and 𝐱𝑈 are vectors
of the lower and upper bounds of the ECM parameters respectively.

The search for an optimum might turn non-trivial since the criterion
function (8) exhibits substantially different sensitivity to different ECM
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Fig. 1. Block scheme of the system for fast characterisation of SOFC stack.

parameters. In order to guarantee reliable convergence of the search,
regardless of the initial conditions, a combination of global and local
search strategies is used. The global search is performed by a genetic
algorithm, while the refined local search is performed by the simplex
method.

Algorithm 1: Pseudo code of the proposed algorithm for parameter
estimation
Input : Measured impedance data, ECM topology, Threshold,

number of iterations (N)
Output: Values of ECM parameters
k=0;
repeat

GA optimisation;
x are sorted by ascending order of the 𝜀(𝐱);
Bounded simplex method for the M best x;
choose x with lowest value of 𝜀(𝑥);
k=k+1;

until (𝜀<Threshold) or (k>N) or (change x <5%);
Solution

Genetic algorithm creates several starting points within the range of
permissible parameters. The result is a rough estimate of the position
of the global minimum. The obtained intermediate result is later used
as a starting point for the bounded simplex optimisation method. After
completion of the simplex optimisation, the best candidate solutions
are transferred to the next generation, where others are mutated or dis-
carded. The optimisation process is finished when one of the following
conditions is met:

• the value of the 𝜀(𝐱) is lower than the threshold value that is
predefined;

• relative change of the 𝜀(𝐱) between the last 3 iterations is less
than 5%;

• relative change of the parameters 𝐱 in the last 3 iterations is below
some predefined percentage.

The implementation of all the algorithms above in Python is available
at https://repo.ijs.si/pboskoski/py_eis.

3. Experiment

In order to demonstrate the potential of the proposed methodology,
the experimental campaign was performed on a short SOFC stack from
SOLIDpower S.p.a. operated in an electric furnace at 750 ◦C. The
stack comprises 6 anode-supported cells. Each cell has an active area
of 80 cm2. The flow rate of the hydrogen and nitrogen fuel mixture
was H2/N2 = 0.216/0.144 Nl h−1 cm−2, while the air flow rate was

4 Nl h−1 cm−2. The stack was operated with a nominal current of
32 A. (0.4 Acm−2) and FU = 77.5% for most of the time. Deviations
from the nominal regime were made in two ways. First, the stack was
subjected to the intentional increase of fuel utilisation on two occasions.
Secondly, there were several unplanned failures in the fuel supply,
which proved to be quite harmful to the stack condition. The stack was
operated for a total of 4500 h, but for the sake of consistency we will
present the results up to 𝑡 = 3600 h, since at 3600 h of stack operation
an upgrade of the measurement equipment was performed.

3.1. Measurement system

Due to the unconventional excitation signals a measurement test rig
was entirely custom designed. It comprised a digital load, data acquisi-
tion devices and a control unit. The block scheme of the measurement
system is shown in Fig. 1. The electronic load, Rigol DL3031A, was
connected in series with the SOFC stack. Its task was to control the
electrical current drawn from the stack. Consequently, the device was
used to perturb the stack by superimposing excitation signals with
an accuracy of ±1 mA. The electric current was measured with the
LEM HASS 50-S Hall probe sensor. Such a measurement technique
did not affect the performance of the system under test and provides
sufficient accuracy. In addition, the selected sensor with the cut-off
frequency of 240 kHz has a sufficiently wide bandwidth. The cell
voltages were measured independently with a differential 16-bit data
acquisition system NI USB-6215. The analog signals were first low-pass
filtered at 10.8 kHz and sampled with sampling frequency 𝑓𝑠 = 50 kHz.

3.2. Experimental protocol

The protocol included two intervals of the experiment (referred to
as events) in which FU was increased in four steps from 77.5% to
92.5%. At the end of each interval, the stack was brought back to
77.5%. During the first interval of increased FU, the duration of each
step was 24 h. Each FU step was performed by keeping the current
density constant while reducing the H2 flow rate. The second interval
of increased FU was of equal duration (the duration of each step was
24 h). It was realised by keeping the flow rate H2 constant while
step increments of current density were performed according to the
following sequence 32 A, 34.06 A, 36.15 A, 38.2 A.

Throughout the experiment, EIS was performed every 6 h. At nom-
inal operating conditions and during the first interval of increased
FU, the short stack impedance at I DC =32 A was evaluated based on
DRBS with amplitude 𝑎 = ±1 A (peak-to-peak amplitude 𝑎𝑝𝑝 =2 A.
During the second interval of increased FU fuel utilisation, the peak-
to-peak amplitude of the superimposed DRBS signal was set to 6%
of DC current. The amplitude was chosen low enough to ensure a
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Fig. 2. Evolution of the cell voltages during the duration of the experiment together with all events that occurred..

Table 1
Experiment events.
Event number Experiment time [h] Description

E1 0–40 Start up
E2 270–342 Increased fuel utilisation (decreased fuel flow rate)
E3 582–648 Increased fuel utilisation (increased current)
E4 654–672 Emergency shutdown due to H2 shortage
E5 1242 Power loss due to thunderstorms
E6 1434 Emergency shutdown due to H2 shortage
E7 1884–1890 Moving into the new building
E8 2202 Emergency shutdown due to H2 shortage

linear response, but high enough to maintain a sufficient signal-to-noise
ratio. During the 3600 h of the experiment, 600 EIS curves and the
corresponding ECM models were evaluated.

Unexpected interruptions
During the experiment, 5 unforeseen events occurred. On three

occasions the experiment was abruptly halted due to H2 cut-off. There
was a power outage due to interruptions in the external power grid.
Finally, at a certain time point, the test bench had to be relocated,
which included a complete shutdown and restart of the SOFC stack.
All events that occurred during the experiment are listed in Table 1.

4. Results and discussion

4.1. Checking validity of the impedance data

Since the fuel cell stack was operated under different FU modes,
special attention was paid to checking the validity of the measurements.
Before the estimation of the ECM parameters was performed, the Z-HIT
test was applied to the measured EIS data. Only data from the frequency
band where the relative error of the Z-HIT test was less than 5% were
considered. The remaining frequency points were omitted.

It was found that for frequencies above 1100 Hz the Z-HIT test
showed higher error levels. That is due to a data acquisition system
with interlaced sampling. As a result, at higher frequencies there is an
inherent phase error introduced by the measurement equipment delay.
Therefore, the entire subsequent analysis was performed using only the
EIS data up to 1 kHz. It is important to note that in cases of high FU
the measurements show inconsistent values in the low-frequency range,
which is suggested as an additional indicator of increased FU issues.
These cases are described in detail in Section 4.3.

4.2. ECM parameter estimation results

Although five poles [45,46] are believed to be necessary to describe
the main processes in SOFC, due to the limited range of validated
impedance data (𝑓< 1100 Hz) only three poles remain identifiable [51,
52]. In such a case, we could observe at most the three dominant
processes discussed in Section 2.3 modelled by the three 𝑅𝑄 elements.
Consequently, the selected ECM has 11 parameters: the three 𝑅𝑄
elements (each parameterised with three parameters 𝑅𝑖, 𝑄𝑖, and 𝛼𝑖), the
serial resistance 𝑅𝑆 , and the inductance 𝐿. In addition, the parameter
area-specific resistance (ASR) is defined as the sum of all resistances or
the total resistance of the cell.

ECM parameters were obtained with the optimisation algorithm
presented in Section 2.3. All ECM parameters were identified us-
ing impedance characteristics obtained by DRBS excitation. Each EIS
curve contained 50 points per decade with a total of 201 points. The
impedance characteristics spanned the frequency band from 0.1 Hz to
1.1 kHz.

The identification results are displayed in Fig. 3. Fig. 3(a) shows the
comparison between the impedances calculated with DRBS, sinusoidal
excitation and the impedance calculated from the estimated parame-
ters. The fit is sufficiently accurate, as confirmed by the residuals shown
in Fig. 3(b), where the error of the real and imaginary parts is less than
2%.

4.3. Evolution of ECM parameters during intervals of increased FU

Warmup stage — E1
Due to non-stationary temperature condition, this section of the

experiment is excluded from the analysis.

The first FU variation — E2
The first FU event was performed by successively decreasing the H2

flow rate according to the following sequence 77.5%, 82.5%, 87.5%
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Fig. 3. (a) Comparison of impedance characteristics obtained by fitting, conventional sinusoidal excitation and DRBS based excitation. (b) Relative error of the DRBS-based ECM.

Fig. 4. Z-HIT evaluation at increased FU. Figures on the left-hand side show comparison between the original and Z-Hit implementation of KK recreated impedance. Figures on
the right-hand side show the relative error between the original and Z-Hit implementation of KK recreated impedance and 5% threshold limit indicated with red dashed line. It
can be seen that the results are valid up to ∼1100 Hz. Data for frequencies higher than 1100 Hz are omitted.

and 92.5% while keeping the current constant. The duration of each
elevated FU interval was 24 h.

First, as shown in Fig. 4, high FU affects the Z-HIT test in the
frequency region below 0.1 Hz. The relative error of the Z-HIT in that
region amounts to over 20% in the case of highest FU. This is a clear
indication of the presence of nonlinear behaviour of the fuel cell.

Second, the FU variations affect the values of the identified ECM
parameters displayed in Fig. 5. Since the FU is directly connected to
the gas conversion impedance, a significant change in the parameters
of the middle-frequency pole (𝑄2 and 𝑅2) and the low-frequency pole
(𝑅3) was observed. When different FUs were applied, the resistances
𝑅2 and 𝑅3 increased significantly by 20 times in some cases, since
their value is reciprocal to the gas flow rate and proportional to the
time it takes for the gas to pass through the anode gas channel. The
high frequency pole parameters (𝑅1 and 𝑄1) have also responded to
the increased FU. The high frequency pole describes both anode- and
cathode-related processes that take place within the cells.

The value of the serial resistance 𝑅𝑆 decreased during the period of
higher FU (Fig. 5, events E2 and E3). The reason for such a behaviour
is that the increased FU causes the stack to produce more heat and
the temperature to rise locally, especially at the anode/electrolyte

interface. The increased temperature affects the electrolyte properties
by improving its ionic conductivity, resulting in a decrease of 𝑅𝑆 .
During the events with increased FU the 3rd cell was most affected.
According to Comminges et al. [52], increased temperature increases
the dilatation of ceramics and interconnects, resulting in increased
contact force and an improvement of the metal/ceramic interfacial
contact.

