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Abstract

:

Accurate extraction of polarization resistance is crucial in the application of proton exchange membrane fuel cells. It is generally assumed that the steady-state resistance obtained from the polarization curve model is equivalent to the AC impedance obtained from the electrochemical impedance spectroscopy (EIS) when the frequency approaches zero. However, due to the low-frequency stability and nonlinearity issues of the EIS method, this dynamic process leads to an additional rise in polarization resistance compared to the steady-state method. In this paper, a semi-empirical model and equivalent circuit models are developed to extract the steady-state and dynamic polarization resistances, respectively, while a static internal resistance correction method is proposed to represent the systematic error between the two. With the correction, the root mean square error of the steady-state resistance relative to the dynamic polarization resistance decreases from 26.12% to 7.42%, indicating that the weighted sum of the static internal resistance and the steady-state resistance can better correspond to the dynamic polarization resistance. The correction method can also simplify the EIS procedure by directly generating an estimate of the dynamic polarization resistance in the full current interval.
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1. Introduction


In the face of increasingly complex environmental issues, traditional fossil energy sources, which lead to large amounts of greenhouse gas emissions, are no longer able to contribute to the healthy and sustainable development of the automotive industry [1]. As one of the key power alternatives to traditional energy supply devices, fuel cells have received attention for combining the advantages of internal combustion engines and traction batteries, including low pollution, high reliability, and long lifetimes [2].



A Proton Exchange Membrane Fuel Cell (PEMFC) adopts a polymer membrane that can conduct ions as electrolytes, so it is also known as a Polymer Electrolyte Fuel Cell (PEFC). A PEMFC is an electrochemical device that converts the chemical energy in the Hydrogen–Oxygen reaction directly into electrical energy. The reaction takes place at low temperatures, with water and heat as products. The conversion efficiency could be as high as 70% [3]. In addition, it has the advantages of high power-to-weight ratio and fast start-up speeds, so PEMFC is considered to be an ideal power source for fuel cell vehicles (FCVs) [4].



FCVs strive to secure a dominant position in the market for long-distance and heavy-duty transportation [5]. Presently, Europe is actively pursuing the development of a diverse array of hydrogen buses, and several hundred such units have already been deployed across numerous Chinese cities. According to the 2019 report by Market Research Future (MRFR), it is anticipated that the global market for automotive hydrogen and fuel cells will expand at a 25% CAGR until 2025 [6].



The promotion of FCVs requires investigating the external characteristics of PEMFC systems to solve control problems. It is necessary to properly determine the PEMFC characteristics in steady and dynamic modes [7]. Commonly used methods are mainly based on electrochemical impedance spectroscopy (EIS) and polarization curve tests, which are often used to obtain information about impedance, output voltage, and load current.



EIS, also known as AC impedance spectroscopy, which tracks the resistance to alternating currents in an electrochemical system, is useful for exploring the system’s frequency response. Currently, equivalent circuit models (ECMs), also known as electrical equivalent circuits, are the main technique for analyzing EIS data [8]. An ECM approximates the external properties of electrochemical reactions using a theoretical framework consisting solely of electrical components. Each component, including energy storage and dissipation elements, describes a physicochemical process within the system.



The polarization curve data reflects the polarization loss of the fuel cell stack, i.e., the degree of voltage deviation from the electrochemical theoretical electromotive force (EMF). The three polarization modes, including activation polarization, ohmic polarization, and concentration polarization, correspond to different types of polarization resistance in the electrochemical reaction, which can be measured, to some extent, using EIS. The various polarization resistances are components of the overall resistance of the PEMFC. Therefore, the extraction of the total internal resistance is the basis for the determination of the various loss mechanisms and their contribution ratios.



The most straightforward method of measuring internal resistance is the current cut-off method [9], which relies on the transient voltage and current after turning off the power supply to calculate the theoretical internal resistance. The double Kalman filter method estimates the impedance in real time by monitoring the voltage and current without disrupting the fuel cell stack’s normal functioning [10]. Most measurement algorithms require the construction of hypothetical ECMs based on empirical evidence [8].



Uncertainties in electrical components and circuit structures can cause ambiguities in interpreting EIS data using an ECM. Therefore, the construction of a reasonable ECM is a crucial research topic [8]. The Randles circuit, consisting of a solution resistance, double-layer capacitance, and charge transfer resistance, is a prevalent ECM [11] and serves as a foundation for other intricate ECMs.



