Health and condition monitoring tool for real-time and on-board diagnosis of PEM fuel cell in heavy duty vehicles
Abstract
The deployment of PEM fuel cell systems is becoming an increasingly pivotal aspect of the electrification of the transport sector, particularly in the context of heavy-duty vehicles. One of the principal constraints to market penetration is durability of the fuel cell which hardly meets the expected targets set by the vehicle manufacturers and regulatory bodies. Over the years, researchers and companies have faced the challenge of developing reliable diagnostic and condition monitoring tools to prevent early degradation and efficiency losses of fuel cell stack. The diagnostic tools for fuel cell rely usually on model-based, data driven and hybrid approaches. Most of these are mainly developed for stationary and offline applications, with a lack of suitable methods for real-time and vehicle applications. The work presented is divided into two parts: the first part explores the main degradation conditions for a PEMFC and characteristics, advantages, and application limits of the main methodologies for fuel cell diagnostic, while in the second part the features and the development process of an innovative, real-time, and on-board health and condition monitoring system, based on electrochemical impedance spectroscopy (EIS), are presented. The new innovative tool allows to detect, identify and isolate degradation, faults and non-optimal conditions. The computational performance and reliability of the diagnostic tool are tested and validated through experimental tests carried out in the laboratory on single cell and short fuel cell stack over a wide range of operating conditions and under specific sub-optimal/fault states such as drying, flooding and reactants starvation. The condition and health of PEMFC are estimated using specific health indicators for the most common root causes of faults such as drying, flooding, catalyst poisoning and anode/cathode starvation.
Introduction
The transport sector is a significant contributor to global greenhouse gas emissions, this sector emits about 25% of total CO2 emissions. Specifically, the road vehicles account for about 74.5% of transport emissions, passengers vehicles (including motorcycles, cars, taxis and buses) contribute for 45.1% of road vehicles emissions while heavy-duty trucks and lorries 29.4% (all the data are referenced at a global level) [1]. 
The proton exchange membrane fuel cell electric vehicles (PEMFCEVs) have been demonstrated to be a practical, environmentally friendly and highly efficient alternative to internal combustion engine vehicles (ICEVs), particularly when the hydrogen is sourced from renewable energy [2], [3]. Even when hydrogen is not renewable, PEMFCEVs produce no local emissions, combining the benefits of battery electric vehicles (BEVs) and internal combustion engines by featuring a rechargeable tank for extended range and quick refueling.
The focus of hydrogen technologies (i.e. fuel cell) for vehicle applications has recently shifted from light-duty to heavy duty vehicles applications for the following characteristics:
· Hydrogen high gravimetric energy density.
· Hydrogen fuel cell system is easily scalable (Power and energy).
· PEMFCEVs are lighter than BEVs alternatives for same driving range and have shorter refueling time.
· Commercial deployment of heavy duty vehicles (HDVs) requires less infrastructure investment as fewer hydrogen refueling stations (HRSs) are required compared to light duty vehicles (LDVs) [4].
HDVs are subject to different drive cycles, operating conditions and, in particular, higher durability/lifetime and efficiency targets than LDVs, which are primarily concerned with performance and cost [4].
The main U.S. Department of Energy (DoE) targets for fuel cell HDVs and LDVs are shown and represented in Figure 1.
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[bookmark: _Ref180486692]Figure 1: DOE targets 2030 and 2050 [5].
As of today, it is challenging to accurately determine the cost, efficiency, and durability of a PEMFC system for HDVs, as these metrics are highly dependent on the manufactured volume and specific design considerations. According to a 2023 study by the DoE [6] , the projected cost of a 275-kWnet PEM fuel cell system for a Class 8 long-haul heavy-duty truck, based on next-generation laboratory technology (based on an analysis of state-of-the-art components, developed and demonstrated at the laboratory scale) and operating on direct hydrogen, would be $179/kWnet for a production volume of 50,000 units per year and $170/kWnet at 100,000 units per year. These projections include features designed for enhanced durability, aimed at achieving one million miles (25,000 hours) of operation, a critical requirement for long-haul trucks. The assumptions underlying these estimates involve technical specifications such as:
· Stack oversizing to compensate for electrochemical surface area (ECSA) loss over time.
· High platinum loading (0.45 mg Pt/cm² total) for catalyst durability.
· A monometallic Pt cathode catalyst.
· A 20-micron thick membrane to ensure operational robustness.
· Balance of plant (BoP) replacement costs factored into long-term performance projections.
It is important to underline that the specific performance and durability requirements defined for heavy-duty fuel cell systems must be met while simultaneously achieving the associated cost targets, ensuring the technology's economic viability and widespread adoption.
To achieve medium-term and long-term targets, R&D is focusing mostly on:
· Materials and Components:  Identification and developing of optimized materials and components that can improve durability, power density, efficiency reducing the fuel cell cost (i.e., catalysts, membranes, MEA, bipolar plate, GDL).
· Innovative stack/system design: Optimized for durability, power density and efficiency, focusing on air, fuel, water and thermal management.
· Improvements in BoP: Improvement of performance and durability of air loop components (i.e., compressor, expander, humidification system), H2 loop and power electronics.
· Diagnostic tool and mitigation strategies: development of new innovative tool to optimize the operating strategies of the FC system, identify in a preventive way faults/sub-optimal conditions and mitigate the degradation effects [5].