Anode re-oxidation after the second FU variation E3 and fuel shortage E4
The second FU event (E3) was induced by increasing the cur-

rent density according to the following sequence 32 A, 34.06 A,
36.15 A, 38.2 A while keeping the H2 flow rate constant as shown in
Fig. 6a. Each current step lasted 24 h. During the 24-hour period, four
impedance measurements were made at each current step.

During the entire E3 event and especially during the last step at FU
= 92.5% (I = 38.2 A), three different behaviours can be distinguished:
(i)reduction of the cell serial resistance 𝑅𝑆 , (ii) improvement of the cell
voltage and (iii) small anode reoxidation. Compared to the event E2,
the decrease in the 𝑅𝑆 value was significantly higher. This is mainly
due to the increased power output during the second FU event (E3)
compared to E2. As mentioned above, this effect is a consequence of the
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Fig. 5. Time evolution of the ECM parameters during intervals of increased FU. 𝑅1, 𝑄1 and 𝛼1 represent the high frequency ECM parameters, 𝑅2, 𝑄2 and 𝛼2 represent the medium
frequency ECM parameters and 𝑅3, 𝑄3, 𝛼3 represent the low frequency ECM parameters. Calculated parameters are shown up to 670 hour.

increased heat production, which causes an increase of YSZ electrolyte
conductivity.

During the last step at FU = 92.5% (I = 38.2 A) a recovery of the
cell voltages was observed (Fig. 6b). This is due to the decrease in
ASR (Fig. 5), which is mainly caused by the decrease in polarisation
resistance. In contrast, the serial resistance 𝑅𝑆 of the cells (especially
for the 2nd and 3rd cell) remained unchanged during the impedance
measurements, which was also observed by Laurencin et al. [53]. These
effects can be seen in the measured impedances, which are shown in
Fig. 5. There are three possible explanations for why the voltage of the
cells recovered during the last FU step.

The first explanation could be sought in the decrease of air inlet
temperature, probably caused by external disturbances on the test
bench. The second possible explanation concerns the redistribution
of the current density on the surface of each cell. During the last
step, at I=38.2 A, a small anode reoxidation occurred, which was
most pronounced in the 2nd and 3rd cell (see Fig. 6b). The 2nd and
3rd cells exhibited voltages of less than 0.73 V at 750 ◦C. According
to Larrain et al. [54] the threshold voltage of anode reoxidation of
0.73 V is calculated considering the thermodynamic equilibrium of
Ni/NiO at 750 ◦C. Other cells were largely unaffected during this
event. During this step the reoxidation of the anode started abruptly
when moving from 36.1 A to 38.2 A. From this point on, the Ni
reoxidation becomes weaker and weaker due to the current density
redistribution in the stack. The last, third, explanation could be related
to the nickel redistribution in the anode.

4.4. Fuel shortage events — E4, E6 and E8

Until E4 all 6 cells show a similar behaviour during the first two
variations of FU. The unforeseen events of fuel shortage led to an
emergency shutdown of the experiment. Only the first of these three,
i.e. E4, occurred under high FU (see Fig. 6c). During this event, due to
empty H2 tanks, the voltage of all cells dropped below 0.73 V, causing
massive Ni reoxidation. In Fig. 6c is shown more clear insight of what
happened during the fuel shortage event. At 𝑡 = 652 h, the flow rate
H2 begins to decrease, but the DC current drawn from the stack was
kept constant at 𝐼 = 38.2 A. The safety mechanism caused the switch
to OCV at 𝑡 = 652.6. Thus, operation under constant DC load without
sufficient fuel causes the use of Ni as fuel and reoxidation to NiO. The
greatest short-term effect of the event E4 had the 3rd cell (Fig. 2) After

this event, a sharp increase in the low frequency pole parameter 𝑅3 and
the middle frequency pole parameters 𝑅2 and 𝑄2 associated with gas
conversion is observed, indicating abnormal operation (Fig. 5 and 7).
After this event, the values recovered slowly, but never reached the
initial values from before the abrupt event E3. The same behaviour was
observed with the high frequency pole parameter 𝑅1. In contrast, other
parameters (𝛼𝑖, 𝑄1 and 𝑄3) did not respond and did not change their
value. The two other fuel shortage events (E6 and E8) had no long-term
effects on the overall condition of the SOFC stack.

4.4.1. Back to the nominal operating current
After the fuel supply fault E4, the operating conditions of the stack

were brought back to normal i.e. FU=77.5% and I=32 A. From this
event on, the experiment lasted for additional 3000 h. The evolution
of the parameters during the durability test is shown in Fig. 7. The
parameters in Fig. 7 represent continuation of the parameters shown in
Fig. 5. During this phase of the experiment, three long-term phenomena
can be observed. First, only the serial resistance 𝑅𝑆 of the 3rd cell
shows a clearly increasing trend over time, cf. Fig. 7. Second, a similar
degradation at a much slower rate can be observed in the 2nd and
4th cells (Fig. 2). Finally, the fuel shortage event E4 has changed the
behaviour of the 1st and the 6th cell (U1 and U6). As can be seen from
Fig. 7, the values of the parameters 𝛼1, R1, Q1 and R𝑠 have augmented
spread compared to the other cells. All these parameters are related to
the high-frequency part of the impedance characteristics. After E7 and
E8, however, the values of these parameters return to their initial range
and become comparable with the other cells in the stack. Even with
post-mortem analysis it was not possible to give a clear explanation for
the observed behaviour of these two cells.

For the 3rd cell, the most likely reason for the increasing trend
of the 𝑅𝑆 increase is mechanical damage along the anode/electrolyte
interface, which occurred during the FU step E3 and the interruption
of the fuel supply E4. In the case of the adjacent 2nd and 4th cells, the
increase of 𝑅𝑆 is a consequence of the damaged 3rd cell.

In the similar manner, the event E4 influenced the 3rd cell, the
relocation event E7 seems to have accelerated the degradation rate of
the 4th cell. As in the previous case, the degradation rate is related with
the rate of increase of the serial resistance 𝑅𝑆 (Fig. 7).
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Fig. 6. (a) Detailed view of evolution of cell voltages during the second event of increased FU from FU = 87.5% to FU = 92.5% (event E3). During this step increased FU is
achieved by increasing the current density, while keeping the H2 flow rate constant. b) Improvement of the voltage of the cells during last step of the increased FU at I = 38.2 A.
c) Detailed time evolution of all parameters including H2 flow rate during E4 event.

Fig. 7. Time evolution of the ECM parameters during the durability test. 𝑅1, 𝑄1 and 𝛼1 represent the high frequency ECM parameters, 𝑅2, 𝑄2 and 𝛼2 represent the medium
frequency ECM parameters and 𝑅3, 𝑄3, 𝛼3 represent the low frequency ECM parameters. Calculated parameters are shown from 670 to 3600 h.

4.5. Evolution of the inductance L

The presence of the inductive artefacts is due to the mutual induc-
tance and the geometrical set-up of the stack and does not describe the
operation of the fuel cell [55]. In our case also the inductance 𝐿 of the
cells was estimated during the whole experiment. The evolution of the
inductance of the middle cells is shown in Figs. 5 and 7. During the
first 650 h the inductance of the cells was constant. After the E4 event,
however, the inductance of the 3rd cell shows a markedly increasing
trend over time, similar to the increasing trend of the serial resistance
𝑅𝑆 . This behaviour corresponds to the reoxidation of the anode at the
fuel outlet and the increase of the serial resistance of this cell due to NiO
instead of Ni. Event E4 (fuel shortage) caused unusually large spread of

the estimated parameters 𝐿 of the 1st and the 6th cell which indicates
abnormal behaviour at high frequencies. A similar pattern can be
observed in the 4th cell immediately after the reallocation event E7,
which is also similar to the behaviour of the serial resistance 𝑅𝑆 of the
same cell.

4.6. Post-mortem micro structural analysis

After the end of the experiment a post-mortem analysis of the stack
cells was performed. It included a leakage test of the stack, followed by
a disassembly of the stack elements to observe the quality of the cells
and the sealants and to look for other particularities.
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Fig. 8. Post mortem analysis on 3rd cell, which was denoted as the 4th by the stack
supplier, where anode oxidation occurred (black/grey Ni has become green NiO) at the
fuel exhaust side. (For interpretation of the references to color in this figure legend,
the reader is referred to the web version of this article.)

The leakage test indicated out-of-scale leakage. Detailed inspection
of the stack elements also revealed that the quality of the sealant was
poor. In addition, the oxidation patterns on the cells (especially cell 3)
indicated that the cells experienced fuel shortage. In Fig. 8 there is a
photo of the 3rd (supplier designated as the 4th cell), which indicates
strong anode oxidation (black/grey Ni has become green NiO) on the
fuel outlet side. This strong anode oxidation, which occurred after the
second FU event (E4), caused the monotone increase of 𝑅𝑆 .

5. Conclusion

Fast impedance spectroscopy is used to detect gas shortage problems
during a long-term experiment on a short stack. Firstly, it is shown
that fast EIS, thanks to the short DRBS perturbations together with
CWT analysis, bring two important advantages over classical EIS. The
duration of EIS measurements is an order of magnitude shorter than
that of classical sinusoidal EIS. (less than 2 min). This made it possible
to increase the rate of characterisation runs when important changes in
the stack need to be tracked.

Secondly, the resulting EIS curves are calculated with an almost
continuous frequency resolution without affecting the measurement
time. This is a significant improvement over the classic EIS, which
typically have 10 points per decade.

More than 600 impedance curves were evaluated during the ex-
periment. To the best of the authors’ knowledge, this is the first such
application in the field of durability testing of SOFC systems. The
results indicate that increased fuel utilisation results in violated Z-HIT
conditions and increased ASR. The main reason for the increased ASR
is the resistance associated with the slowest pole of the model. When
the FU conditions are brought back to the nominal value, the presence
of degradation can be observed by an increasing serial resistance 𝑅𝑆 .
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Fractional Order System Identification
Method for Online Monitoring of
Humidity of Electrochemical Hydrogen
Pumps

Gjorgji Nusev, Pavle Boškoski, and Gregor Dolanc

Abstract Electrochemical hydrogen pump (EHP) is a promising technology capa-
ble of extracting hydrogen from miscellaneous gas mixture and compresses it to
very high pressures. The basic working principles are similar to that of a proton
exchange membrane (PEM) fuel cell. Consequently, its performance is heavily
dependent on humidity level of the membrane. Unlike PEM fuel cells where water
is generated as a by-product, in the case of EHP the humidity has to be delivered
via external humidifier. Therefore, it is paramount to have accurate information
regarding the humidity in order to achieve optimal exploitation. Inaccessibility of
the membranes makes it almost impossible to perform direct humidity measure-
ments. Addressing this issue, this paper presents a method for online estimation of
humidity levels based on the parameters of an equivalent circuit model (ECM). The
parameter estimation is performed through a combination of evolutionary algorithm
and simplex optimization. The method is evaluated on a market ready EHP device
with capacity of pumping 1.4118 stl/min of H2.

