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Abstract
Dynamic changes in power systems affect the overall performance of fuel cells. The amplitude, frequency and duration of disturbances affect the way fuel cells response. Electrochemical Impedance Spectroscopy (EIS) is a technique that can be used to analyze how these disturbances affect fuel cells.

EIS studies have previously been used to study high impedance processes like corrosion and coatings. The application of EIS to simulate power system processes calls for modification of EIS measuring techniques to meet the new demands. Unlike corrosion and coatings, fuel cell power systems studies involve electrochemical processes, control systems and load interacting. 

This paper presents impedance data intended to be used to investigate the effect of power converter loading of fuel cells during disturbances caused by operational and fault conditions. The emphasis is on identifying possible sources of error in measuring impedance data of an operating Proton Exchange Membrane (PEM) fuel cell and how these errors could be minimized. Hydrogen purging, amplitude of modulating signal and test cell(s) location within the stack were investigated to determine their possible effect on impedance measurement.
I.         Introduction

Fuel cells are gaining popularity with the clean energy community as the source of electrical power for the future due to their high efficiency and near zero emissions when fuelled directly with hydrogen. Numerous recent studies lead to the development and improvement of fuel cell performance at the membrane electrode assembly (MEA) level. Water management of the MEA has also been extensively researched. As a result cell mechanisms, including water management, electrode interface, charge transfer resistance and electrical double layer are well understood in this area of application.
While a fuel cell is a direct current device, most power systems are alternating current. The challenge for several studies is to develop power converters to enable fuel cells to interface with alternating current grid systems. Converters draw varying currents from fuel cells in response to the load, the operating frequency of the grid and other system disturbances. The currents drawn from the fuel cell as a result of the operating frequency of the grid is known to be periodic in nature with a fundamental component that is twice the frequency of the alternating current network for a pulse width modulated (PWM) converter [
]. There are other harmonics present in the current drawn from the fuel cell other than the fundamental component of the ripple current [
]. It is therefore important to be able to model the behavior of fuel cells when these varying currents are drawn from them at various frequencies.

Fuel cells are known to not allow current reversal [
]. The introduction of fuel cells into large power systems may expose fuel cells to disturbances with amplitude significant enough to cause current reversal. Traveling lightening surges are typical examples. Surge arrested may be used to divert these kinds of disturbances. It is however useful to understand the fuel cell behavior if these surges manage to pass through as a result of protection failure.      
Most of the studies conducted to investigate behavior of fuel cells to sinusoidal currents do not taken into account the control strategy of the manufacturer. While this simplifies analysis, it compromises on what happens in the real world because the control system is an integral part of fuel cell operation. For instance, the manufacturers adopt anode purge as a technique to reverse the decaying voltage of the fuel cell as water and nitrogen accumulates in the flow channels. 
As a result of the anode purge, the voltage output from a proton exchange membrane (PEM) fuel cell is not perfectly constant at a given load. Preliminary investigations have shown that the shape of the decay curve depends on the level of loading of the fuel cell. A critical load exists at which the rate of decay is almost linear for the Ballard Nexa PEM fuel cell used for this study. Any attempt to accurately understand the behavior of a PEM fuel cell in a power system must account for this phenomenon as it may have implications on power quality.
II.         Electrochemical Impedance Spectroscopy
A. Literature review of impedance spectroscopy

Characterization of electrochemical cells by electric conductivity has been in existence for a hundred years [5]. Electrochemical impedance spectroscopy is a technique that uses the change in electrical impedance at varying frequencies to extract information on transport properties of an electrochemical cell. It has been applied as far back as the 1950s and 60s to study corrosion processes [
]. The change in impedance with frequency gives information on the transport processes taking place during corrosion. Nyquist and Bode plots are used to extract the information on the transport processes [5]. 