In this paper the focus will be on Diagnostic and Health Management for PEMFC as this represents a feasible, low-cost solution to increase the performance and durability of FC system without a significant increase of the cost.
There are three main approaches used and explored to perform diagnosis of fuel cell and extract information about faulty conditions:
· Model-based approaches are typically founded upon analytical or black box PEMFC models. By examining the discrepancies between the real-time PEMFC-specific state or diagnostic object and a healthy fuel cell model, it is possible to ascertain the extent of degradation or failure. As the accuracy of the diagnosis depends on the accuracy of the model these types of approaches are most suited for simplified PEMFC system and in general it is very difficult to perform real-time degradation diagnosis of PEMFC based only on the method of building degradation/failure models [7].
· Data-driven approaches, referred to as model-free techniques, are predicated on the collection of a substantial volume of real-time data, derived from the operation of the PEMFC system. The implementation of machine learning, signal processing, or other algorithms allows for the extraction of degradation or failure states. These types of approaches don’t require specific research on degradation conditions and physics behavior of the system under development as it doesn’t need to build an accurate model and for this reason it is suitable for complex PEMFC system. However, these approaches are based entirely on the analysis of collected data, which is a time-consuming process. This reduces the generality of the approach and consequently increases the cost of time. Furthermore, as the analysis is based only on the database without any physical evidence, errors and false alarms can easily occur, reducing the reliability of the approach [7].
· Hybrid approaches are a combination of model-based and data driven approaches to combine the advantages and disadvantages of the two methodologies, increasing the reliability and robustness of diagnostic and prognostic approaches. The use of hybrid methods can address the limitation of only one diagnosis method. 
The dynamic duty cycle of a PEMFC in an electric vehicle (i.e. heavy duty, medium duty, light duty) leads to degradation mainly due to fluctuating operating conditions such as current/voltage, temperature, internal humidity, flow rate and reactant pressure; these variations can directly and indirectly lead to degradation of the FC stack and thus affect the remaining useful life (RUL) and state of health (SOH) [7], [8]. 
In this work the main degradation causes and failure mechanisms are classified and analyzed in order to extract the most important health indicators for a PEMFC intended for use in mobile applications (that the approach can be generalized to all the PEMFC).
For mobile applications the heath indicators extracted need to be monitored online (under normal operation of the system), in real-time and on-board so that preventive and mitigating actions can be implemented on the basis of the diagnosis made to ensure the correct, safe and durable operation of the FC stack and system.
Most of the diagnostic approaches presented in literature are meant for offline diagnosis and are not suitable for real-time and embedded application. The development of a diagnostic tool for in-vehicle applications is subject to a multitude of constraints and diverse challenges.
In this paper, the main causes of degradation for different layers of a PEMFC (Degradation and failure mechanisms of PEMFC) and main faults root causes in vehicle application (PEMFC faults causes in vehicle application) will be identified and analyzed and then the different approaches used for fuel cell diagnostics will be presented in detail (Diagnostics methods).
In addition, the characteristics of the in-house developed diagnostic tool based on the use of a fast Electrochemical Impedance Spectroscopy (EIS) approach for real-time extraction of PEMFC health and faults indicators will be presented. The tool is validated through an extensive validation campaign by means of laboratory tests on single cells and short fuel cell stacks (30 cells).
Finally, the section SW and HW development presents the initial concept of the embedded tool on BeagleBone Black, together with an analysis of the diagnostic system's performance in MiL, SiL and PiL, with particular attention to computational time and performance.
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In this section will be presented all the main degradation and faults mechanisms for a PEMFC and then will be analyzed the specific causes of the faults in vehicle applications as fuel cell system differ in vehicle applications compared to other applications.
The PEMFC is composed of different components, so each of the main components as different degradation/faults mechanisms that can affect the overall lifetime and performance of the PEMFC stack. It is important to mention that another important area to investigate is the auxiliaries faults (i.e., air supply system, H2 system, cooling system) but is not part of this work.
Proton exchange membrane
The proton exchange membrane is one of the most critical components in a PEMFC stack and can affects strongly the lifetime of the entire stack.
The PEM needs to have some specific properties to guarantee correct functioning of the stack:
· High proton conductivity.
· Electrochemical stability.
· Good stability under wet and dry cycles that is strictly related to the water retaining capacity of the ionomers [9].
· Fuel separation property (keep separate O2 and H2).
· Mechanical strength.
· Low water electro-permeability coefficient.
Thus, the most critical degradation phenomena are:
· Mechanical degradation, caused by stress cycling or manufacturing defects, involves the formation of cracks and pinholes in the membrane;
· Thermal degradation causes loss of mechanical integrity and increased gas permeability;
· Chemical and electrochemical degradation can cause the breakdown of the membrane due to chemical reactions with reactants and product of PEMFC [10].
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The catalyst is the essential materials for catalyzing the oxygen reduction reaction (ORR) and hydrogen oxidation reaction (HOR) that occur respectively at cathode and anode of a PEMFC. The research and development focuses more on cathode ORR catalyst as the reaction is six or more orders of magnitude slower than anode HOR and thus limit the performance [11]. Most MEA catalysts used today are based on Pt in the form of nanoparticles dispersed on carbon black support. The principal characteristics that the catalyst should possess are as follows:
· High activity in the reaction environment.