1 Introduction

Numerous studies on future energy development predict hydrogen as a main source
for energy storage. In that manner it is expected that the hydrogen production
will continue to increase in the years that follow [1, 2]. According to Fraile [2]
the global demand for hydrogen in 2010 was around 43 Mtons and is foreseen
to reach 50 Mtons by 2025. In the complete production chain one of the most
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Fig. 1 Basic concept of how EHP works. It uses direct current to pull hydrogen through an
impermeable membrane, very efficiently and highly selective for hydrogen [4]

energy consuming steps is the compression. There are two categories of hydrogen
compressors: mechanical which uses adiabatic process and non-mechanical which
mainly uses isothermal process for compression.

Non-mechanical compressors such as EHP use electricity to extract hydrogen
from miscellaneous gas mixtures and compress it in order to meet different
application requirements. Also the absence of moving parts makes them more
efficient when comparing with the conventional mechanical compressors which are
noisy and less effective than the non-mechanical [3]. The structure of EHP is similar
to that of a proton exchange membrane fuel cells (PEMFC). The basic principles
about how EHP works are shown in Fig. 1.

The hydrogen molecules enter the anode side (the low pressure side) of the cell
where they are oxidized to protons and electrons. Due to the external voltage poten-
tial, hydrogen protons are driven through the membrane to the cathode side while
the electrons are forced through an external circuit also to the cathode side, where
they are recombined to form molecular hydrogen. As a result of the applied external
voltage through time, the pressure at the cathode side increases with the increased
number of transported hydrogen molecules. Inside the EHP, the total pressure at the
cathode is larger than that at the anode, with PA < PC .

Although EHP technology has many advantages and possible applications, it is
mainly used as a diagnostic test for measuring the crossover in fuel cells. Strobel
et al. [5] was the first one to recognize the possibilities of the PEM-based structure
for EHP. Hao et al. [6] performed ectrochemical impedance spectroscopy (EIS) on
EHP with included internal humidifier with dead-end anode. Nguyen et al. [7] has
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shown how the temperatures of the humidifier and the temperature of the stack are
influencing the performance of the stack. Common issue in the reported analysis is
the control of the membrane’s humidification levels.

Humidification of the membrane plays an important role in proton conduction
and is tightly connected to the overall performance of the EHP. Shortage of water
reduces the proton conductance, whereas flooding decreases the active surface area.
Unlike PEM fuel cells, EHP does not produce water and therefore it has to be
delivered via an external humidifier.

Due to physical limitations it is impractical to perform direct humidity measure-
ments. Therefore, EIS is the only available option to perform online humidification
estimation. For that purpose, this study employs an approach for fast impedance
analysis that is based on discrete random binary sequence (DRBS) excitation [8].
The main advantage of DRBS excitation over the classical single-sine excitation is
the time needed to perform the measurement. The impedance characteristic in the
frequency band from 0.1 to 500 Hz is identified in 60 s, approximately five times
faster compared to the conventional single-sine approach. Based on this impedance
data, parameters of ECM are estimated. The humidity level is inferred based on the
variation of parameters of the ECM parameters. Parameters estimation is performed
using a hybrid optimization method comprising of genetic algorithm and simplex
method.

2 Methodology

ECMs represent one approach for analysis of impedance data. Typically, the analysis
is based on the link between the parameters of an ECM and the underlying chemical
reactions occurring inside the electrochemical energy devices [9–11]. The accuracy
of the analysis is directly related to the accuracy of the method used for the
parameter estimation of the selected ECM.

There are many different methods for parameter estimation. On the one hand,
there are methods which are based on complex nonlinear least squares (CNLS)
deterministic algorithms such as Levenberg–Marquardt and Gauss Newton algo-
rithm [12, 13]. The main issue with this method is the selection of good initial
conditions which are crucial to provide good convergence towards the best solution.
On the other hand there are different methods which are based on evolutionary
algorithms (genetic algorithm). Evolutionary algorithms when compared to the
CNLS are more suitable for solving general-purpose problems where prior knowl-
edge of the parameters is not required or limited. The biggest challenge with these
approaches is designing a cost function and optimization method that will converge
to the global minimum of the cost function.

For the presented approach the following cost function is selected:
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C(x) =
N∑

i=0

[
!(ZM(fi)− ẐS(x, fi))

]2

+
[
#(ZM(fi)− ẐS(x, fi))

]2
,

(1)

where ZM(fi) represents the measured impedance value at frequency fi and
ẐS(x, fi) represents the estimated impedance using parameters x at frequency fi .
Equation (1) represents a Manhattan distance and it is mainly used as an optimiza-
tion function for any complex functions [14]. In our case the complex function
represents the impedance.

In order to reach the global minimum in a least number of steps, the proposed
approach relies on a hybrid optimization that comprises:

– Genetic algorithm;
– Bounded simplex optimization.

A block scheme of the method is shown in Fig. 2. Through the genetic algorithm
multiple starting points are randomly distributed in previously defined search area.
This is done in order to roughly estimate the location of the global minimum.
Before it continues with the next iteration (generation), the best solutions from the
current iteration are then used as an initial condition for the simplex optimization
method for fine tuning. The obtained parameters from the simplex method are
then sorted according to its corresponding cost function value in ascending order.
Afterwards, the best individuals are propagated to the next generation. Each
subsequent generation is mutated by adding a small amount of noise [13]. The
process terminates when all of the following conditions are met:

– the best value of the criterion function is less than previously defined one;
– absolute change of the criterion function value during the last couple of iterations

is less than 5%;
– change of the estimated parameters through each iteration is less than some

predefined percent.

3 Experimental Setup

The approach was evaluated on a 5-cell EHP stack. A schematic diagram of the test
bed is shown in Fig. 3.

Humidification level is controlled by altering the hydrogen supply via three
solenoid valves. Solenoid valve V3 is used to deliver the hydrogen mixture to
the stack directly, without humidification, while valves V4 and V10 deliver the
hydrogen mixture to the stack through a humidifier. On the high pressure side
there is a buffer to accumulate the pumped hydrogen and backpressure regulator
V9 to control the pressure in the tank and at the high pressure side of the stack at
constant value.
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Fig. 2 Block scheme of the
proposed optimization
algorithm
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Number of iterations
Population
Parent number (N)

i = 0

Electrical connections on the EHP are shown in Fig. 4. Characterization of the
stack is performed at DC currents IDC = 20A with peak-to-peak amplitude
IAC = 1A by using DRBS excitation [8]. The perturbed current is induced using
programmable digital electric load (Rigol DL3031A) with excitation frequencies
starting from 0.1 Hz up to 1000 Hz. The voltage response of the cells together
with the current is sampled with sampling frequency f s = 50 kHz using 16-bit
data acquisition card (NI USB 6215). Before DAQ signals are low pass filtered at
fc = 10.8 kHz.

When performing EIS measurements all other controllable variables are kept
constant. Due to the fact that we were not able to directly measure the humidification
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Fig. 3 Gas connections of the experimental setup for performing diagnostic experiments on EHP

Fig. 4 Electrical connection of the EHP for performing electrochemical impedance spectroscopy

level, the first experiment was performed with the humidifier being turned on and
the second experiment was performed when the humidifier turned off. The main
goal was to detect the effects of membrane’s humidification levels on the measured
impedance.
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4 Results

Since the EIS is a linear technique, the operating condition of the EHP must
fulfill the linearity conditions. These conditions are associated to the value of the
amplitude of the excitation signal. It states that the amplitude must be small enough
in order to operate within the linear region; however, it has to be big enough to
measure its response. For that reason before performing the EIS, an IV curve of the
EHP was first measured (Fig. 5) in order to determine the value of the AC amplitude
at desired DC point.

From the IV curve (Fig. 5) it was decided to perform EIS measurements at
IDC = 20A with peak-to-peak amplitude IAC = 1A at two different operating
conditions:

1. Nominal mode—with turned on humidification;
2. Drying mode—with turned off humidification.

Calculated impedances of all the 5 cells are given in Figs. 6 and 7. Solid lines are
impedances at nominal conditions; dotted lines are the impedances when the cells
are in drying mode. There are several effects that have to be analyzed separately.

First, the impedance of the 5th cell differs from the others. There are two
different reasons. The 5th cell is located the furthest from the input and receives
the least amount of humidity. Additionally, due to the connectors for measuring the
cell voltage introduce additional resistance, especially the negative wire which is
connected directly to the cathode where wire of the power supply is connected. The
effect of this additional resistance is seen in the impedance measurement.

Fig. 5 IV curve of the HyET
electrochemical hydrogen
pump
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Fig. 6 Measured impedance
of the first four cells in the
stack at different conditions
(normal and drying)
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Fig. 7 Measured impedance
of the fifth cells in the stack at
different conditions (normal
and drying)
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Fig. 8 Equivalent circuit
model of EHP

4.1 Equivalent Circuit Model Selection

For the process of parameter estimation, the ECM topology shown in Fig. 8 has
been selected for detailed analysis. The selected ECM is consisted of three elements
connected in series. Resistor Rs represents the losses inside the membrane, parallel
connection between resistor R1 and constant phase elementQ1 represents the losses
at the electrode, and inductance L appears due to internal wire connection between
the cells inside the stack. Theoretical impedance of the selected ECM is given with
the following equation:

ZSIM(jω) = jωL+ Rs +
R1

1+ (jωτ )α
, τα = R1Q1 (2)
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4.2 Parameter Estimation

After evaluation of the hybrid optimization algorithm on the measured impedances,
the parameters of the selected ECM were estimated. The values for all 5 cells in
both working modes (nominal and drying) are given in Table 1. The comparison of
the measured impedances in both modes, nominal and drying, and the impedance of
its fitted model are shown in Figs. 9 and 10. Figure 9 shows the measured and fitted
impedance of the 2nd cell in nominal mode, whereas Fig. 10 shows the impedances
of the same cell in drying mode.

Drying of the cells did not have big impact on the fractional order coefficient
α. Also the changes of the inductance L are insignificant. On the other hand,
resistances RS and R1 have increased significantly, 56% and 247%, respectively.
For the 4th cell the time constant τ has increased significantly.