Numerous studies have been conducted to propose solutions that analyze the sources of impedance in fuel cell stacks. Boillot et al. [12] studied the impact of gas pressure on polarization loss and concluded that a decrease in the hydrogen partial pressure leads to an increase in the high-frequency (HF) arc of the EIS data, while the low-frequency (LF) arc of the EIS decreases with an increase in the oxygen partial pressure.



Interpreting the mechanisms illustrated by EIS data often requires the derivation of the ECM from essential electrochemical and diffusion theories. Manzo et al. [13] introduced a standard circuit to depict the frequency response of cathode catalyst layers (CCLs) at diverse current densities. Choi et al. [14] analyzed the charge transfer resistance, mass transport resistance, high frequency resistance (HFR), and proton resistance in CCL, separating the components using a transmission-line model (TLM) and recursive method under different relative humidity conditions.



ECM methods can be ambiguous, as various circuit elements could potentially fulfill the fitting accuracy requirements of the acquired EIS data [15]. The distribution of the relaxation time (DRT) technique has recently received significant attention as a complementary approach to enhance the ECM analysis. DRT, as a model-free method, can identify the relaxation times of the electrochemical system by using the quasi-infinite series of R//C elements without considering the internal mechanism, with no prior knowledge being required.



Heinzmann et al. [16] explored the effect of varying partial pressures of hydrogen and oxygen on the polarization process, using the deconvolution approach to identify the characteristic peaks of the distribution function and confirming a significant level of cathodic polarization through comparison. Zhu et al. [17] conducted analyses of resistance components arising from the oxygen reduction reaction (ORR) in PEMFC. They developed a polarization curve model using kinetic parameters in line with theoretical formulas of the primary polarization sources. Furthermore, the DRT method was utilized to establish the inherent connection between the polarization curves and EIS. Finally, the steady-state resistance and DRT peaks were analyzed quantitatively to precisely determine the polarization process demonstrated by the DRT peaks.



Thosar et al. [18] captured the fundamental details of the physicochemical processes and derived an analytical equation for the polarization curve that is valid across the entire range of current densities. Using a physical model of the polarization curves, parameters with clear physical meaning can be obtained. Nevertheless, additional experiments in cyclic voltammetry and linear sweep voltammetry may be required [17]. Physical models have poor stability and often have issues meeting the requirements in terms of generalizability and operational accuracy. Consequently, empirical equations have been proposed to obtain correlations between fuel cell performance and various operational and geometrical parameters [19]. These empirical polarization equations typically share a similar mathematical form with physical equations [20].



Previous studies on methods for extracting resistance in fuel cells primarily concentrate on analyzing sources and accurately estimating individual internal resistance components, including charge transfer resistance, mass transport resistance, CCL proton resistance, etc. However, estimations of total polarization resistance with side-by-side comparisons between various measurement techniques are rarely undertaken. Some studies on quantitatively identifying polarization processes using EIS data necessitate not only the derivation of complicated physics and electrochemical formulae but also involve a challenging DRT-solving process. Changes in fuel cell stacks and operating conditions also make it difficult to find and summarize correspondences. However, in engineering applications, the PEMFC is frequently utilized as a black box to examine its control and diagnostic issues based on output characteristics. The adoption of a straightforward and effective resistance extraction method can greatly simplify calculations and experiments.



The rest of this paper is organized as follows: Section 2 describes the publicly available dataset used for validation in this paper; Section 3 derives steady-state resistance from a semi-empirical model of the polarization curve; Section 4 involves ECM-based dynamic polarization resistance extraction; and Section 5 involves the empirical static internal resistance weighting method, which completes the correction from the steady-state resistance to the dynamic polarization resistance; followed by conclusions in Section 6.



The novelty of this study is summarized as follows:




	(1)

	
A method of extracting steady-state resistance is proposed, based on a semi-empirical model of polarization curves, to avoid the complexities of physical model calculation.




	(2)

	
Based on the characteristics of the EIS data under different current density conditions, the corresponding ECMs are empirically constructed and the dynamic polarization resistance of the fuel cell stack is calculated accordingly.