EIS was further extended to other forms of electrochemical cells such as batteries, fuel cells and electrolyzers in the last two decades. The initial studies were intended purely to understand charge transportation in different sections of the membrane electrode assembly [
]. With this knowledge catalyst performance, electrode parameters and membrane performance could well be understood at normal operation of the cell. This information is useful for cell and system designers for optimization of electrical performance.
Recent studies are devoted to observing impedance changes under extreme operating conditions that could lead to membrane failure. Examples of the conditions are flooded electrode, dry membrane and catalyst poisoning [
]. Based on this understanding EIS could be used as a diagnostic technique since it gives more information about the causes of failure than just monitoring the terminal voltage output of the fuel cell alone. The reason monitoring voltage alone is insufficient is that there are several situations that give rise to low voltage at a fuel cell terminal, such as, a dry membrane, low partial pressure of oxygen or hydrogen, blockage of the anode by water as a result of diffusion. EIS distinguishes between various failures modes.
Some investigators have used EIS to develop electrical equivalent circuits whose parameters are determined by curve fitting of experimental data. These equivalent circuits consists of components like capacitors, resistors and in some cases inductors [1]. These circuits are useful in modeling fuel cells as power system devices. Impedance spectroscopy can also be used to simulate power system processes. This is because most processes in power systems could be broken down into a series of signals made of frequencies and amplitudes using Fourier analysis. 
For power system studies however, the amplitudes may not be necessarily be small as is the case in most EIS studies. Therefore, the main assumptions that steady-state conditions are maintained in the fuel cell as well as the linear relationship between current and voltage at a given frequency may not be necessarily true. This study investigates the extent of these deviations.
III. Experimental Data

A. Experimental procedure

The experiment was performed on the 1.2 kW Ballad PEM fuel cell acquired by the University of North Dakota. This fuel cell is complete with the manufacturer’s control system and parasitic loads. Figure 1 shows how the instrumentation was setup for the experiment.  

The frequency response analyzer used was the Gamry FC350. A 400W Dynaload electronic load was used. Basically, the Dynaload is set to draw a fixed amount of current from the fuel cell. The value of this current is set such that the load drawn from the fuel cell does not exceed the rating of the electronic load. In this particular experiment, the maximum current operated at was 10 A. Above this current level, the electronic load becomes overloaded. The fuel cell is rated higher than the electronic load used.
The FC350 was installed in the CPU of a computer and connected to the electronic load. The FC350 generate sinusoidal signals that modulated the direct current drawn from the fuel cell at frequencies varying from 0.1 Hz to approximately 10,000 Hz. The amplitude of modulation is fixed at various levels, starting at values that are lower than the direct current to values that are higher. Figure 2 shows a typical input signal. The higher amplitudes of the modulating signal are to observe behavior when the fuel cell is required to conduct current in the nonlinear region. That is when there relationship between the modulating current and the associated voltage response at a given frequency is not linear. This is when the Lissajous figure associated with the impedance measurement becomes distorted. 
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Figure 1 A Schematic diagram of the experimental setup for studying the impedance data of a 1.2 kW PEM Fuel Cell
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Figure 2 Typical input signals to a galvanostatic EIS test with a 5 Ampere load current and a modulating current of 2 Ampere amplitude and frequency of 0.1 Hertz 
For the purposes of this study, the thermodynamic properties of the fuel cell were not studied. Rather, the focus was on the electrical behavior of the fuel cell under varying load conditions. Impedance studies were conducted on the whole stack and a group of cells to verify the extent of impedance changes at different locations in the stack. 