The reason for the conductivity decrease of the membrane when in drying mode
is connected to the size of the water clusters within the polymer microstructure.
Dehydration of the EHP membranes leads to narrowing of the interconnecting

Table 1 ECM parameters at
different operation conditions

Parameters Nominal mode Drying mode
Cell 1 L [nH] 12.7 12.4

RS [m$] 2.9179 3.4068
R1 [m$] 0.94147 1.417
τ [s] 1.317 2.7919
α 0.38 0.40

Cell 2 L [nH] 29.5 46.8
RS [m$] 3.8012 5.9447
R1 [m$] 2.0094 6.9781
τ [s] 1.8084 2.8614
α 0.36 0.34

Cell 3 L [nH] 52.9 64.5
RS [m$] 3.5231 5.151
R1 [m$] 0.8457 1.853
τ [s] 0.5 0.574
α 0.41 0.47

Cell 4 L [nH] 58.3 90.7
RS [m$] 3.8897 7.9873
R1 [m$] 2.029 30.558
τ [s] 2.3775 80.498
α 0.32 0.25

Cell 5 L [nH] 198 192
RS [m$] 10.27 19.019
R1 [m$] 14.53 65.108
τ [s] 100 100
α 0.24 0.26
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Fig. 9 Measured impedance
of the cell 2 (blue line) and its
fit (red line) in nominal mode
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Fig. 10 Measured
impedance of the cell 2 (blue
line) and its fit (red line) in
drying mode
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channels which decreases the mobility of the protons and increases the electrical
resistance [15]. On the other hand, when the EHP membranes are well humidified
the microporous structure swells which leads to increase of the ionic conductance.

5 Conclusions

Performances of the EHP are highly dependent on the level of humidity presented
inside the membrane. For that reason two experiments were performed, one at
nominal conditions when humidification was turned on and the second at drying
conditions when the humidification was turned off. By using electrochemical
impedance spectroscopy, based on DRBS excitation signals, we were able to
detect changes in the parameters of the selected ECM after the experiments were
performed. Impedance of the EHP was measured in the frequency interval between
0.1 and 1000 Hz. Parameters of the ECM were estimated using hybrid optimization
method.

From the obtained results it can be seen that drying increased the serial resistance
RS and the resistanceR1 of each of the cells. From this assumption can be concluded
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that by monitoring the changes of these two variables it is possible to measure
the level of humidification inside the membrane while it is in operating mode. By
measuring the level of humidification it is possible to prevent the drying or flooding
of the EHP.
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A B S T R A C T

The coupling of renewable energy sources with reversible operated high temperature solid oxide cells (rSOC)
seems to be a promising option to store and supply clean energy in the future. This work provides the results of
experimental investigations on the performance of a rSOC stack as a main unit of a large-scale module installed
at a real industrial power plant. In order to determine the requirements as well as to propose strategies for safe
and stable operation of the large-scale module the stack was tested under system relevant gas mixtures and
operational conditions. Hereby, the focus was on steam electrolysis (EC) and fuel cell (FC) operation utilizing
a H2/H2O/CO/CO2/N2 gas mixture, predefined by the reformer installed within the module at the power
plant. Furthermore, the alternating operation between EC and FC mode was analyzed. The comprehensive
analysis of the performance of the stack includes polarization curves, electrochemical impedance spectroscopy
(EIS), distribution of relaxation times (DRT), gas analysis and temperature measurements. Thus, numerous
combinations of operational parameters are linked to the individual processes within the stack. During
EC operation higher hydrogen partial pressures presented significantly lower diffusion losses especially at
low current densities, whereby in FC mode low fuel flows presented increased concentration losses. During
alternating operation, prolonged voltage stabilization periods with increasing operation time were observed.
Additionally, the processes represented by the peaks calculated from the DRT showed enhanced unstable
behavior and presented a significant shift towards higher frequencies compared to constant mode operation.

1. Introduction

In order to reduce the consumption of fossil fuels and the negative
impact on the environment, the global energy supply requires the
introduction of new and innovative ways of environmentally friendly
and high-efficient energy production. Additional challenges resulting
from the increase of intermittent alternative energy sources, like solar
and wind energy, demand flexible energy storage solutions to utilize
the entirety of the available energy [1].

The coupling of renewable energy sources with reversible operated
high temperature solid oxide cells (rSOC) are a promising option for
highly efficient energy supply and generation of a variety of valuable
fuels [2,3]. rSOCs are electrochemical units that can either be operated
in fuel cell (FC) mode to generate electricity and heat [4] or in elec-
trolysis (EC) mode to convert surplus electrical energy and H2O/CO2 in
valuable fuels for further utilization [5,6]. Generally, rSOCs operate at

∗ Corresponding author.
E-mail address: benjamin.koenigshofer@tugraz.at (B. Königshofer).

very high temperatures in the range of 600–1000 ◦C. In FC mode, rSOCs
directly convert the chemical energy of a gaseous fuel and an oxidant
to electrical energy without intermediate conversion steps. Beside the
by-products heat and water, only very low emissions are produced.
Additionally, a wide variety of fuels beside pure hydrogen such as
methane or various reforming products like diesel or ethanol can be
utilized [4,7]. Similarly, when operated in EC mode, rSOCs are capable
of producing more complex fuels beside hydrogen such as methane
and syngas by utilization of steam, carbon-dioxide and electricity
[8–10]. Furthermore, high temperature fuel cells do not rely on pre-
cious metals such as platinum as a catalyst since nickel can be used and
additionally enable direct reforming of hydrocarbons [4,11]. Despite
these incentives of the technology, the key requirements for the integra-
tion in industrial scale applications are long-term stability of operation,
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reliability of power supply and hydrogen production and system dura-
bility. However, different operating conditions can induce performance
deterioration and microstructural degradation in both FC and EC mode
reducing the lifetime of the rSOC [12–16]. Recent advances in fuel cell
materials and manufacturing processes reduced degradation rates down
to 0.5 %/kh [17–19]. In a very recent study [20], two identical fuel
electrode supported single cells with an electrochemical active surface
of 16 cm2 were operated for 1000 h. In order to examine the impact of
the operating mode on the cell degradation all the operating conditions
except the current direction (FC vs. EC mode) were kept constant.
Hereby, it was found out that electrolysis operation accelerates per-
formance degradation in comparison to fuel cell operation. The same
conclusion was reported in [15,21,22], in which it was shown that cells
optimized for operation in FC mode tend to present higher degradation
rates between 2 – 5%/kh when operated in EC mode. Furthermore,
deriving accurate degradation rates for alternating operation based on
available data presents to be challenging, especially when operating
with complex fuels and dynamic load changes. Therefore, in order
to integrate and successfully operate a large scale rSOC module as
a power-to-gas-to-power (and heat) technology within an industrial
power plant, intensive characterization and performance determination
based on the specific application is inevitable.

In order to ensure long term stability and process safety, inten-
sive experimental investigations must be performed applying the op-
erational conditions required for this specific application on small-
scale level. While there are many investigations available focusing on
the characterization and performance determination of similar planar
electrolyte-supported single cells [23–26], there is far less research con-
ducted on stacks with an active cell area of more than 127 cm2 [27–29].
Even fewer studies utilized electrochemical impedance spectroscopy
(EIS) in combination with method of distribution of relaxation times
(DRT) for detailed analysis of the performance of the entire stack
and the cells in the stack [30,31]. The information provided by these
analysis tools in combination with the detailed monitoring and analy-
sis of operational parameters such as temperature distribution in the
stack and gas compositions, provide useful information not only for
characterization but also for early stage degradation detection. Since
the lifetime can be prolonged when degradation processes are detected
at their preliminary stage and according countermeasures can be taken,
a special focus of this work will also be on analysis of the data obtained
by EIS.

Currently several research centers are working on different projects
focusing on the SOFC/SOEC technology. For instance, the EU project
‘‘BALANCE’’ which is based on the rSOC technology but mainly focuses
on the development of new-generation SOCs in terms of performance
improvement and lifetime increase. Hereby on of the main targets is the
achievement of efficiencies of 50% in FC mode and 90% in EC mode
at a multi-kW scale, whereby a 2500 h test should demonstrate the
stability of operation during longer periods [32]. Another EU project
which is based on the rSOC technology is the project ‘‘REFLEX’’ which
focuses on the development of innovative solutions for the storage
of renewable energies. The main challenge is to define an optimum
between high efficiency, high flexibility of operation and overall costs
by improvement of rSOC components like cells, stack, power electronics
or heat exchangers. Furthermore, advanced operation strategies should
be defined within this project [33]. The EU project ‘‘GrInHy’’ focuses
on the operation in electrolysis mode for H2 production for the steel
industry [34]. Another EU project ‘‘RelHy’’ focused on the optimization
of SOECs [35]. Worldwide there are already some fuel cell power plants
installed, e.g. the 59 MW Gyeonggi Green Energy in South Korea based
on the molten carbonate technology [36] or the 300 kW Bloom Energy
based on SOFC technology [37]. Large-scale electrolysis systems are
mostly based on low temperature electrolysis cells such as the 3 MW
Hydrogenics Unveils in Canada [38] or the 6 MW proton-exchange
membrane electrolyzer as a part of the ‘‘H2Future’’ project [39]. Nev-
ertheless, in most projects the SOFC and SOEC are split into separate

Fig. 1. rSOC module [40].

modules or the reversible operation was only tested for short periods.
The investigations presented in this work are related to the rSOC
module (Fig. 1) installed in the combined cycle gas turbine power
plant (CCGT) in Mellach/Austria within the national project Hotflex.
This module presents a rated power output of 20 kW in FC mode
when operated with reformate and a hydrogen production capacity of
40 m3/h at 150 kW power supply and is set into operation in 2020.
Hereby, the main purpose of the rSOC module is the production of
green hydrogen from surplus produced energy as well as operation as
back-up power generator.