	(3)

	
A strategy to correct the steady-state resistance using static internal resistance weighting is suggested. This strategy is employed to explain the polarization resistance difference of a fuel cell stack from steady-state to dynamic processes.










2. Description of the Publicly Available Datasets Used for the Study


This study utilizes data solely from an open-source dataset, the IEEE PHM 2014 Data Challenge [21], provided by the FCLAB Research Federation. Experiments were carried out in test facilities that enable normal or accelerated ageing of PEMFC stacks under constant and variable operating conditions while controlling and gathering health monitoring data like power loads, temperatures, hydrogen and air stoichiometry rates, etc. Two identical fuel cell stacks, called FC1 and FC2, were both operated for more than 1000 h under different conditions, and the degradation of their output over time was monitored and recorded. In this paper, only the data from FC1 is used to extract the resistance, and it was operated under stationary conditions with the current density of 0.70 A/cm2.



The FC1 is a 5-cell stack. Each cell has an active area of 100 cm2. The experiments can provide not only voltage-time global historic curves but also intermittently perform static-dynamic characterization, each of which comprises a polarization curve test and EIS measurements that were conducted before and after it. The tests were carried out at eight different times (  t   = 0, 48, 185, 348, 515, 658, 823, 991 h). In the polarization curve test, the stack and cells voltages were measured under a current ramp from 0 A/cm2 to 1 A/cm2 of 1000 s. The voltage of the PEMFC was measured to acquire the current-voltage curve in a steady-state through this method. Adjustment of the gas flow was carried out to keep stoichiometric factors constant.



Since the polarization curve test can modify the internal state of the fuel cell stack, thus modifying the EIS results, only the EIS data after the polarization curve test are used for analysis in this paper. EIS measurements have been made in the following order: Constant current of 0.70 A/cm2, 0.45 A/cm2 and 0.2 A/cm2. Between every measure, a stabilization period of 15 min has been respected to guarantee the stability of parameters. The Nyquist plots of the complex impedance, at frequencies ranging from 50 mHz to 10 kHz, constitute the results of the EIS tests.




3. The Semi-Empirical Extraction Method for Dynamic and Static Internal Resistance


The polarization curves’ raw data for FC1 at each measurement time are presented in Figure 1, where     U   sum     represents the FC1 output voltage and   j   represents the current density.



Semi-empirical models of the polarization curve, as described by the Kim [22] and Fraser [23] models, can accurately represent the polarization loss of the output voltage in relation to the EMF. The Kim model is simple and practical, and it demonstrates high fitting accuracy for medium and high current density. However, the fitting accuracy is poor for open circuit voltage and small current densities. On the other hand, the Fraser model is highly applicable throughout the entire current interval. Nevertheless, it introduces operating temperatures and pressures that are not easily measured, consequently increasing the model’s complexity.



As a result of internal short-circuit currents and hydrogen crossover currents, to assess the voltage losses of the system, the external current of the fuel cell should be added to the internal loss currents. Consequently, Li et al. [24] suggested the following semi-empirical equation:


      U   j   =   E   rev   − b ×   lg  ⁡    j +   j   loss       j   loss       −   R   ohm   j − m   e   nj        



(1)







In Equation (1), the input corresponds to the current density   j  , while the output represents the single-cell voltage   U  . Additionally,     E   rev     denotes the reversible voltage, and     j   l o s s     refers to the loss current density. The Tafel slope, represented by   b  , induces overvoltage due to the activation energy barrier in the logarithmic term. The resistance encountered by ions or electrons during conduction, following the Ohm’s law, corresponds to the linear term. The reaction rate is influenced by the slow diffusion of reactants, leading to additional overvoltage in the exponential term.



The mean voltage of a single cell     U   a v g     was recorded at each time with   j   and used as the raw data for fitting, according to Equation (1). Results from fitting the polarization curve data for 48 h and 515 h are presented in Figure 2a,b, respectively. To assess the accuracy of the semi-empirical model, the root mean square error (RMSE) is utilized for quantitative analyses. This metric indicates the average deviation between the model’s estimates and the observed data, calculated as the square root of the expectation of the square of the difference between the two.