B. Graphical representation of data and comments
The initial representation of the data demonstrates that the setup conforms to what is reported in the literature. Nyquist and Bode plots where developed for the data. This data is based on a load current of 5 A for the plots shown in Figure 3, 4 and 5. This current level was selected to capture some amount of the nonlinearity associated with the activation over-potential. The activation and ohmic over-potentials are important in the operating range of most PEM fuel cells. At higher enough current densities, the activation polarization becomes almost constant resulting in a linear current-voltage characteristic. At very high current densities, the concentration losses appear which also imposes some nonlinearity [
]. 
Figure 3 represent the impedance plot of the data obtained from the tests conducted on the Ballad 1.2kW PEM fuel cell when supplying a current of  5 A. The experimental results where compared with tests performed by Woojin Choi et al. on the same model of PEM fuel cell [1] and were found to agree within experimental variability. What this group did not demonstrate is the effect of the amplitude of the modulating signal and the effect of cell position on impedance data. 
Figures 3, 4 & 5 represent impedance plots for the entire stack. The Bode magnitude plot and the Nyquist plot showed some variation over the frequency range as the root-mean-square (RMS) value of the amplitude of the modulating signal was varied from 0.1 A to 6 A. At low frequencies however, more variation was noticed in the value of impedance with increasing amplitude. This could be attributed to the fact that the current swing is slow enough for the fuel cell parameters to change. Also from a capacitance point of view at low frequencies the double layer capacitance has enough time to charge and discharge hence affecting the impedance more.
1. Full stack
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Figure 3 Magnitude plot impedance spectrum of a 1.2 kW PEM fuel cell stack with electronic load drawing 5A direct current and modulating current amplitude varied from 0.1 to 6 amperes
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 Figure 4 Bode phase plot of a 1.2 kW PEM fuel cell stack with electronic load drawing 5 A from it.
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Figure 5 Nyquist plot of  a 1.2 kW PEM fuel cell stack with an electronic load drawing 5 A from it 
The literature reports that large amplitudes of the modulating signal could disturb the steady-state value of the fuel cell parameters at a given load. At high enough frequencies the change in current is so rapid that the fuel cell parameters are unable to track the changing current as a result maintaining a relatively constant value. It can therefore be inferred from this that using a large amplitude modulating signal in more likely to induce errors at lower frequencies than at higher frequencies.

The impedance variation observed with increasing amplitude show that impedance values tend to increase as the amplitude of the modulating signal increases. It is known theoretically that impedance is independent of the amplitude of the test signal. It is a function of frequency, resistance, capacitance and inductance of the circuit only. The variation observed at a given frequency could only be due to the fact that the some thermodynamic parameters may have changed with the amplitude of the modulating signal. 

The average of a direct current is unchanged when a sinusoidal wave is superimposed on it. RMS value changes with the amplitude as well as frequency of the superimposed signal. The variability observed at the same frequency as the amplitude of the modulating signal changes suggests that the cell thermodynamic parameters affecting the impedance are RMS current sensitive.  

When the RMS value of the modulating signal was 0.1 A, substantial irregularity was apparent in the impedance plot with this phenomenon disappearing as the signal amplitude increased. The purge regime of the fuel cell is responsible for this phenomenon. If the signal amplitude is comparable to the variation caused by the purge action of the fuel cell, then it is reflected in the impedance plot as noise. Generally, there is a voltage change of 0.08 V during the purge action, this change is almost instantaneous. 

Some level of variability in the impedance plots could also be due to the result of attenuation when the modulating signal attains a value higher than direct current component of the load on the fuel cell. At amplitudes greater than the load current, negative currents are drawn from the fuel cell. The fuel cell is required to reverse the current flowing through it in this situation. This reverses the polarity of the fuel cell and it ceases to operate as a generator of electromotive force. The negative cycle of the current is attenuated in the process since fuel cells does not allow current reversal. This phenomenon could result in an inaccurate impedance value.
The phase plot for the full stack in Figure 4 is a representation of the variation of the inverse tangent of the imaginary part of the impedance to the real part with frequency. The negative value of the complex part of the impedance represents capacitance. At high frequencies the capacitive reactance is low and the impedance gets more resistive in nature and the phase angle is close to zero degrees. At high enough frequency, the phase angle turns positive. This is inductance associated with the internal and external wiring of the setup. A low frequency inductive behavior was also observed. Several studies of this behavior have been at the cell level and have been attributed to the formation of platinum oxides and hydrogen peroxide. There is a reasonable amount of variation shown at high frequencies in the phase plot. 

The information contained in the Nyquist plot is essentially the membrane and the polarization resistances [
]. The x-coordinate of the point where the imaginary component is zero and the frequency approaches infinity is the membrane resistance. The diameter of the semi-circle described by the Nyquist plot is the polarization resistance. These are shown in Figures 5, 8 & 10. In figure 8 for instance, the inaccuracy resulting from varying the amplitude of the modulating signal is less in determining the membrane resistance of the stack than the polarization resistance. This is consistent with an earlier statement that at lower frequencies the changing cell parameters have enough time to respond to the changing modulating current. Since the measurement of the membrane resistance is based on high frequency behavior only the amplitude effects are less. The polarization resistance is a function of both low and high frequency behavior hence the higher degree of inaccuracies from variability in the high as well as the low frequency data.