1.1. Scope of this study

This work focuses on experimental investigations on the perfor-
mance of a single stack unit as the ones installed in the module at the
power plant. In the further course of this project, a set of promising
operation conditions based on the results obtained within this study is
planned to be applied to the large-scale module at the industrial site.
We want to highlight that the specific application of a rSOC module in
combination with a CCGT power plant is completely unique, whereby
the operational parameters for the experiments are defined in accor-
dance with the requirements of this specific application with a special
focus on high efficiency and long term stability. Hereby the stack,
respectively the repeating units, are tested using several gas mixtures
and operational conditions on laboratory scale in order to determine
the requirements and challenges as well as to propose strategies for
safe and stable operation of the large-scale rSOC module implemented
in the industrial power plant. While within this project the focus in EC
mode is set on steam electrolysis, in FC mode the specific reformate
mixture used is predefined by the reformer installed within the module
at the power plant. Furthermore, the alternating operation between
EC and FC mode is analyzed. The experiments performed within this
study enable fast determination of the advantages and disadvantages
of specific operation conditions without influencing the lifetime of the
large-scale module as well as the selection of the best appropriate
operational conditions. Additionally, the electrochemical impedance
measurements performed in combination with the usage of advanced
analysis tools enable a deeper understanding of processes occurring
during operation within a single unit of the large-scale module. This
detailed analysis rests upon the high quality of the data obtained from
the detailed investigations on both stack and cell level. Furthermore,
the presented results build a solid foundation for optimization of the
operation as well as provide a reference for the results obtained during
online monitoring at the large-scale module.

2. Experimental setup

2.1. Cell and stack design

The experiments within this study were performed on a ten layer
electrolyte-supported (ESC) stack composed of a Ni-GDC fuel electrode,
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Fig. 2. Position of thermocouples (colored circles) for temperature measurement within
stack [41]. The labels E 01 to E 10 refer to the cells within the stack. The ratios present
the relative distance of the thermocouples from the gas inlet.

a 5YbSZ electrolyte support and a LSCF ((La,Sr)(Cr,Fe)O3) air electrode
with an electrochemical active area of 127.8 cm2 per cell. The material
used for the interconnects is Crofer 22 APU. The stack is installed
in a stackbox and operates in co-flow configuration whereby gas is
distributed via gas flow channels and the air flow is guided through
the open oxygen electrode. In order to measure the cell voltages and
impedances of the repeating units within the stack, which in this case
consist out of two cells each, every second interconnector is tapped via
sense leads. The measurement and monitoring of the stack temperatures
was realized via thermocouples integrated at the in- and outlet of the
gas/air flow of stack as well as via five additional thermocouples which
were mounted within the stack at different layers as presented in Fig. 2.

2.2. Test rig

The scheme of the test rig used for stack testing is presented in
Fig. 3. The mixture of the different inlet gases is realized by the
gas control system regulating the corresponding mass flow controllers
whereby a separate steam generator was used to produce steam. The
mixture of inlet gases is then pre-heated up to approx. 650 ◦C before
entering the stack-box. After exiting the stack unit, the outlet gas
passes through water-cooled condenser to the exhaust. Additionally, the
testing rig was equipped with a control system unit, an electronic load,
a power source, an impedance analyzer and gas analyzers ensuring
detailed in-operando analysis.

2.3. Operating parameters

Within this study different operating conditions were applied to the
stack in both electrolysis and fuel cell mode for a total operation time of
more than 1800 h. The gas inlet mixtures were defined corresponding
to requirements of a real industrial scale application and are given in
Table 1. During electrolysis mode the H2O/H2-ratio of the inlet gas
composition was varied between 4, 9 and 19. Hereby the investiga-
tions focus on the influence of low hydrogen partial pressures on the
cell voltage stability and overall stack performance. Nevertheless, low
hydrogen contents in the inlet gas are of desirable to achieve higher ef-
ficiencies, especially for large-scale industrial applications. Differently,
in fuel cell mode the fuel composition predefined by the product of
the external reformer installed at the industrial power plant. Therefore,
the fuel composition stayed unchanged during the experiments, while
the fuel flow is varied in order investigate the performance of the
stack with focus on different combinations of fuel utilization and power

Table 1
Gas inlet mixtures.

Mixture label Operating mode Fuel flow H2 H2O CO CO2 N2 Air flow

SLPM % % % % % SLPM

E1 EC 10.88 20 80 0 0 0 10
E2 EC 9.67 10 90 0 0 0 10
E3 EC 9.16 5 95 0 0 0 10

F1 FC 7.00 48 10 12 11 19 31
F2 FC 9.00 48 10 12 11 19 40
F3 FC 11.00 48 10 12 11 19 49

output which can vary due to different scenarios demanding different
operational strategies in large-scale industrial applications.

The stack was operated within the operational limits of 1.3 and 3.0
V combined for two cells, below the maximum temperature of 860 ◦C
and with a fuel utilization and steam conversion smaller than 80%.
Operating the stack in EC mode the operating temperature was set to
830 ◦C at the air outlet which also corresponds to the performance op-
timum of the stack. In FC mode the operating temperature was adjusted
to 800 ◦C in order to achieve higher power outputs and fuel utilizations
within the operational limits at the specific inlet gas compositions.
The temperature of the cells during the impedance measurements is
given at the assigned thermocouple in Table 2. The polarization curves
were recorded with different ramping techniques in accordance with
the measurement protocols proposed in [42]. Beside the dynamical
recording of polarization curves, a slower stepwise ramping technique
is applied which ensures that a quasi-stead-state equilibrium is reached
at each defined load point. The electrochemical impedance measure-
ments were performed in galvanostatic mode, whereby an AC current
with an amplitude of 4% of DC level was superimposed to the operating
DC current to ensure operating within the quasi-linear are of the polar-
ization curve. The results from the impedance measurements present
the combined impedance of two cell since every second interconnector
is tapped via sense leads.

3. Data validation

Large planar cells assembled in the form of the stack unit may
evoke an unbalanced temperature distribution alongside the single cells
as well as throughout the whole stack box [43,44]. Additionally, the
gas distribution can be in-homogeneous as a result of fluctuating gas
flow velocities caused by varying partial pressures [45]. These slightly
fluctuating operational conditions can negatively affect the results of
the EIS measurements by displaying noise or outliners. Therefore, in
order to check the validity of the data the Z-Hit method to perform the
Kramers–Kronig (KK) test on the measured data is deployed which is
described in detail elsewhere [46–48]. In Fig. 4(a)/4(b) the real part
of the measured EIS curve (orange -) and the curve calculated by the
KK relations (blue -) is presented. The two curves are mostly congruent
except for one part between 10–20 Hz for which an outliner with a
discrepancy greater than 15% is identified and removed from the data
before any further analysis. While most of the data used in this paper
presented discrepancy < 5%, the analysis was performed only with
the data points that provided a relative error below 10% as seen in
Fig. 4(c)/4(d).

The data obtained by EIS measurements is generally analyzed in
the form of Nyquist diagrams. In this study an electrical circuit model
developed for an ESC single cell was used for fitting the Nyquist
curves, which is described in detail elsewhere [49,50]. Nevertheless,
sometimes this representation of the data is not suitable to precisely
divide individual electrochemical processes. A different representation
of data can be calculated by the analysis via distribution of relaxation
times (DRT) [51,52]. Hereby, the different processes are separated by
their specific time constants which enables to extract most dominant
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Fig. 3. Scheme of the test rig.

Table 2
Operating parameters.
Figure Mixture label Temperature Thermocouple i FU/SC Cells

◦C mA/cm2 %

Fig. 5 E1, E2, E3 830 Air outlet 0 - 780 0 - 80 stack
Fig. 6 E1 830 Air outlet 0 - 780 0 - 80 stack
Fig. 7(a), Fig. 7(b) E1, E2, E3 830 E06-4/4 100 10 E07/08
Fig. 7(c), Fig. 7(d) E1, E2, E3 830 E06-4/4 400 40 E07/08
Fig. 8(a), Fig. 8(b) E2 830 Air outlet 560 57 stack
Fig. 8(c), Fig. 8(d) E2 850 E06-4/4 560 57 E07/08

Fig. 9 F1, F2, F3 800 Air outlet 0 - 345 0 - 65 stack
Fig. 10 F2 800 Air outlet 0 - 345 0 - 58 stack
Fig. 11(a), Fig. 11(b) F1, F2, F3 820 E04-3/4 200 30–47 E03/04
Fig. 11(c), Fig. 11(d) F3 810–830 E06-4/4 200 30 E07/08
Fig. 11(e), Fig. 11(f) F3 815 E05-1/2 100–300 0–48 E05/06
Fig. 12 F2 800 Air outlet 300 57 stack
Fig. 12, Fig. 16(b) F2 845 E05-1/2 300 57 E05/06

Fig. 13, Fig. 14 E2 / F2 830 / 800 Air outlet 560 / 300 57 / 58 stack
Fig. 15, Fig. 16(a) F2 845 E05-1/2 300 58 E05/06

frequencies of processes involved [53]. Nevertheless, the main chal-
lenge when applying such analysis tools is the proper selection of the
model representing the information contained in the EIS data, whereby
mostly regularization methods are used for fitting DRT curves [54,55].
The method for calculation of the distribution of relaxation times (DRT)
used in this work was developed by Ciucci and Chen [54].

4. Results and discussion

The results obtained during the experiments performed on the stack
unit are presented and discussed in this section. The information that
can be extracted from the recorded polarization curves can be used
to fulfill the requirements of fast and safe load and operational mode
changes which are key properties of reversible operation. The results
of the short term experiments conducted within this study enable the
proposition of operational parameters suitable for the safe operation of
the large-scale rSOC module. Furthermore, the results provide essential
information for performance prediction as well as build a solid founda-
tion for optimization of operation. Still, long-term experiments need to
be conducted in order to determine the influence of specific operational
conditions on the long-term stability or the degradation behavior of the
rSOC.