Let the number of raw data points at a specific time be   n  , the fitted voltage be     U  ^    j    , and the actual voltage be   U   j    . The   RMSE   is defined as in Equation (2), as follows:


      RMSE =    1   n      ∑  j           U  ^    j   − U   j       2           



(2)







Table 1 indicates that each time has an   RMSE   at a low level, allowing Equation (1) to characterize the polarization curve data effectively. In contrast to neural networks and physical models, the semi-empirical model avoids complex calculations and analyses while partially utilizing priori theories. It should be noted that the parameters from fitting semi-empirical formulae cannot be used to estimate actual physical parameters because of the interdependence of electrochemical mechanisms. For instance, directly using     E   rev     and     R   ohm     to estimate the reversible cell potential and ohmic resistance is considerably imprecise.



In the analysis of nonlinear components, there is a distinction between dynamic and static internal resistance. Static internal resistance pertains to the total internal resistance of the component at the DC point. When the battery produces a steady direct current of   I  , the terminal voltage is measured as   U  . Electromotive force of the battery is represented by     E   ocv    , and the static internal resistance at this point can be calculated using Equation (3), as follows:


          R   stat   =     E   ocv     −   U   I        



(3)







Since     E   ocv     represents the open-circuit voltage of the PEMFC, it can be derived according to the semi-empirical Equation (1), as follows in Equation (4);


        E   ocv   = U   0   =   E   rev   − m      



(4)







Dynamic resistance (AC resistance) evaluates the rate of change in voltage over current in a nonlinear element. Relying on the volt-ampere characteristic curve of the passive component, the dynamic resistance can be expressed as the slope of the curve at the static operating point. According to Equation (1), the negative slope of the tangent line of the polarization curve,     R   DC   ′    , can be calculated using Equation (5), as follows:


        R   DC   ′   = −   d U   i     d i   =   1     ln  ⁡  10       b   i   +     i   loss     +   R   e l   + m n   e   n i        



(5)







As shown in Figure 3, the negative slope     R   stat   ′     of the secant line joining the open-circuit voltage point and the DC operating point represents the static internal resistance, while the dynamic internal resistance     R   DC     corresponds to the negative slope     R   DC   ′     of the tangent line at the static operating point. It should be noted that, when converting to PEMFC resistance (Ω), the negative slope of the straight line must consider both the active area and the number of cells to ensure a unified dimension.




4. Dynamic Polarization Resistance Extraction Method Based on ECM


ECMs are typically constructed using empirical explanations of specific physical processes that appear within PEMFCs, which often necessitates limiting the circuit to a certain current range [13]. At each time, EIS tests were conducted under three different current densities, and the raw EIS data are depicted in Figure 4. The current densities illustrated in Figure 4a–c gradually decrease and thus possess somewhat distinct characteristics. The plots of the three sets share similarities, namely the presence of medium-frequency (MF) and LF semicircular arcs, as well as a HF inductive long tail. The EIS arc’s radius typically increases over time for each current density condition, excluding the two endpoints. This reflects a degradation phenomenon, as shown by an increase in resistance over time.



In the following, suitable components are selected to structure the ECM in order to precisely describe the different polarization processes of the PEMFC. Randles circuits are typically used to detail the electrochemical reactions at an electrode interface [25]. To better simulate anomalous diffusion caused by non-uniform electrodes, the double-layer capacitance may be substituted with a constant phase element (CPE) [26,27]. The CPE’s complex impedance can be expressed as follows:


        Z   C P E   =   1   C     i   ⋅   ω     n          



(6)




where   ω   is the angular frequency, C is the scale factor,   n   is the CPE index characterizing the phase shift, and   i   is an imaginary unit.



Owing to the sufficient supply of hydrogen, the hydrogen oxidation reaction (HOR) in the anode is ignored and only the impedances associated with ORR in the cathode and PEMFC main attachments are considered in this paper. The Randles element (    R   C   / /   C P E   d l , C    ), comprising of a charge transfer resistor in parallel with a CPE, is solely utilized to depict the ORR, which corresponds to the MF arc of the plots. The structure is serially connected with a feed line inductor L and a HFR     R   H F    . They correspond to the long tail at high frequency [28] and the HF real-axis extrapolation intercept [29], respectively. HFR is typically used to denote the ohmic internal resistance that characterizes the total conductance of protons and electrons [30]. However, certain studies [17] have demonstrated that the HFR corresponds to only the non-electrode components of the ohmic internal resistance, specifically the proton transport resistance of the membrane, interface contact resistance, and electron transport resistance of the gas diffusion layer (GDL), CCL, and channels. The ohmic internal resistance’s electrode component corresponds to a DRT peak, which is attributed to the CCL ionomer’s proton transport resistance.