2. EIS data of part of the stack - cells (15 to 24)
A group of ten cells were selected starting from cell number 15 to 24 from the hydrogen inlet to investigate the effect of position on impedance data and figures 6, 7 and 8 show plots of the impedance data for this group of cells. The modulus plot shows a close match at high frequencies as the amplitude of the modulating signal is varied. At frequencies below 1 Hz, the modulus tends to change as the amplitude of the modulating signal increases. This is similar to what was observed for the whole stack. The difference here is that at frequencies less than 1 Hz the variation is much less.
At amplitude of 0.1 A the impedance and phase plots showed the scattered nature observed earlier in the whole stack plot. Generally, the plots of this group of cells bare the same characteristics as the plot of the whole stack. From the Nyquist plot in figure 8, the membrane resistance is estimated at 0.01 ohms. From the Figure 5 the membrane resistance can be estimated as 0.05 ohms for the whole stack of 42 cells. Electrically these cells are connected in series. The values of the membrane resistances agree reasonably with the fact that the cells in the stack are connected in series and hence the membrane resistances sum up.
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Figure 6 Nyquist plot of  a 1.2 kW PEM fuel cell (10 cell in series) with an electronic load drawing 5 A from it
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Figure 7 Bode phase plot of a 1.2 kW PEM fuel cell (10 cells in series) with electronic load drawing 5 A from it
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Figure 8 Nyquist plot of a 1.2 kW PEM fuel cell (10 cells in series) with an electronic load drawing 5 A from it
3. Effect of cell position - cells (2 to 11) & (15 to 24)
Most EIS studies conducted on PEM fuel cells have dwelled on single cells or full stacks. Therefore data on portions of the stack are scarce in the literature. This section investigates how groups of cells at different locations perform.
A group of ten cells were selected at two different locations in the fuel cell stack to investigate position on impedance spectrum. These are represented in Figures 9, 10 and 11 for modulating signal amplitude of 1A. This investigation was accomplished with a load current of 5A and modulating signal amplitude of 1A RMS. The experiment was repeated for both groups of cells varying the amplitude of the modulating signal. All the plots showed the same basic features.  
The first group of 10 cells at high frequency had the same impedance modulus as the second group. At 100 Hz the impedance separated with the first group higher than the second group. This trend continued till 1 Hz when there was a level off with the first group maintaining higher impedance modulus with the difference being approximately 0.03 ohms. This may be attributed to different values of the double layer capacitance for each group. At the high frequencies where the impedance is mainly resistive, the match was extremely close. As the capacitance component of the impedance increased the deviation became more noticeable. 

The phase plot matched closely in both cases. There was as a slight deviation at the mid-frequency ranges that may be due to noise in the measurement. Although the magnitude of the impedance changed for both locations the phase difference between the current and voltage remained relatively constant. 
The low frequency deviation in impedance was evident in the Nyquist plot Figure 11 as well as the close match seen at the high frequency. The membrane resistance did not change with position. The value was about 0.01 ohms compared with about 0.05 ohms for the whole stack. 

The polarization resistance changed with the position of the cells. This indicates that the deviation observed at the low frequency end of the Bode impedance plot Figure 9 may be due to the change in polarization resistance from 0.13 to 0.16 ohms. It is difficult to explain why polarization resistance has changed with position. If temperature gradient is to be responsible we will expect that the membrane resistance will be affected as well. This is because membrane resistance is a function of temperature. Our suspicion is that there is a non-uniform distribution of current density along the stack. The works of Choi and others show that the polarization resistance is current density sensitive.
a) Nyquist and Bode plots
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Figure 9 Comparison of the Bode modulus plot of 10 cells taken from different locations in the 1.2 kW fuel cell stack 
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Figure 10 Comparison of the Bode phase plot of the 10 cells taken a different locations in the fuel cell stack of the 1.2 kW PEM fuel cell
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Figure 11 A comparison of the Nyquist plot of a group of the 10 cells taken a different locations in the 1.2 kW PEM fuel cells.
b) Purge voltage