· High stability even in extreme transient events (i.e., operating conditions such as load, relative humidity, pressure, impurities.
However, some degradation phenomena can occur in PEMFC under long-term variable loading, thus is fundamental identify and control to avoid serious damage of the fuel cell stack.
The main degradation phenomena that can happen under variable load are analyzed in detail in literature. In particular Sharma et al. [12] analyzes the quantitative contributions on ECSA of dissolution/detachment of Pt, electronic connectivity loss and particle growth during an Accelerated  Stress Test (AST) at different cycles, in particular the ECSA loss due to dissolution/detachment varies linearly with N while high rates of losses have been observed initially (N < 200 cycles) for the particle growth and  the electrons connectivity loss mechanisms.
Qu et al. [13] confirmed the different reasons for the degradation/failure of Pt/C catalysts at the cathode and anode after PEMFC load-changing cycles (this is also strictly related to humidity cycles) (80,000 rapid current-variation cycles). The degradation/failure on the anode side was mainly due to the migration and aggregation of Pt particles, while the degradation/failure on the cathode side was mainly caused by corrosion of the carbon support. Thus, the dynamic operating conditions of PEMFC could lead to the interfacial shedding of Pt/C agglomerates due to the expansion and contraction of the film as the relative humidity is varied.
Chen et al. [14] conducted a study on hydrogen starvation of PEMFC and found that the Pt particles on the anode CL carbon support were exfoliated and agglomerated due to the reaction with water. 
The start-stop operating conditions heavily affects the durability and lifetime of a fuel cell stack, the main reason for performance degradation under this condition is the formation of the hydrogen-air interface inside the anode, the presence of H2-Air interface leads to oxidation reaction in the anode, forming a high potential on the cathode surface and leading to the oxidation of carbon carrier in the cathode catalyst layer (reverse current phenomena) . This behavior implies that Pt particles fall off the catalyst surface, thus decreasing the ECSA and performance of the fuel cell [15].
Thus, the main degradation phenomena that can affect the catalysts and decrease the ECSA and fuel cell performances are:
· Corrosion of carbon carries and specifically of carbon support.
· Dissolution/detachment of Pt in redeposition and agglomeration.
· Degradation of ionomer.
While the main causes are:
· Load changing cycle involving as consequence humidity cycles.
· Hydrogen and cathode starvation.
· Start and stop operating conditions.
Gas Diffusion layer
The Gas Diffusion layer (GDL) provide mechanical support for the catalyst layer and membrane under clamping pressure during assembly and governs the mass, heat and electron transport that directly affect the cell performance [16]. The GDL is typically constituted of two layers: a macroporous substrate (MPS) and a microporous layer (MPL).
As seen for the catalyst, degradation of the GDL is usually due to and accelerated mainly by non-optimal or harsher operating conditions. For vehicle applications, these are :
· Idling at Open-circuit Voltage (OCV) – this condition promotes the hydrogen peroxide formation involving GDL oxidation.
· Start-up/shutdown (SUSD) – as for the catalyst this condition promotes the formation of H2-Air interface at the anode involving reverse currents and carbon corrosion in the cathode (GDL corrosion).
· Load-changing cycle.
The effects of the degradation phenomena analyzed can be summarized in two main categories:
· Structural changes due to heterogenous compression, fiber breakage and mechanical/chemical carbon corrosion affects all the transport properties of the GDL.
· Surface wettability changes due to surface oxidation and PTFE on MPS loss that causes a degradation in water management.
Bipolar plate
The Bipolar plates (BPPs) should provide some important characteristics to the PEMFC:
· Mechanical support for the MEA.
· Gas reactants flow distribution to the GDL.
· Current conduction.
· Hydrothermal transport.
The performance of a BPP strictly affects the operation of a PEMFC stack. The main degradation phenomena that can affect BPP are:
· Chemical corrosion of the BPP surface, specifically Okonowo et al. [17] noticed that when the BPP is exposed to strongly acidic environment it produces an oxide layer that poses a significant threat to the BPP's overall health and performance [18]. As the oxide layer thickened, it led to a notable decline in the BPP's electrical conductivity, ultimately resulting in a noticeable deterioration in its operational capabilities. Orsi et al. found a relationship between the interface contact resistance (BPP/GDL interface) with the applied potential and the environmental pH.
In addition, corrosion of the BPP can lead to the detachment of particles that can be deposited in the membrane, creating a reduction in proton transport and potential mechanical damage.
Sealing element
The sealing element plays a critical role in the PEMFC providing mechanical stability to the cell and it is essential for the long life of the PEMFC keeping the hydrogen, oxygen and coolant in their respective regions [19]. The mechanical and chemical stability of the sealing element can be affected by operating temperature, humidity and acid concentrations which may cause the mixing or leakage of reactive gases, resulting in stack degradation/failure and safety risk due to the formation of explosive atmospheres.
Qiu et al. [19] noted how the mechanical properties of the sealing material is limited by compression rate and that the elastic modulus of the sealing material is inversely proportional to temperature, this leads to degradation under thermal cycling. Zhang et al. [20] analyzed as the Temperature has a great influence on the von-Mises stress of sealing system and the deformation of MEA frame in the sealing system. Liang et al. [21] noticed as the sealing structure failure, resulting in the loss of the gas reactants, can occur during the assembly process and start-up operation of the PEMFC.