The reactant transport limitations in the CCL electrolyte were not considered in the above analyses [13]. To be applicable to higher current densities, the following corrections are required. The     R   m t   / /   C P E   m t     element is connected in series, which corresponds to the mass transfer constraint due to oxygen diffusion in the CCL (LF capacitive arc) [30]. At ultra-low frequencies, the small arc with a positive imaginary part causes the curve to bend towards a smaller real part. This phenomenon corresponds to mass transfer processes under a state of water flooding [31], carbon monoxide poisoning, or adsorbed species in the CCL [13], as discussed in detail in Section 5.3. This feature can generally be characterized by connecting an inductor     L   m t     in parallel with the LF element (    R   m t   / /   C P E   m t   / /   L   m t    ). In contrast to the general structure, Kim et al. [32] achieved a highly accurate prediction of the state of health (SOH) by adding inductive branching (    L   m t   ⊥ R ′  ) to the LF and MF components.



In summary, for the two higher current density cases of   j   = 0.7, 0.45 A/cm2, the ECM is built in accordance with Figure 5. For the low current density condition of   j   = 0.2 A/cm2, the relevant ECM is detailed in Figure 6. This is due to the ultra-LF inductive effect being absent in Figure 4c, leading to the correction structure being removed to guarantee the precision.



The parameters of the constructed ECM can be determined by a complex nonlinear least-squares fit (CNLS) approximation [11]. In Figure 7, (a) and (b) represent the fitting results for 185 h and 658 h, respectively. It can be observed that the EIS plots for current densities of 0.7 and 0.45 A/cm2 are comparable but differ from the plots for a current density of 0.2 A/cm2. Therefore, the use of the ECMs depicted in Figure 5 and Figure 6 is appropriate.



The accurate fit within the ultra-LF inductive area, presented in the upper right corner of Figure 7a,b, confirms the precision of the ECMs displayed in Figure 5. In the HF inductive region, which is shown in the lower left corner, there are minor deviations observed for each current density condition. These deviations could be due to the omission of the HOR in all the above ECMs.



For an assessment of the fitting accuracy to the EIS data, the Euclidean distance between the fitted result and the raw data points in the complex plane can be used. Let the EIS measurements with current density   j   and time   t   be     Z   j , t    , and the fitting result be       Z  ^    j , t    . The mean square value of the Euclidean distance between them is shown in Equation (7), as follows:


        err   j , t   =   1     n   f        ∑  f           R e     Z   j , t     f   − R e       Z  ^    j , t     f       2   +     I m     Z   j , t     f   − I m       Z  ^    j , t     f       2            



(7)







In Equation (7),       Z  ^    j , t     and     Z   j , t     are functions of the frequency   f   (where   f = ω / 2 π  ).   R e   Z   and   I m   Z   denote the real and imaginary components of the complex impedance   Z  , respectively. In addition,     n   f     represents the number of EIS data points used. The average of all     err   j , t     values under a specific current density condition is calculated and converted to the resistance dimension, as shown in the following Equation (8):


        score   j   =    1     n   t        ∑  t       err   j , t           



(8)







The CNLS fitting accuracies are all high for the EIS data under each current density conditions. The scores are of the same order of magnitude, as Table 2 illustrates. This finding demonstrates that the ECMs constructed separately for EIS data at different current densities are effective.



During EIS examinations, the electrode system located at the static operating point is perturbed by small amplitude sinusoidal currents or voltage signals at different frequencies. The aim is to evaluate the response signal of the system to ascertain the dynamic impedance of the fuel cell stack. The dynamic polarization resistance     R   EIS     can characterize the dynamic process, which is obtained by extrapolating from the EIS data under the condition of   f  →0, as shown in the following Equation (9):


        R   EIS   =     lim   f → 0    ⁡  Z   f          



(9)







The zero-frequency impedance can be calculated from the circuit structure once the appropriate ECM has been constructed from the EIS data. The results for medium and high current densities can be determined from Figure 5. Additionally, the dynamic polarization resistance for   j   = 0.45 and 0.7 A/cm2 is shown in Equation (10), as follows:


        R   EIS   =   R   H F   +       R   C     +     R   mt       R   ′       R   C     +     R   m t     +     R   ′          



(10)







For the low current density condition of   j   = 0.2 A/cm2, the zero-frequency impedance of the ECM is shown in Equation (11) from Figure 6.