4.1. Influence of operating conditions in EC mode

The stack voltages and temperatures at the stack center as function
of current density were measured at different H2O/H2-ratios and ramp-
ing rates as presented in Fig. 5. The amount of hydrogen at the gas
inlet was varied between 20 vol% (blue -), 10 vol% (orange -) and 5
vol% (green -). Hereby, the total fuel flow varied between 10.9, 9.7
and 9.2 SLPM with a constant steam flow of 8.7 SLPM. The polarization
curves were recorded with two different ramping techniques within the
defined voltage limits. Firstly, dynamically with 15 A/min up to 100
A and then secondly in a quasi-steady-state in 5 A steps up to 100 A
with an intermediate ramping rates of 1 A/min and 15 min ramping
break after each step. At a constant air outlet temperature of 830 ◦C
the open circuit voltage (OCV) was distinctly lower at higher steam
contents in accordance with the calculated Nernst voltages. Hereby,
the calculated Nernst voltages at 830 ◦C and steam contents of 80,
90 and 95% were 8.68, 8.30 and 7.96 V, while the measured OCVs
were 8.59, 8.20 and 7.78 V. The difference can be mainly attributed to
the non-uniform temperature distribution within the stack. At higher
current densities the voltage is mostly congruent among all gas inlet
compositions due to equalized overall resistance linked to the high
hydrogen partial pressures. Nevertheless, the power input (dotted lines)
required at the lower H2O/H2-ratio of 4 was slightly higher over the
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Fig. 4. Kramers–Kronig test.

whole current range. The steam conversion was also similar for all
gas compositions while the electrolysis efficiency increases with higher
steam content. During dynamical recording of the polarization curve
the voltage almost increased linearly with increasing current. Hereby,
the stack center temperature slowly decreases by 10–15 ◦C between
0–420 mA/cm2 and then start rising to over 840 ◦C at the maximum
current density. Differently, at slower ramping rates, the stack tem-
peratures adapt to the changing conditions and a quasi-steady-state
equilibrium within the stack is reached at each load step. Hereby, the
stack temperatures decreases by 20–25 ◦C between 0–270 mA/cm2,
while nearly reaching the operational limit of 860 ◦C at the maximum
current density. Although the water reduction reaction is considered as
endothermic, the stack center temperature increases at higher current
densities as a result of heat production caused by internal resistances
of the cells. At lower current densities the influence of thermodynamics
on the performance of the stack is greater than the influence of the
electrochemical reaction’s kinetics, whereby at higher current densities
the effect of ionic and electronic conduction, activation and diffusion
resistances on the performance increases [29]. Nevertheless, for these
operational conditions the heat production in the stack at higher cur-
rent densities presents the major limitation for the hydrogen production
rate while the cell voltages remained unchanged within the bounds.

Fig. 6 presents the hydrogen flow at gas in- and outlet of the
stack. The corresponding calculated steam conversion at maximum
current density is between 81%–83% which matches well with the
theoretical value of 80%, taking inaccuracies of the mass flow con-
trollers, hydrogen loss due to leakages as well as inconsistencies in the
steam generation into consideration. Additional results obtained during
constant operation measuring the oxygen increase in the air flow also
present steam conversion rates with deviations of < 2% compared to
the theoretical values.

In Fig. 7 the results of the impedance measurements are plotted for
different H2O/H2-ratios and current densities. The first low-frequency
peak between 1 – 10 Hz shifts towards higher frequencies at both

low and high current densities. This can be interpreted as a decrease
of diffusion losses with increasing hydrogen content at the gas in-
let according to [31,56,57]. Additionally, the amplitude of the first
low-frequency peak at the H2O/H2-ratio of 80/20 remains mostly
unchanged at both presented current densities, whereby at higher
H2O/H2-ratios the amplitude decreases significantly with increasing
current density, thus referring to the decreasing process resistance.
In the Nyquist diagram the decrease of the low-frequency arc with
increasing hydrogen is also clearly visible. At low current densities
the ohmic resistance increases from 9.00 to 9.14 and 9.39 mΩ with
decreasing hydrogen content in the inlet gas observable as presented in
Nyquist diagram. This could be interpreted as the influence of the high
steam amount available as a reactant, which can negatively influence
the surface process resistance. It was shown that, minor amounts of
steam can be adsorbed in entry areas of the cell according to [58],
which was interpreted to be a possible cause for this phenomenon.
Next, in [57], the authors reported that operating temperatures >
800 ◦C and steam molar fractions above 80% can lead do an increase
of cell voltage (and therefore also the resistance) when operated at
100 mA/cm2 as a result of a combined effect of high steam molar
fraction and high temperatures. Hereby, the effect of higher temper-
ature is considered to be more dominant than the effects of high steam
concentration [59,60]. Differently, at higher current densities this effect
is no longer present as a result of higher hydrogen production rates. A
second peak overserved at high-frequencies between 10–300 Hz, which
could be linked to air electrode processes like chemical surface ex-
change of O2 and O2

2−-bulk diffusion in air electrode [31,56,57]. This
peak is already comparably low at 100 mA/cm2 and seems to split up
into two peaks at higher current densities. Additionally, a slight shift
towards lower frequencies is observable. Generally, further peaks at
frequencies between 0.2–10 kHz can be linked to fuel electrode process
like the charge transfer reaction and ionic transport in the fuel electrode
functional layer [31,56,57]. In the Nyquist diagram the high-frequency
arc seems to be split into two separate arcs at higher current densities.
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Fig. 5. Comparison of polarization curves and temperatures recorded with different ramping techniques and H2O/H2-ratio-ratios.

Fig. 6. Gas analysis in EC mode at inlet and outlet.
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Fig. 7. Comparison of EIS and DRT in EC mode at different operating conditions.

This can be dedicated to the processes in the overlapping frequency
ranges of 10–300 Hz and 0.2–10 kHz as stated above. It can be assumed
that operation at higher current densities mainly influenced charge
transfer reactions and the resulting changes in O2 partial pressure
also according to [61]. Furthermore, the ohmic resistance increases
by approximately 0.1 Ω/cm2 while increasing current density from
100 to 400 mA/cm2 which can only be seen in the Nyquist plot. The
similarity of the impedances in Fig. 7(c)/7(d) indicates that at high
steam contents slight changes of the hydrogen partial pressure the inlet
gas have only very little influence at higher current densities. It can
be assumed that due to the higher hydrogen partial pressures resulting
from the higher production rates at high current densities significantly
decreases the diffusion losses.

To conclude, for operation at lower current densities higher hy-
drogen contents in the inlet gas seem to be preferable due to lower
diffusion losses. At higher current densities the hydrogen in the inlet
gas could be further reduced in order to operate more efficiently. Nev-
ertheless, in [62] the authors showed that high H2O partial pressures in
the fuel gas inlet can result in accelerated nickel evaporation of Ni(OH)2
and therefore negatively influence the long term stability. Therefore,
additional long term measurements must be conducted in order to
determine the influence of the different operating conditions to specify
the economical most feasible trade-off between lifetime respectively
efficiency and operating costs.

4.1.1. Stability test EC mode
The results of the short-term stationary electrolysis stability test at

a H2O/H2-ratio of 90/10 and 560 mA/cm2 are presented in Fig. 8. The
air outlet temperature was set to 830 ◦C in order to keep the maximum
stack temperature below the operational limit of 860 ◦C. During the
40 h of constant operation the stack voltage as well as the temper-
ature remained mostly unchanged. The results from the impedance
measurements, which were conducted every three hours, showed slight
oscillations especially of the high-frequency peaks whereby no actual
trend of changes was observable. It is assumed that such slight oscilla-
tions occur due to inconsistencies in steam generation. They were more
pronounced during the stability test in EC mode compared to FC mode,
since amount of steam is significantly higher during the electrolysis
operation (Fig. 12(a)). The highest temperature of 850 ◦C is measured
at both the top cell (T-E10-1/2) and at the stack outlet (T-E06-4/4). The
lowest temperature of 835 ◦C is measured at the bottom of the stack
(T-E01-1/2). The temperature in the middle of the stack (T-E02-1/2)
is 845 ◦C. Operation in EC mode presents a very narrow temperature
distribution window within the stack ranging from 835–850 ◦C. The
two-cell-voltages measured from the bottom to the top cells of the stack
were 2.55, 2.52, 2.52, 2.48 and 2.49 V. Hereby, the relation between
temperature and voltage can be observed whereby the minimal voltage
is measured at the cells E07/08. The ohmic part of the impedance
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Fig. 8. Constant operation in EC Mode at H2O/H2=90/10.

was 8.05 mΩ and therefore approximately 2 mΩ smaller than the one
measured in the characterization measurements at 400 mA/cm2. It can
be assumed that this change is mostly related to the higher current
density and higher operating temperature at the measured cells during
the stability test.

4.2. Influence of operating conditions in FC mode

In FC mode the voltages and temperatures were recorded as function
of current density at different inlet volume flows as presented in Fig. 9.
While the inlet gas composition remained unchanged, the total fuel
flow was varied between 7 SLPM (blue -), 9 SLPM (orange -) and
11 SLPM (green -). The air flow was adapted in order to maintain a
constant air–fuel equivalence ratio of 5. Similar to EC mode the polar-
ization curves were recorded with two different ramping techniques.
As previously mentioned, firstly dynamically with 10 A/min up to
328 mA/cm2 at 7 SLPM, 326 mA/cm2 at 9 SLPM and 298 mA/cm2

at 11 SLPM. The current ramp was stopped at the specific current

density when the minimum voltage of 1.3 V for two cells combined was
reached. Secondly the polarization curves were recorded quasi-steady-
state in 5 A steps up to 313 mA/cm2 at 7 SLPM and 345 mA/cm2

at 9 and 11 SLPM mA/cm2 with an intermediate ramping rate of 1
A/min and 15 min ramping break after each step. For a fuel flow
of 9 and 11 SLPM the limiting operational factor was the minimum
voltage. At 7 SLPM the current ramp was stopped when the maximum
temperature of 860 ◦C was reached whereby the single voltages were
still above the limit. At a constant air outlet temperature of 800 ◦C the
medium temperature level in the stack is significantly higher at low
fuel flows. The OCV is lower for low fuel flows whereby this trend
reversed at maximum load. Although the intermediate power output
(dotted lines) obtained at 7 SLPM (Fig. 9(a)) was slightly higher than
at 9 and 11 SLPM, the maximum power output during quasi-steady-
state conditions (Fig. 9(c)) was distinctly lower at 7 SLPM due to the
temperature limitation. The fuel utilization decreases with increasing
fuel flows when operating within the operational limits with this gas
composition. During the dynamic ramping the voltage almost decreased
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Fig. 9. Comparison of IV curves and temperatures recorded at different current ramps.

linearly with increasing current density and higher power outputs could
be achieved at lower fuel flows. The stack center temperature slowly
increased by approximately 20–25 ◦C at maximum load compared to
given temperature at OCV. Differently, at slower ramping rates, higher
power outputs were achieved at higher fuel flows, while the stack
temperature increased by 65–70 ◦C compared to the temperature at
OCV. Generally, with increasing fuel and particularly air flows the
cooling of the stack was enforced which led to lower stack temperatures
which further allowed higher power outputs but lower fuel utilization
rates.

Fig. 10 presents the inlet and outlet concentrations of hydrogen,
carbon oxide and carbon dioxide at a fuel inlet fuel flow of 9 SLPM.
The blue marker (∙) indicates the inlet concentration and the blue line
(-) the measured outlet concentration at the specific current densities.

Furthermore, the orange markers (□) present the thermodynamical
equilibrium calculated by using the Gibbs energy minimization method
at the specific measured stack center temperature which is indicated by
the green markers (▾).