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The preceding chapter provided a comprehensive examination of the primary degradation mechanisms for the different layer of a PEMFC, along with the underlying causes and operational conditions that contribute to the observed phenomena. 
Some of the causes of degradation are linked to the failure of BoP components and are contingent upon other faults [22]. In particular, the overall primary fault conditions for PEMFC for automotive applications that emerged from the aforementioned analysis are analyzed.
Flooding
It is the accumulation of liquid water particles that limits the permeation of gas reactants towards active reaction site. This fault condition results in the following consequences:
· Starvation (i.e., cathodic and anodic) and this will result in a loss of performance and lifetime due to increased concentration overvoltage, and as shown in previous paragraph (Catalyst layer) there is a degradation of carbon support ,dissolution of Pt particles and a decrease in ECSA.
Drying
This is the lack of water in the different layers and and results in the following direct consequences:
· Increase of the conductive resistance of the membrane due to the limitation of the permeation process of H+ through the membrane [23].
· Increase of the diffusion resistance of H+ in the cathode and anode catalyst layer.
· Thermal membrane degradation.
· Chemical fuel cel membrane degradation [22].
Cathodic starvation
 This is the lack of oxygen on the active sites of cathode and results in the following direct consequences:
· Degradation of catalyst carbon support.
· Dissolution/detachment of Pt.
· Thermal membrane degradation.
· Reversal polarization phenomenon.
Anodic starvation
 This is the lack of hydrogen on the active sites of anode and results in the following direct consequences:
· Degradation of catalyst carbon support.
· Dissolution/detachment of Pt.
· Reversal polarization phenomenon [22].
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This is the adsorption by platinum of poison species (i.e., CO, H2S) and results in the following direct consequences:
· Degradation of catalyst and loss of ECSA.
The catalyst poisoning can affects both anode and cathode but it tends to be more significant for the cathode, this is due to the sluggish nature of the oxygen reduction reaction (ORR) at the cathode [24], which is much slower than the hydrogen oxidation reaction (HOR) at the anode. In addition, the cathode requires more catalyst and is therefore more prone to poisoning by impurities such as CO, H2S and other compounds [25].
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In this section the main diagnostic approaches presented in literature are presented, analyzing the main advantages and limits. 
Model based
In literature are proposed different approaches belonging to this category to investigate specific degradation or sub-optimal conditions, such as “Mechanistic model in fuel cell membranes” where growth factors of membrane pinholes during cyclic loads were investigated [26], “Lattice Boltzmann method” to evaluate effect of GDL compression on water transport [27], “Electrical equivalent circuit” to evaluate water management issues such as flooding using relationship between resistances and failures [28], “Cell impedance model for resistive constant-phase element circuits and resistive capacitors” to identify different degradation states and failure types [29] and an “Autoregressive moving average model” where the failure and degradation states are identified comparing the critical parameters variations [7].
The accuracy of model-based approaches is significantly influenced by the model employed. While the PEMFC stack can be characterized in great detail, including a comprehensive analysis of the primary mass transport phenomena of the various compounds involved, as well as charge transport and energy exchange with the external environment, certain degradation phenomena have yet to be studied in sufficient depth. These phenomena often depend on stochastic events that are challenging to predicate, making them difficult to accurately assess. For these reasons, it is challenging to rely solely on model-based approaches for PEMFC online and real-time diagnostics. 
Data driven
As discussed for the previous category, there are different approaches investigated in literature such as, “Spherical-shaped multiple class support vector machine” where the SoH is identified and predicted [30], “Deep Neural Network” where RUL under dynamic conditions was predicted [31], “Double fuzzy diagnosis method” where the flooding and dry degradation/failure states in the PEMFC system were diagnosed online [32], “Wavelet transform method” where the flooding and membrane dry degradation/failure features in the output signal were located and identified [33],  five degradation states are identified  based on the fusion of “t-Distributed Stochastic Neighbor Embedding (t-SNE)” with an “eXtreme Gradient Boosting (XGBoost)”, where the t-SNE is adopted to extract the diagnostic features from the individual cell output voltages and the XGBoost is adopted to identify the fault type based on the extracted diagnostic features. A facile method based on the “Gray Relational Analysis (GRA)” is also proposed to quantify the fault degree, which can contribute to the condition-based maintenance of the system [34] .
The data driven approaches are computationally demanding and require an extensive quantity of high quality and specific historical and empirical data. Moreover, when employing data-driven methodologies, it is essential to identify parameters/features that can be utilized to identify and isolate degradation and faults conditions. In addition, these methodologies cannot be extended and generalized to different case studies in a direct manner as they are highly data dependent.
Hybrid methods
The hybrid methods combine the model-based and data-driven approaches to address the limitations of only one diagnostic approach and can support the penetration in the market of PEMFC.
The hybrid methods can be divided in three main categories [35]:
1. The first category exploits the advantages of different approaches and in particular, the model-based methods are employed for the specific purpose of identifying and characterizing the degradation characteristics of the PEMFC system, while the degradation and faults analysis is done using data-based method.
2. The second category uses the data-based method to fit the degradation data collected and the model-based method then are used to diagnose and predict the health condition of the PEMFC.
3. The third category exploits multiple data driven and model-based approaches for the identification of degradation/faults, the results obtained are the weighted average of the results derived from the application of the multiple methods. 