        R   EIS   =   R   H F   +   R   C   +   R   m t        



(11)








5. Resistance Extraction Results and Discussion


5.1. Relationship between Dynamic and Steady-State Polarization Resistances


The polarization curve test determines the stationary current−voltage pattern of the fuel cell stack and reflects the steady-state behavior of the PEMFC. The polarization resistance attained from the steady process is denominated as the steady-state resistance. As the polarization curve test can be viewed as the EIS test, with AC excitation at frequency   f   = 0, it is treated as a specific scenario of the latter, where frequency tends towards 0. In summary, as shown in Equation (12), the steady-state resistance     R   DC    , derived from the negative slope of the tangent line of the polarization curve, is theoretically equivalent to the dynamic polarization resistance     R   EIS     obtained from the EIS test conducted under the condition   f  →0 [33].


        R   EIS   =     lim   f → 0    ⁡  Z   f     =   R   DC        



(12)







The correspondence in theory between the     R   DC     and the     R   EIS     could be attributed to the fact that EIS, as a quasi-stationary frequency domain measurement technique [8], is compatible with static methods like polarization curve tests. Since the excitation signal applies alternating, minor cathodic and anodic processes on the system that do not result in cumulative changes to the electrode state even over long periods of time, the electrochemical system in the EIS examination can be deemed as linear around its DC operating point. Calculating the AC impedance of such a linear system at frequencies close to 0, its ohmic components can then be approximated by the slope of the volt-ampere characteristic curve at the DC point.




5.2. Static Internal Resistance Correction Method


Figure 8 shows the extraction results of the resistances, where (a), (b), and (c) correspond to the resistance-current curves at 0 h, 348 h, and 515 h, respectively. It has been observed that the dynamic polarization resistance     R   EIS     is greater than the steady-state polarization resistance     R   DC     and less than the static internal resistance     R   stat     under a given current condition. In fact, the extracted resistance data for all eight times share this characteristic. Unlike the relationship demonstrated in Section 5.1, the     R   EIS     in Figure 8 consistently exhibits a certain systematic error above the     R   DC     at any time and current density condition. This systematic error is limited to approximately 7 mΩ.



Chatenet et al. [34] outlined principles that should be adhered to when realizing EIS, one of which is the need for measurements to demonstrate linearity and stability. The Kramers−Kronig transforms can be used to verify the above requirements, but this obviously does not eliminate the nonlinearities and instabilities in the quasi-stationary measurement approach. For imperfect EIS data, a method is proposed to approximate the zero-frequency impedance of the ECM using a weighted summation of the dynamic and static internal resistance, as in Equation (13), as follows:


        R   wgt   = 75 %   R   DC   + 25 %   R   stat        



(13)







This method is essentially a correction of     R   DC     using     R   stat    . For the purpose of comparison, Figure 8 also includes the curves of the correction result     R   wgt     with the current at specific times.



As demonstrated in Figure 8, the     R   stat     decreases consistently with the increase in current and the rate of change declines gradually. This suggests that the total internal resistance also drops progressively with the current hike.     R   DC    , on the other hand, exhibits a concave function pattern that is low in the middle and high on both sides, and the minimal value point is situated near the medium current density of 0.6 A/cm2. In the medium current density region, only the ohmic polarization requires consideration; however, in the low and high current density regions, the effects of activation polarization and concentration polarization need to be considered, respectively. As voltage data was not measured for higher current densities, growth in     R   DC     was reduced in this region due to concentration polarization. Therefore, no growth occurred in the high current density region when calculating the total internal resistance,     R   stat    .



As depicted in Figure 8, the correction result     R   wgt     is markedly comparable to     R   EIS     and sits between     R   DC     and     R   stat     curves. To assess the relative deviation of EIS measurements from the polarization curve measurements before and after applying the weighted correction, the   RMSE   is constructed as a metric. In Equations (14) and (15),     R   DC     and     R   wgt     are resistances at the relevant time and current density.