While operating at OCV 0.47 SLPM, respectively 11 vol% of H2
inlet flow, converted into CO which can directly be linked to the
reverse water gas shift reaction (RWGS). Generally, the endothermic
RWGS reaction, hence the equilibrium for CO production, is favored
by high temperatures above 700 ◦C and increasing H2/CO2-ratio [63–
65]. This is in line with the operational conditions applied in this
experiment with temperatures between 760–860 ◦C and an H2/CO2-
ratio of 4.4. The exothermic oxidation of hydrogen accelerates with
increasing current, while simultaneously influencing the production of
CO due to increasing temperatures but decreasing H2/CO2-ratios. At
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Fig. 10. Species balances in FC mode at 9 Nl/min.

approximately 160 mA/cm2 and 810 ◦C, 35% of the H2 inlet flow are
utilized, whereby the equilibrium between the exothermic electrochem-
ical utilization and endothermic chemical production of CO is reached.
At the maximum current density and approximately 850 ◦C, 58% of
the H2 inlet flow and 28% of the CO inlet flow is utilized with the
H2/CO2-ratio already being below 1. The higher utilization of hydrogen
results also from the H2-oxidation being thermodynamically favored
compared to CO-oxidation [13,58]. The measured concentrations of
methane were below 1% and were not plotted in the graphs because
they play nearly no role at this high temperatures [66].

In Fig. 11(a)/11(b) the results of the impedance measurements are
plotted for different fuel flows at 200 mA/cm2 and 820 ◦C. The tem-
perature of 820 ◦C was measured at the thermocouple given in Table 2.
The first low-frequency peak between 1 – 10 Hz shifts towards higher
frequencies indicating decreasing diffusion losses with increasing fuel
flow [56,57]. Additionally, the amplitude of the first low-frequency
peak decreases with increasing fuel flow. The higher amplitude and
shift towards lower frequencies at the lower fuel flow of 7 SLPM could
be related to rising concentration losses. It can be assumed that the
concentration losses result from increasing amount of product species
at higher fuel utilizations as well as insufficient exchange between
reactants and products.[14,67]

The second high-frequency peak at between 10–100 Hz remains
mostly unchanged. The low peaks at frequencies between 0.2–10 kHz
present low amplitudes and appear to be unstable. While the changes

at lower frequencies are also easily visible in the Nyquist diagram
presented by decrease of the low-frequency arc, trends at higher fre-
quencies are not easily distinguishable. It can be assumed, that there
is no real influence of the fuel flow on the processes in this frequency
range, whereby small inconsistencies of the peaks could be a results of
unbalanced temperature distribution, in-homogeneous gas distribution
or effect from single cells. While effecting the overall losses, the varying
volume flow seems to have no influence on the ohmic resistance [68],
which can also be observed in the Nyquist diagram.

In Figs. 11(c)/11(d) the results of the impedance measurements
are plotted for 11 SLPM and 200 mA/cm2 at different temperatures.
With increasing temperature, the Nyquist diagram clearly presents a
decrease of the ohmic resistance from 11.90, 11.25 to 10.74 mΩ. The
DRT diagram presents a small shift of the peaks at frequencies between
0.1–10 kHz towards lower frequencies at higher temperatures. The two
peaks shift from 0.33 and 3.3 kHz at 810 ◦C towards 0.25 and 1.3 kHz
at 820 and 830 ◦C. Therefore, effect of changing the temperature
between 810–830 ◦C is mainly indicated by small changes in the ohmic
resistance which is also the main influence on the overall losses.

In Fig. 11(e)/11(f) the results of the impedance measurements are
plotted for 11 SLPM and 815 ◦C at different current densities.

The frequency of the first low-frequency peak between 1 – 10 Hz
remains unchanged, while the amplitude slightly decreases with in-
creasing current density indicating decreasing process resistance of gas
diffusion and conversion impedance [31]. When operating SOFCs with
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Fig. 11. Comparison of EIS and DRT in FC mode at different operating conditions.

such complex gas mixtures the gas transport within in the fuel electrode
includes transport pathways for all fuel components H2/H2O/CO/CO2
coupled via chemical reactions that take place such as the water-gas-
shift reaction etc. As reported in [69,70], water-gas-shift reaction has
most pronounced influence on the low-frequency processes and can

lead to the formation of an additional low-frequency arc. This was not
noticed during this experiment. Nevertheless, it was shown that these
overlapping processes are quite complex and can have a largely differ-
ent influence on the performance and can depend on different factors
such as cell type or gas compositions [28,69,71] During operation with
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Fig. 12. Constant operation in FC Mode at 9 Nl/min.

a comparable high H2/CO-ratio in the inlet gas mixture a decrease of
the low-frequency process resistances was observed by [72].

The amplitude of the second high-frequency peak at between 10–
100 Hz also decreases with increasing current density. The peaks at
frequencies between 0.1–10 kHz shift towards lower frequencies with
increasing current density. The Nyquist diagram presents the influ-
ence of a decrease of the ohmic resistance with increasing current
density, whereby change at between 100–200 mA/cm2 is much more
intense than the change between 200–300 mA/cm2- It seems that
this could be related to the equilibrium between the electrochemical
utilization and chemical production of CO being reached between 100–
200 mA/cm2, with the chemical reactions having a stronger impact
on the surface process resistance in this operational area. Therefore,
operation at higher current densities generally presents decreasing
overall losses, while the impact of the chemical reactions needs to be
further investigated.

4.2.1. Stability test FC mode
The results of the short-term stationary fuel cell stability test at a

fuel flow of 9 SLPM and 300 mA/cm2 are shown in Fig. 12. The air

outlet temperature was set to 800 ◦C in order to keep the maximum
stack temperature below the operational limit of 860 ◦C. These operat-
ing conditions were then also applied for the FC mode of the alternating
operation and are presented as reference.

During the 40 h of constant operation the stack voltage as well
as the temperatures remained mostly unchanged. The results from the
impedance measurements which were conducted every three hours
showed even smaller oscillations of the high frequency peaks compared
to EC mode whereby no actual trend of changes was observable. The
ohmic part of the impedance was 8.45 mΩ and therefore significantly
smaller than the one measured in the characterization measurements,
but slightly higher than during constant EC operation. This can be
related mostly to the higher operating temperature compared to the
result from the characterization measurement at 300 mA/cm2 as well
as the different temperature distribution compared to EC mode. The
amplitude of the DRT peaks in FC mode are generally higher than the
ones measured during constant EC operation (Fig. 8), whereby in both
modes the peaks are located at the same frequency ranges.

Different to EC mode the highest temperature of 850 ◦C is measured
in the lower half of the stack at T-E04-3/4. The lowest temperature
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Fig. 13. Overview: Alternating operation.

of 818 ◦C is measured at the bottom of the stack (T-E01-1/2). Similar
to EC mode the temperature in the middle of the stack (T-E02-1/2) is
845 ◦C. Therefore, operation in FC mode presents a wider temperature
distribution throughout the stack, ranging from 818–850 ◦C. The two-
cell-voltages measured from the bottom to the top cells of the stack
were 1.42, 1.46, 1.46, 1.47 and 1.45 V whereby the maximal voltage
is measured at the cells E07/08.

4.3. Alternating operation

For alternating operation of the stack, the operation parameters
with the gas mixtures with the labels E2 and F2 from Table 1 were
chosen, whereby 560 mA/cm2 were supplied in EC mode and 300
mA/cm2 were drawn in FC mode. As shown before, E2 presents a good
compromise between part load suitability and efficiency and provides
conditions for stable operation. Like that, F2 combines decent power
output with efficiency and enables safe and steady operation within the
operational limits. A very slow current ramp of 2 A/min was chosen,
whereby the temperatures and voltages got enough time to adapt and
the risk of exceeding operational limits during or in the period after
ramping was minimized. When ramped back to OCV, the inlet gas
composition was changed slowly and continuously within 15 min. After
the fuel change was conducted, additional 30 min were waited so
that the stack temperatures could adjust to the new gas mixture as
recommended in [73]. After the temperatures have adjusted the current
ramp was started again and the mode change was completed. While
one goal of alternating operation being fast load and mode changes,
this approach considered only the influence of alternating operation
between two different operational points in EC and FC mode on the
overall performance of the rSOC. The experiment lasted for a total of
120 h respectively five cycles, each consisting of 12 h in EC mode
followed by 12 h in FC mode. EIS measurements were conducted every
two hours in each mode at full load for a total of 25 measurements
in each mode. Fig. 13 presents the stack voltage during alternating
operation ranging from approx. 7.2 V at 300 mA/cm2 in FC mode to
approx. 12.6 V at 560 mA/cm2 in EC mode, whereby the maximum
stack temperature was kept below 860 ◦C by applying the same oper-
ating temperatures as presented during the stability tests. In Fig. 13(b)
the different temperature distribution in the stack while operated in EC

and FC mode are shown as described before. Furthermore, an overall
temperature range between 785–855 ◦C during alternating operation
including ramping and gas change at OCV is observable. It can also be
seen, that during FC mode the temperatures present little fluctuations
compared to EC mode, probably as a result of the complex gas mixture
applied.

When taking a closer look at the voltages in Fig. 14 a change of
the EC voltage from 12.63 V at the end of the first cycle to 12.70 V
at the end of the 5th cycle can be observed. Also a slight change of
the FC voltage from 7.23 V at the end of the first cycle to 7.20 V at
the end of the fifth cycle can be observed. In EC mode the change is
much more severe than in FC mode. While the stack temperatures in
FC mode is relatively stable over the 120 h of alternating operation the
temperatures in EC mode at all increased slowly by 1–2 ◦C. It seems
that, that traces of CO and CO2 in small ppm range, that could not
be detected by the gas analyzer, are still present in the system during
EC operation. Additionally, surplus H2O could be still present within
the system during FC operation [13,58]. It can be assumed that, these
small quantities have a negative influence on the performance of the
cell and may cause longer stabilization periods after each mode change.
Anyway, these changes are not considered to be the result of permanent
degradation but rather may present the challenges of operation with
complex fuels and FC mode coupled with operation with high steam
contents in EC mode. Nevertheless, since only short-term tests were
carried out further long-term experiments are required in order to get
more detailed insight.

Fig. 15 presents the Nyquist and DRT plots of the last impedance
measurement of each cycle in FC mode during alternating operation
and represent the behavior of the residual measurements. While there
is no real trend visible in the Nyquist plot, the DRT plot shows major
differences to the DRTs calculated at constant FC operation as presented
in Fig. 12. Firstly, compared to constant operation in FC mode, the
first low-frequency peak between 1–10 Hz shifted towards higher fre-
quencies where it oscillated between 20–50 Hz and an amplitude of
4–8 mΩ. The other high-frequency peaks also shifted towards higher
frequencies whereby the amplitude of the peak between 1–10 kHz also
increased slightly. It can be assumed that this behavior refers to a new
equilibrium slowly being achieved within the stack for operation FC
mode during alternating operation compared to constant operation.
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Fig. 14. Change of stack voltages during alternating operation.