Health Monitoring Unit
The approach developed to perform the diagnostic of PEMFC is based on a hybrid approach, using a fast Electrochemical Impedance Spectroscopy (EIS) method to collect real-time data about the internal condition/state of fuel cell and then the data are processed using a new algorithm (physics based) developed in-house.  The outputs of the entire procedure are the resistance and capacitance, classified for the different layer and phenomena, of the fuel cell, these electrical parameters of the fuel cell (Effective resistance and capacitance) are then used to build health/faults indicators to diagnose and control the efficiency and lifetime of the device under analysis. 
The hybrid approach refers to the combination of a data acquisition approach based on high quality data obtained by EIS coupled with a frequency response analysis and subsequent Impedance analysis, which employ advanced mathematical techniques based on the physical equations of the system, viewed in this case as series and parallel arrangements of circuit elements such as inductances, resistances, capacitances, or constant phase elements (CPE), or other types of resistances like the Warburg resistance. Furthermore, the classification and separation of the different electrochemical contribution is based on physical knowledge about the system.
The developed procedure allows for real-time (or near-real time application) of the EIS procedure using fast approaches, significantly reducing the measurement time (from 5-10 min to 5-10 s) and high accuracy in the results due to the developed analysis procedure based on Equivalent Circuit Modelling (ECM).
EIS – Overview
Electrochemical Impedance Spectroscopy offers kinetic and mechanistic data of various electrochemical systems and is widely used for noninvasive diagnostics. The EIS is based on the perturbation of an electrochemical system in steady state via the application of AC signal (voltage or current) over a range of frequencies and monitoring of the AC response (current or voltage) of the system toward the applied perturbation. The EIS can be considered as a “transfer function” that models the output signal to the input signal over a wide range of frequencies [36] (as shown in ).
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Figure 2: Schematic representation of a system with input sinusoidal signal x(t) and output sinusoidal signal at the same frequency, the two signal are related to a transfer function G(ω).
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The AC excitation signals method are classified primarily on the basis of their measurement time, accuracy repeatability and practical HW integration complexity within the analysis device [37]. These can be classified into two principal categories: single frequency signals and broadband signals [38] (Figure 3). Each category possesses distinctive advantages and disadvantages.
The single frequency signals have all the energy concentrated at one fundamental frequency while the broadband signals have the energy at multiple harmonics frequencies. This means that single frequencies have a much higher Signal to Noise Ratio (SNR) and greater accuracy per frequency analyzed because all the signal energy is concentrated at the fundamental frequency and , while broadband signals have a lower SNR and may involve greater complexity in terms of HW integration but require less measurement time because more harmonics are injected into the system simultaneously.
The main excitation signal used for EIS are represented in Figure 3 and specifically:
· The sine sweep method is the most used approach, this process entails the injection of a series of discrete sine waves at a precise frequency range, spanning from fmax to fmin., and it guarantees reliable results due to its high accuracy but is not practical for real-time measurements due to its long measurement time mostly for low frequencies (<1 Hz) [39];
· The square sweep method uses a square wave signal which alternates between two voltage or current level and the frequency of the square wave is varied systematically from maximum to minimum frequency. This approach is faster compared to the sine sweep but can introduce harmonics and noise due to abrupt changes in voltage and current.
· The multi-sine method is a technique that combines multiple sine waves at varying frequencies, which are applied to the device under observation simultaneously [40]. This approach significantly reduces the time required for measurements (i.e., around 70% [41]) while providing similar level of response and accuracy.
· The PRBS involves applying a pseudo-random binary sequence that appears random but it is generated in a deterministic way. This approach is really attractive for online and real-time applications as it allows for faster measurement and since the number of signal required level are two the complexity of signal implementation can be reduced as well. A disadvantage of this approach is that it can only be used for linear systems and can be susceptible to noise [38].
· The chirp signal, in which the frequency increases or decreases with time, allows to scan a wide range of frequencies in a very short time. This methodological approach does not necessitate the stabilization of data at steady state; only transient data are required, which further reduces the measurement time. However, it is only applicable to linear or weakly non-linear systems, and this approach leads to a reduction in accuracy and increased complexity in signal analysis [42].
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The mentioned excitation signals were analyzed and tested in order to define the more suitable approach for real-time application. As pointed out, each has advantages and disadvantages and depending on the application, one approach may be preferred over the other. Considering the measurement time and the accuracy of the measurement the more suitable approach for real-time (or near-real time) vehicle application is a combination of sine sweep (for high and mid frequencies) and multi-sine (for low frequencies) in the frequency range between 5 kHz to 0.3 Hz. The frequency range selected still allows to detect the most meaningful information about the fuel cell but through a restricted range of frequencies and a reduced number of points per decade (6 to 8) is possible to optimize the measurement time in a time range between 5 and 10 seconds. The complete analysis about the optimized excitation signal and the comparison of the experimental tests performed with the different excitation approach will not be part of this work. For the analysis of the developed diagnostics software (described in the following paragraphs), experimental tests using the sine sweep method (which is still the standard) will be used, considering a variable number of points per decade, in order to assess the impact of a more or less rapid approach, involving the analysis of a smaller number of points, on the performance of the software.