        RMSE   DC   =    1     n   t     +     n   j        ∑  t     n   t          ∑  j     n   j               R   EIS     −     R   DC       R   EIS         2             



(14)






        RMSE   wgt   =    1     n   t     +     n   j        ∑  t     n   t          ∑  j     n   j               R   EIS     −     R   wgt       R   EIS         2             



(15)







Furthermore, the total number of time nodes     n   t     = 8 and the total number of current densities     n   j     = 3. The results of the calculations for the   RMSE   are presented in Table 3.



Table 3 demonstrates that the steady-state resistances achieved from the polarization curve model have an average reduction of 26.12% in comparison to the ECM zero-frequency resistances for all time and current density conditions. The relative error of more than a quarter is clearly not explained by random disturbances in the test process, which will be analyzed in Section 5.3 based on specific phenomena in the EIS data.



After correction, the     RMSE   wgt     decreased to 7.42%. This suggests that the adjusted outcome     R   wgt     of the     R   DC     can more accurately approximate the dynamic polarization resistance     R   EIS     in any time or current density situation. This result is displayed in Figure 8, where     R   EIS     and     R   wgt     exhibit almost equal values.




5.3. Analysis and Discussion


As illustrated in Figure 4a,b, under medium to high current density conditions, the EIS data, in the ultra-low frequency range (typically below 0.22 Hz), crosses the real axis and displays a pseudo-inductive behavior. This behavior can be explained by two common factors: side-reaction of intermediate species and water transport [35,36]. The water transport and side-reaction resistance,     R   w    , is often used to represent this phenomenon.



The analysis of pseudo-inductive behavior was conducted through the DRT method discussed in [17]. To ensure high-quality EIS data for DRT, it is necessary to remove the inductive information that is unrelated to the capacitive-dependent dynamics. This can be accomplished by truncating HF and ultra-LF inductive data without significantly affecting the accuracy of subsequent DRT fitting. Using the DRT algorithm, which excludes inductive effects, it is evident that the     R   DC     acquired from the steady process is lower than the low frequency intercept of the DRT fit across all current densities. The difference between the actual and fitted LF intercepts correlates with the PEMFC’s resistance reduction (voltage recovery) processing from a dynamic to steady-state. It should be noted that the difference     R   w     shares an eigenpeak with the mass transfer process in the DRT, thus posing a challenge to differentiation.



This research adopts the ECM method, which considers the pseudo-inductive behavior at ultra-low frequencies and the feed line inductor at high frequencies, in contrast to the above DRT method. Nonetheless, there is still a systematic error between     R   EIS     derived from the ECM and steady-state resistance     R   DC    . This could potentially be attributed to the inadequate ultra-low frequency range of 0.05 Hz, which fails to capture the entirety of the pseudo-inductive arc. As obtaining the complete arc at ultra-low frequencies through EIS measurements is impractical due to the time consumption and poor stability and nonlinearity issues [35], the ECM utilized in this paper provides a more viable solution. Section 4 analysis shows that the ECM has a high fitting accuracy across the entire frequency measurement range, with Figure 7 illustrating that its fitting curve at ultra-low frequency aligns with the original data trend. A similar ECM can be used to achieve high-accuracy predictions of PEMFC performances, as demonstrated by a related study [32].



In this paper, the dynamic polarization resistance     R   EIS     was higher than the steady-state resistance     R   DC     when creating the ECM, despite considering the influence of inductive effects. This systematic error could be attributed to insufficient linearity at the static operating point in the quasi-stationary method, and it could therefore fluctuate based on the EIS test’s disturbance amplitude and the fuel cell stack’s intrinsic characteristics. The procedure outlined in Section 5.2 utilizes weighted values of the dynamic and static internal resistance of the PEMFC to estimate the polarization resistance obtained from quasi-stationary measurements. As presented in Equation (13), the static internal resistance     R   stat     is used to affect a weighted correction to the dynamic internal resistance     R   DC    , with the weight ratio of them remaining constant at 1:3. It is important to note that this is an empirical constant, which may change with alterations to the fuel cell stack and its testing conditions.