Hydrogen purging during the operation of a PEM fuel cell is an important process to prevent the anode channel from being blocked by water. The chemical reaction governing the operation of a PEM fuel cell is given below:
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Hydrogen is introduced at the anode and oxygen at the cathode which then react to produce water at the cathode. During the operation of the fuel cell, water diffuses from cathode to the anode. As this process continues the anode channels block restricting the flow of hydrogen. This results in a decaying voltage and if there is no intervention the terminal voltage of the PEM fuel cell could completely collapse.
A blast of hydrogen is introduced into the anode channels to clear them of the accumulating water. The control system activates the purge action when the voltage drops by approximately 0.08 V per cell. This compares to an open circuit voltage of 0.88 V for a cell. This is about 9 % of the open circuit voltage. If the fuel cell is loaded this variation becomes more than 9 %. The recovery of the decaying voltage is almost instantaneous during the purge cycle. 
The frequency of the purge action increases with the load current up to a point. This is because the amount of water diffusing into the anode channels increase with the load on the fuel cell hence the faster rate of voltage drop. Our suspicion is that at higher current densities, close to rated current, when a significant amount of the water reaching the anode is transported back by electro-osmotic drag, the voltage decay will be slower and hence lower frequency of purging. It is understood that at very high current densities, the anode becomes dry as a result of electro-osmotic drag overtaking diffusion. Another observation made is that the shape of the voltage decay curve changes as the load current is varied from 0 to 10 A. Figures 10, 11 and 12 show these behaviors. 
The causation for the change in shape of the voltage decay curve is not particularly understood but this change justifies further investigation. A possible cause may be the ratio of diffusion to electro-osmotic drag of water within the membrane. The interaction between the decaying voltage and the control system has a direct effect on impedance data. If the modulating current is so small such that the corresponding voltage variation is comparable with voltage variation caused by the purging cycle of the fuel cell the impedance data becomes noisy. Figure 8 shows how the Nyquist plot changes with the RMS value of the modulating signal. When the amplitude is 0.1 A RMS the Nyquist plot tends to be more scattered around an ideal semi-circle. As the amplitude becomes larger, the points are less scattered. Figure 12, 13 and 14 demonstrates voltage behavior between purge cycles at low to moderate current loadings.
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Figure 12 Decaying cell voltage of a 1.2 kW fuel cell loaded only with the parasitic devices
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Figure 13 Decaying voltage of a 1.2 kW fuel cell loaded with parasitic devices and an electronic drawing 10 ampere
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Figure 14 Decaying voltage of a 1.2 kW fuel cell loaded with parasitic devices and load with an electronic load drawing 0, 1, 5 & 10 amperes
IV.         Conclusions 
The conclusions drawn from this study are summarized as follows:
· When measuring the impedance spectrum of an operating PEM fuel cell it is important to choose the amplitude of the modulating signal such that the amplitude of the resulting voltage is at least twice the purge voltage. This will reduce the noise caused by hydrogen purge on the impedance data. Increasing the amplitude of the test signal beyond this would reduce the noise further but there is a possibility of inducing error in the low frequency impedance.
· If the amplitude of the modulating signal is too large, the thermodynamic parameters of the fuel cell tend to change at low frequencies resulting in erroneous impedance. There is also the possibility of attenuation of the modulating sign if it becomes larger than the direct current load on the fuel cell. The attenuation could introduce signals of frequencies which are integral multiples of the test signal frequency. The result of this is an impedance data that could be different from what is desired. 
· The impedance data for a group of cells in the stack may not necessarily be the same for an equal number of cells in different locations in the stack. This study reveals that the extracted membrane resistance in not likely to change with position but the polarization resistance may change significantly. If analyzing the impedance spectrum of individual cells it is important to know that cell position is a parameter that could affect the results.
· The terminal voltage of an operating fuel cell is not constant. It a combination of a voltage decay process and a purging action that restores the voltage. The nature of the decay process varies with load current while the restoration process in almost instantaneous. At high current densities the effect of the decay voltage could play an important role in the performance of a PEM fuel cell. 
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