Frequency response analyzer tool
The Frequency Response Analyzer (FRA) tool is equipped with the functionality to calculate an estimated frequency response of the fuel cell, based on the analysis of the AC voltage and current components collected by the fuel cell voltage monitoring and current sensing probe. This enables the computation of impedance values in the frequency domain.
The FRA tool employs a variety of methodologies in accordance with the type of excitation signal employed for the EIS analysis. For the analysis of sine sweep and multi-sine is used a recursive squares (RLS) algorithm. If the input excitation signal () and the fuel cell response ()  to the system is:
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And using trigonometric identity transformation and angle addition formula to  is possible to estimate the unknown  and  using  and  as regressors for the RLS algorithm. Through this algorithm is possible to estimate the amplitude ( and phase shift ( at a specific frequency of the response signal (i.e., voltage) and thus in order to evaluate the real and imaginary parts of the impedance at different frequencies, the Eq.3,4,5 should be employed:



Where the  (response signal  in frequency domain) and  (input excitation signal  in frequency domain) are the voltage and current in the frequency domain associated to the specific frequency (). And  and  are the real and imaginary part of the impedance .
The accuracy and computational efficiency of the Frequency response analyzer tool is validated comparing the performance with the commercial instrument used during the experimental tests (Metrohm Autolab PGSTAT302N).
Impedance analysis tool (IAT)
In order to minimize measurement time, the fast EIS approaches analyzed and developed (such as multi-sine) shown in the Excitation signals methods” section should be used in combination with fast analysis approaches such as Equivalent Circuit Modelling (ECM) [43], [44], [45]. 
The approach and algorithm developed in-house (Impedance analysis tool IAT) will be explored in more detail in another paper (not part of this work), but it is based on an ECM in which the electrochemical impedance spectrum obtained from the FRA tool can be represented and modelled by means of an equivalent circuit. The main losses of a fuel cell [2], [23] (i.e., activation caused by the slowness of the reaction taking place on the electrodes, ohmic caused by electronic resistance of the cell and membrane ionic () resistance and concentration associated to the reduction in the reactants partial pressure at the active sites of the catalyst layer) can be translated in a resistance while the transient behavior of a PEMFC can be described using a capacitive element. In an electrochemical cell an electric double layer (EDL) is formed spontaneously. The EDL is strictly related to the rate of reaction that leads to the formation of the charges, so on electric point of view it can be modeled as a resistance (R) and capacitance (C) in parallel. Also the GDL has a capacitive rule, it scatters and store reactants in order to obtain an uniform reaction over the electrode area and immediately have enough reagents in case of a load increase, however it is a different concept of capacitance than that of the EDL but thanks to this similarity, if modeled as a parallel R-C branch, it is also possible to give meaning to the capacitive part.  Considering the real capacitive phenomena present in the cell, these do not turn out to be ideal and therefore it is appropriate to introduce constant phase element (CPE) which is an empirical approach to describe non ideal distributed capacitance [46]. On the basis of all the assumptions made, the equivalent circuit used as a reference for fitting the impedance spectra is as follows (Figure 4) and the fitting representation of a case study spectrum is showed in Figure 5,
[image: ]
[bookmark: _Ref180498638]Figure 4: Equivalent circuit for a PEMFC
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[bookmark: _Ref180486977]Figure 5: Clusters contribution to the impedance spectrum fitting using ECM approach
where we note the following clusters [47], which are then used to build the Health Indicators (HI):
· Ohmic membrane resistance (.
· Charge transfer kinetics related to HOR and electrode and membrane contact resistance (.
· Proton transfer process inside ionomer of CCL (.
· Charge transfer kinetics related to ORR (.
· Mass diffusion transfer (i.e., oxygen) inside the cathode (.
Specifically, the method is capable to separate and classify the different contribution of the losses using appropriate guess values (as input for ECM approach) based on the expected (from literature and experimental data) time constant and resistance of the specific electrochemical phenomena [48], [49].
The Resistance and CPE are converted to effective resistance (Reff) and effective capacitance (Ceff) using the approach developed by Chang [46]. 
Health Indicators
As previously discussed in detail, the degradation and fault conditions of PEMFC stacks can be monitored by observing abnormal changes in certain characteristic indicators. In the literature, some characteristic parameters of the fuel cell are typically employed for the purposes of diagnosis and prognosis, with voltage [7], current, power [50] ECSA [51] and OCV being the most commonly utilized. While these indicators offer insights into the fuel cell's actual state, they often fail to isolate the potential causes of degradation or faults. This results in only partial information being provided, which does not allow for the effective prevention of faults or the implementation of targeted mitigation strategies. To overcome all these limitations in the accuracy/efficacy of health and faults indicators, the approach proposed here is based on using the output of the process (through the Impedance analysis tool) of real-time analysis of fast EIS data as input to build indicators which can isolate the conditions of faults and degradation within the fuel cell. In particular, the analysis carried out in the section “Degradation and failure mechanisms of PEMFC” shows that there are “common root causes” of faults which can be identified through the information of effective resistance (Reff) and effective capacity (Ceff) outputted from the EIS analysis.
As previously discussed in “PEMFC faults causes in vehicle application” the main causes are drying, flooding, anode starvation, cathode starvation and catalyst poisoning, thus for each of these a health/faults indicator is built.