The average relative difference between the corrected steady-state resistance and the ECM zero-frequency resistance decreased from 26.12% to 7.42%. Therefore, the     R   DC     extracted from the polarization curve model, corrected by     R   stat    , can establish a precise match with     R   EIS    . The effectiveness of this correction method may be attributed to the inclusion of the static internal resistance component, enforcing a correction based on the static operating point of the fuel cell stack, as well as the characteristics of the polarization phenomenon.



The function of PEMFCs is frequently subjected to disturbances comparable to those encountered in EIS experiments. However, the EIS has limitations in regard to achieving high-precision measurements, as it can only measure under specific current density conditions. By employing the resistance extraction method, a corrected resistance-current continuous curve can be developed based on the polarization curve data. This leads to precise estimation of the zero-frequency resistance obtained from EIS measurements over the full current interval. The polarization resistance obtained by extraction can be used not only for catalyst selection [37] and evaluation of assembly pressure [38], but also for indicating the humidity of the proton exchange membrane [10].





6. Conclusions


In this paper, based on the IEEE test data, the steady-state polarization resistance is extracted using a semi-empirical model of the polarization curve while the dynamic polarization resistance is extracted using an ECM that accounts for inductive effects, with a large systematic error being discovered between them. A correction method based on the weighting of the static internal resistance is then proposed to unify the steady-state and dynamic polarization resistances. This resistance extraction method, which can rely directly on the polarization curve data to extract the dynamic polarization resistance, helps to simplify the test process and is of great importance for the study and diagnosis of the external characteristics of fuel cell stacks. The following conclusions were drawn:



	
Based on the semi-empirical model of the polarization curves, it is possible to obtain the steady-state polarization resistance     R   DC     and the static internal resistance     R   stat     of fuel cell stacks with high accuracy, avoiding the complicated calculation process of physical models.



	
By considering the pseudo-inductive effect at ultra-low frequencies and the feed line inductor at high frequencies, it is feasible to design ECMs that align with various current density conditions based on the characteristics of the EIS data. From these ECMs, the dynamic polarization resistance     R   EIS     can be extracted.



	
Estimating the zero-frequency resistance using     R   DC     leads to a considerable systematic error. The use of an     R   DC     correction strategy based on     R   stat     weighting can markedly decrease the relative error between steady-state and dynamic polarization resistance. The empirical weights utilized could differ depending on the perturbation amplitude of the EIS test and the intrinsic characteristics of the fuel cell stack.
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Figure 1. Raw Data of Polarization Curves at Different Times. 
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Figure 2. Example of Fitting Results for Polarization Curves (a) Fitting Result at 48 h; (b) Fitting Result at 515 h. 
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Figure 3. Tangent and Secant Lines of the Polarization Curve. 
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Figure 4. EIS Raw Data (a) Impedance Spectra Plot of Different Times at   j   = 0.7 A/cm2; (b) Impedance Spectra Plot of Different Times at   j   = 0.45 A/cm2; (c) Impedance Spectra Plot of Different Times at   j   = 0.2 A/cm2. 
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Figure 5. ECM with Current Densities of 0.7, 0.45 A/cm2. 
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Figure 6. ECM with a Current Density of 0.2 A/cm2. 
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Figure 7. Examples of ECM Fitting Results (a) ECM Fitting Results for Each Current Density (A/cm2) at 185 h; (b) ECM Fitting Results for Each Current Density (A/cm2) at 658 h. 
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Figure 8. Example of Resistance Correction Results (a) Resistance Curve at 0 h; (b) Resistance Curve at 348 h; (c) Resistance Curve at 515 h. 
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Table 1. Polarization Curve Fitting Accuracy at Each Time.
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	   T i m e / h   
	   0   
	   48   
	   185   
	   348   
	   515   
	   658   
	   823   
	   991   



	   RMSE / m V   
	   1.114   
	   1.032   
	   1.083   
	   2.593   
	   2.702   
	   2.746   
	   2.516   
	   2.413   










 





Table 2. Fitting Accuracy of EIS Data for Each Current Density Condition.
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	   j / A   c   m   − 2     
	   0.7   
	   0.45   
	   0.2   



	   score / m Ω   
	   9.69 ×   10   − 2     
	   0.175   
	   0.171   










 





Table 3. Relative Error before and after Weighted Correction.
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	      RMSE   DC      
	      RMSE   wgt      





	   26.12 %   
	   7.42 %   
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