Fig. 15. Comparison of EIS and DRT in FC mode during alternating operation.

In order to further analyze the processes appearing during alter-
nating operation compared to constant mode operation, the change of
the frequency and amplitude of the low-frequency peak in the DRT is
presented in Fig. 16. This representation of data is only possible when
many impedance measurements were conducted, whereby enabling an
easy way for identification of changes and trends. Hereby, Fig. 16(a)
presents the change of the low-frequency peak of the DRT calculated
from FC mode measurements during alternating operation. It can be
seen, that the frequency (blue -) changes from oscillating between 20–
60 Hz to oscillating between 20–40 Hz with increasing cycle number.
Although very unstable, the amplitude (orange -) of this peak presents
no real trend. Differently in Fig. 16(b) the low-frequency peak cal-
culated from FC mode measurements during constant FC operation is
located significantly at lower frequencies of approximately 3 Hz with a
much more stable amplitude than during alternating operation. The de-
crease of the frequency of the low-frequency during ongoing alternating

operation could indicate an attempt of achieving of a new equilibrium
within the stack possibly towards similar results than during constant
FC operation.

The results of the impedance measurements present another per-
spective of the changes visible in the stack voltage and temperatures
and confirm that alternating operation with complex fuels in FC mode
combined with high steam contents in EC mode impacts the overall
performance of an rSOC. Nevertheless, experiments were only con-
ducted over a short period of time whereby it cannot be assumed
that quasi-stable conditions have already been reached at the two load
points during alternating operation. This must be confirmed by further
measurements.

5. Conclusion

In this study, the suitability of an rSOC stack for fuel cell (FC),
electrolysis (EC) and alternate operating mode was examined. The stack
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Fig. 16. Change of main peak of DRT in different operation modes.

Table 3
Result comparison.
Operational
requirements

SOEC
H2/H2O-ratio

SOFC
Fuel flow

rSOC
Mode change duration

E1 | E2 | E3 F1 | F2 | F3 0.75 | 3 | 12 [h]

High power output / 3 | 2 | 1
high H2 production rate 1 | 1 | 1
High efficiency 3 | 2 | 1 1 | 2 | 3
Part load suitability 1 | 2 | 3 2 | 1 | 1
Ability to follow specific load profiles 1 | 2 | 3
Low degradation (alternating-op.) tbd | tbd | tbd

Operational requirements Combination Application A Result
E2, F2, 12h Priority

High power output /
high H2 production rate 1.5 1 1.5
High efficiency 2 2 1
Part load suitability 1.5 2 0.75
Low degradation (dynamic op.) tbd 3 tbd
Low degradation (long-term) tbd 1 tbd
Ability to follow specific load profiles 3 3 1
Low degradation (alternating-op.) tbd 1 tbd

and its individual repeating units were electrochemically characterized
and operated under real operating conditions in compliance with the
requirements presented by the implementation of a large-scale module
at a combined cycle gas turbine power plant. For the experiments
conducted within this study, the stack was fed with different H2/H2O-
ratios in EC mode and a H2/H2O/CO/CO2/N2 mixture with varying fuel
flow in FC mode.

In EC mode the heat production caused by internal resistances of the
cells at higher current densities was identified as the major limitation
for the hydrogen production rate. The analysis of the impedance data
showed that for operation at lower current densities higher hydrogen
contents in the inlet gas seem to be preferable due to significantly lower
diffusion losses. At higher current densities the measured impedances
were quite similar so that the hydrogen in the inlet gas could be
further reduced to enable more efficient operation. During operation
with low hydrogen partial pressures no degradations effects were ob-
served, whereby a 100% steam electrode could be applicable, which
needs to be confirmed by long-term experiments. The results from FC

mode presented that with increasing fuel and particularly air flows the
cooling of the stack was enforced which led to lower stack temperatures
which further allowed higher power outputs but lower fuel utilization
rates. Additionally, too fast load changes could be critical in terms
of undershooting the minimal voltage, whereby current ramps and
temperature adjustments must be considered carefully. The equilibrium
between chemical production through the reverse water gas shift re-
action (RWGS) and electrochemical utilization of CO was reached at
relatively low current densities of 160 mA/cm2 and 810 ◦C. Operation
at lower fuel flows presented increased concentration losses resulting
from increasing amount of product species at higher fuel utilizations as
well as insufficient ex-change between reactants and products. Higher
current densities decreased the ohmic resistance, whereby the rate of
change decreased with increasing current density. This was associated
with temperature changes and the influence of the RWGS reaction
on the surface process resistance at lower current densities. During
120 h of alternating operation the EC voltage and temperatures slightly
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Table 4
Glossary of Symbols.
Symbol Description

𝑟𝑆𝑂𝐶 Reversible solid oxide cell
𝑆𝑂𝐸𝐶 Solid oxide electrolysis cell
𝑆𝑂𝐹𝐶 Solid oxide fuel cell
𝐸𝐶 Electrolysis cell
𝐹𝐶 Fuel cell
𝐶𝐶𝐺𝑇 Combined cycle gas turbine
Ni-GDC Nickel-gadolinium-doped-ceria
YbSZ Ytterbium-stabilized-zirconia
LSCF Lanthanum strontium cobalt ferrite
H2 Hydrogen
H2O Water/Steam
CO Carbon-monoxide
CO2 Carbon-dioxide
N2 Nitrogen
O2 Oxygen
O2− Oxygen-ion
𝑅𝑊𝐺𝑆 Reverse water gas shift
AC Alternating current
DC Direct current
OCV Open circuit voltage
IV Current/Voltage
kh kilohour
SLPM Standard liters per minute
𝐸𝐼𝑆 Electrochemical impedance spectroscopy
𝐷𝑅𝑇 Distribution of relaxation times
𝐾𝐾 Kramers–Kronig

increased while the FC voltage slightly decreased with mostly un-
changed temperatures. The analysis of the impedance data also showed
significant changes compared to constant operation. The low-frequency
peak calculated from distribution of relaxation times (DRT) shifted
from between 1 – 10 Hz to oscillating between 20–50 Hz while also
presenting a very unstable amplitude of the DRT low-frequency peak.
It was assumed that, small quantities of CO, CO2 and H2, that could
not be detected by the gas analyzer and remained present within the
system during the whole alternating operation, had a negative influence
on the performance of the cell and caused longer stabilization periods
after each mode change.

Table 3 presents an overview of the results of the experiments as
well as proposes a method for selection of parameters for optimization
of operation. In the first part of the table the suitability of specific
operational conditions to fulfill certain operational requirements is
rated with 1 (good), 2 (intermediate) and 3 (bad). In the second part
of the table a specific combination was chosen and the priority of the
operational requirements was ranked for a specific application before
the overall result was calculated.

Nevertheless, since only short-term experiments were performed
this needs to be investigated in further experiments. Additional long-
term experiments must be conducted in order to determine the long-
term stability and degradation rates as well as to specify the indus-
trially relevant economical most feasible trade-off between lifetime
respectively efficiency and operating costs.
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Chapter 5

Conclusions

The thesis revisits the problem of performing on-line monitoring of the electrochemical
energy conversion devices (EECD) using EIS. The main contributions described in this
thesis include:

• Implementation and validation of fast EIS on a set of different electrochemical energy
conversion devices using the same measuring architecture.

• Implementation of the Morse wavelet for accurate estimation of the the impedance
spectra at ultra-low frequencies (<1 mHz).

• Taking into account the noise measurement on the measured impedance.

• Fault detection of SOFC by monitoring the evolution of ECM parameters.

• The concept of modular cost-effective system for performing EIS.

Using DRBS excitation signals with CWT to perform EIS has two advantages. First is
the ability to estimate the impedance at any frequency point of interest. The second is the
reduction of the required excitation time by order of magnitude compared to the classical
single-sine EIS.

The usage of Morse wavelet further improved the performance of the proposed solution
particularly at low frequencies. The results present the very first such analysis in the field
of electrochemistry. Unlike other complex wavelets, the Morse wavelet remains analytical
even for a low value of its central frequency. This is particularly important for accurate
estimation of the impedance value at ultra-low frequencies (< 1 mHz). As a result, the
lowest observable frequency is determined by the length of the excitation signal, which was
calculated to be fmin = 3

T . The Morse wavelet has been successfully used to calculate the
impedance of Li-ion battery at ultra-low frequencies (< 1 mHz) with 100 points per decade
in 97 minutes.

Furthermore, with broad-band excitation and CWT, it becomes possible to assess the
level of noise influence on the measured impedance at each frequency point. Simulations
show that the variance of the impedance results increases for frequencies with lower effective
values of the input amplitude. This is a feature that is unavailable in classical single-sine
EIS and has not been exploited yet.

Having impedance spectra that are not only point estimates of the mean value opens
new possibilities. Changes of the impedance spectrum can be related to the changes in
the internal condition of the electrochemical energy conversion devices. These changes
were quantified either by using ECM or DRT. Depending on how the parameters of the
ECM or DRT change, one can detect unwanted faults or degradation processes occurring
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inside the device under test. The effectiveness of these approaches was used for detection
of deficiencies in the fuel supply of a SOFC stack. Furthermore, same method has been
successfully used to detect the drying of the PEM membrane in electrochemical hydrogen
compressors.

The proposed modular experimental set-up was successfully used to perform accelerated
and long-term tests, while monitoring their performances, on different EECD, such as
single-cell SOFC and SOE, SOFC stacks, SOE stacks, single-cell batteries, super capacitors,
etc. Using this equipment, more than 5 TB of data has been generated. Unlike currently
used testing units, the proposed measurement and excitation architecture is built from
readily available and cost-effective components. It offers great flexibility both in terms
of power ranges as well as modes of operation. This paves the way of implementing
high-precision impedance measurement loops even for in-field operation, a feat that was
previously financially not viable.

Finally, the complete set of results, both methodological in terms of software and hard-
ware, is provided in open-source format. This should further increase the practical uptake
and break the vicious circle of using tailor-made measurement equipment, and closed and
inflexible software implementations. The implemented libraries have been successfully
tested by various teams from renowned institutions such as TU Graz, AVL, CEA Grenoble
and University of Salerno. The locations of the software implementations can be found in
the included papers of this dissertation.
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