Respectively, the drying indicator () is defined as a function of ohmic resistance and protons ( diffusion at CCL [47] since the main effect of this condition being the decrease in relative humidity inside the membrane and catalyst layer:

Where is the reference (i.e., optimal condition) ohmic resistance at the operating temperature of the system,  is the reference resistance of proton diffusion at the CCL,  is a weight factor to take into account the influence of both parameters (usually is 0.8) and  is the operating temperature of the PEMFC. It is important to note that these reference parameters are updated during the life of the device in order to take into account the degradation of the system. As with all the other indicators that will be introduced, the drying indicator ranges from 0 to 1. A value less than 0.9 indicates a more or less severe drying condition, which represents a deviation from the optimum condition.
The flooding and cathode starvation can be detected mainly by analyzing mass diffusion transfer and cathode charge transfer. The two phenomena, as analyzed in the previous chapters, are strongly correlated, but they can be isolated by reducing the capacity associated with the mass transfer cluster within the indicator, since the latter is influenced by the presence of water in the CL and GDL, specifically an excess of water leads to very high values of . Thus, the flooding and cathode starvation indicator is defined as:

The indicators take into account of the influence of PEMFC operating current density () and temperature ().
In a similar way, anode starvation is a function of anode charge transfer (both resistance and capacitance are considered).

The catalyst poisoning being predominant at the cathode (see Catalyst Poisoning) is expressed as a function of cathode charge transfer resistance  at the operating temperature and current:

Note that in order to have a complete view of degradation phenomena, it is necessary to analyze and combine all indicators. In addition, these indicators can be further correlated using information from on-board sensors (i.e., temperature, pressure and flow rate of reactants).
Experimental tests
The validation of approach developed, and the analysis of SW performance and computational time are done through an extensive campaign of experimental tests. The campaign involves the use of single cells and a 300 W commercial stack (from Baltic [52]) that can be modulated up to 30 cells in series. The single cells were created and assembled in the laboratory, The bipolar plate used were in graphite with a serpentine flow field for both cathode and anode. Non-woven carbon paper is used as gas diffusion layers with a Microporous Layer (MPL) that has been PTFE treated to 5 wt% and an overall thickness of 215 μm (Sigracet 22BB [53]. The catalyst layer is composed of platinum mixed with carbon powder as support with an I:C ratio of 0.4 (Platinum on carbon XC-72 [54] the mixture were deposited on the membrane via ultrasound assisted deposition procedure. The proton exchange membrane is commercial Nafion NRE 212 [55]. The experimental setup used for the tests allows for the control of pressure, temperature, relative humidity, and the mass flow rate of the reactants, enabling the analysis of various operating conditions, as shown in Figure 6. Electrochemical Impedance Spectroscopy was performed using a Metrohm Autolab PGSTAT302N potentiostat in either potentiostatic or galvanostatic mode, with an excitation amplitude of 5%.
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[bookmark: _Ref180486125]Figure 6: Experimental test setup for single cell PEMFC
[bookmark: _Ref180488026]SW and HW development
The software was developed in MATLAB due to its robust environment, which is supported by a wide range of packages and applications. These tools facilitate the seamless conversion of code into C and enable performance analysis across different configurations, such as stand-alone applications running on a personal computer and on the target hardware prototype. The software development process can be outlined as follows:
1. Development of the initial code within the MATLAB environment.
2. Conversion of the code into C via MATLAB Executable (MEX), that is a function directly callable from MATLAB enabling faster computations and preliminary considerations on the performances.
3. Analysis of the C code in Software-in-the-Loop (SiL), i.e., a stand-alone application running on a personal computer that sends outputs to the MATLAB environment (Processor	12th Gen Intel(R) Core(TM) i7-12650H, 2300 MHz, 10 core, 16 logic processor).
4. Analysis of the C code in Processor-in-the-Loop (PiL), i.e., a stand-alone application running on the target hardware that sends outputs to the MATLAB environment (BeagleBone Black, 1GHz ARM® Cortex-A8, Figure 7).
Each step was tested and validated on the entire experimental dataset previously introduced to assess accuracy and performance. The MATLAB code was used as a reference to evaluate the reproducibility of the results across the other configurations. The primary outcome of the analysis is the reproducibility of the results in comparison to the reference (MATLAB) and the experimental data, as well as the computational time. The latter is a critical parameter, as the ultimate goal of the analysis is to be performed online, in real-time, on the vehicle.
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[bookmark: _Ref180486164]Figure 7: BeagleBone Black Board
Frequency Response Analysis tool
In Figure 8 (a), the results of the impedance calculated using the Frequency Response Analyzer (FRA) in MATLAB are presented alongside the experimental data obtained from the reference potentiostat (Autolab). Figure 8 (a and b) shows the errors in the real and imaginary components of the impedance, respectively, comparing the MATLAB FRA results with the experimental data, as well as the FRA results from the C code across various cases against the reference. The FRA takes the input values of current and voltage from the cell at different frequencies and calculates the associated AC impedance.
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[bookmark: _Ref180486206]Figure 8: a) Impedance data comparison using Nyquist plot between FRA tool and Metrohm AutoLab  b) Percentage error between FRA tool and Metrohm AutoLab   c) Percentage error of module of impedance between FRA tool in MATLAB code and C code (MEX,SiL,PiL)
The Nyquist plot in Figure 8 (a) clearly demonstrates a perfect correspondence between the experimental impedance data and those calculated with MATLAB. Indeed, the error shown in Figure 8 (b)  is approximately zero for the real component, while the imaginary component exhibits spikes of ±20% at both high and low frequencies. This is primarily since the imaginary part of the impedance is nearly zero under these conditions, leading to significant errors unless the precision of the calculation is increased. Regarding the C code, both the MEX and the SiL and PiL implementations yield identical results to those obtained in the MATLAB environment, with a percentage error on the order of 10-13. Thus, the C code has the same performance as the source MATLAB code.
Impedance Analysis Tool
Figure 9 (a) shows the Nyquist plot of both the experimental impedance data and the output from the IAT in MATLAB, while  Figure 9 (b and c) shows the extracted resistances and capacitances for each identified cluster. The fitting of the experimental data is highly accurate, with an average error of 0.12% for the real part and 2.27% for the imaginary part. The latter is slightly higher due to minor scattering of the experimental data at high and low frequencies. Regarding the resistances extracted from the experimental spectrum, there is a good agreement between the MATLAB code and the C code for all clusters, except for the one associated with proton diffusion in the PiL case. It is important to note that this discrepancy is negligible, because the resistance associated is on the order of 10-4 Ohm cm2 and thus the lower precision of the board prevents accurate capture, resulting in an overestimation. The same phenomenon occurs for the capacitances of the same cluster, leading to results that differ from the reference. However, this is not problematic, as it is mainly due to computational precision limitations rather than an error in the methodology.
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[bookmark: _Ref180486389]Figure 9: a) Nyquist plot of experimental impedance data and fitted impedance by IAT with corresponding average error for real and imaginary component  b) Resistance for each cluster for the case study in the different SW environment c) Capacitance for each cluster for the case study in the different SW environment
Computational Time
To evaluate the computational time of the entire analysis, impedance spectra were collected using sine-sweep approach under the conditions of RH = 100%, p = 0.5 barg, T = 60°C, with points per decade (ppd) ranging from 18 to 6, in steps of 2. The experimental data were used to assess the timing of the analysis through the MATLAB profiler, a tool that allows for the monitoring of the computational time of functions. The results are shown in Figure 10, where the timings of the FRA (part a), the IAT (part b), and the complete analysis (part c) for the various case studies can be compared. For the FRA, the computational time increases linearly with the number of ppd, and there is a drastic reduction in computation time by an order of magnitude when performed in C using SiL and MEX. In the PiL case, although the performance is improved compared to the MATLAB environment (halving the computation time), it is still significantly limited by the processing power of the board. As for the IAT, a parabolic trend is observed for both MATLAB and MEX, although the latter is only slightly pronounced. PiL and SiL exhibit a linear trend, with SiL being the fastest at higher ppd values. For the complete analysis, SiL once again proves to be the fastest, taking approximately 1 second to complete the analysis with 18 ppd, compared to the 5 seconds required for PiL. In any case, this analysis does not account for the time required to acquire experimental data but only represents the post-processing phase. Additionally, it is important to note that under online-real-time conditions, the analysis will operate between 6 and 8 ppd, with a total computational time of approximately 4s with the prototyping hardware.
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[bookmark: _Ref180486457]Figure 10: a) Computational time per different points per decade for FRA analysis b) Computational time per different points per decade for IAT analysis c) Computational time per different points per decade for full (FRA + IAT) analysis
Conclusions
This work presented the durability targets for PEMFC systems for automotive applications, along with the research and development scenarios aimed at achieving them. Among these, diagnostic systems play a crucial role in reaching the target of 25,000 hours of operation under real-world conditions for heavy-duty systems. In this context, an innovative in-house health monitoring EIS-based software was introduced, which enables a rapid assessment of the PEMFC system's performance and health status through the calculation of specific indicators. The code was fully developed in MATLAB, and its validation was demonstrated using experimental datasets. Furthermore, the reliability of the results was assessed by converting the code to C and testing it in various environments: MATLAB, Software-in-the-Loop (SiL) on a PC, and Processor-in-the-Loop (PiL) on prototype hardware. The main outcomes are as follows:
1. Reconstruction of the impedance spectrum from current and voltage data at different frequencies has negligible error for intermediate frequencies of the spectrum while the latter increases at low and high frequencies only for the imaginary part approaching zero.
2. The C code has the same performance as that in the MATLAB environment for reconstructing the experimental impedance spectrum.
3. The performance of the impedance analysis tool is very similar between MATLAB and C code.
4. The computational time of the analysis has a quadratic trend for the MATLAB environment and a linear trend for the C code over the range of points per decade analyzed. The total analysis for 18 points per decade takes about:
a. MATLAB: 22.7 s
b. MEX: 2.4 s.
c. SiL: 1.6 s.
d. PiL: 8.7 s.
5. While the total analysis for 6 points per decade takes about:
a. MATLAB: 7.7 s
b. MEX: 0.21 s.
c. SiL: 0.44 s.
d. PiL: 4.47 s.
Thus, by using a fast signal excitation, it is also possible to reduce the computational analysis time.
Future Directions and Perspectives
Subsequent research will undertake a detailed examination of the entire analysis procedure developed in-house, as well as a comprehensive analysis of the advantages and disadvantages of the various Fast EIS approaches.
Furthermore, a novel and innovative tool will be developed for on-board integration of the signal generator, with the objective of injecting the Fast EIS signal into the FC.
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