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Abstract: The reduction of greenhouse gas and pollutant emissions is a major issue in modern society.
Therefore, environmentally friendly technologies like fuel cells should replace conventional energy
generation plants. Today, fuel cells are used in households for CHP (combined heat and power)
applications, for emergency power supply in many stationary applications and for the power supply
of cars, buses and ships and emergency power supply of aircrafts. A significant challenge is the
optimal electrical grid integration and selection of the appropriate grid protection mechanism for fuel
cell applications. For this, the short circuit capability and behavior needs to be known. This paper
gives a mathematical estimation of the short circuit behavior of fuel cells. Five main transient and
dynamic phenomena are investigated. The impact of the main transient effect for the provision of
additional short circuit energy is simulated, and the simulation is experimentally validated. For this
purpose, a 25 cm2 single cell consisting of a NafionTM 212 membrane and carbon cloth electrodes
with a catalyst loading of 0.5 mg/cm2 Pt is analyzed. The magnitude of the transient short circuit
current depends on the operating point right before the short circuit occurs, whereas the stationary
short circuit current of fuel cells is invariably about twice the operational current. Based on these
results, a novel fuel cell model for the estimation of the short circuit behavior is proposed.

Keywords: fuel cell; short circuit capacity; external short circuit testing; grid protection

1. Introduction

Proton Exchange Membrane (PEM) fuel cells present a promising alternative to conventional
power sources in mobile and stationary applications [1–5]. However, optimal grid integration of fuel
cell systems is still under investigation; for instance, the limited short circuit capacity of fuel cells to
trigger conventional protection systems. This is critical for safe operation, especially in systems with
units generating only a limited short circuit current, where an estimate of the available short circuit
current is required to dimension a suitable protection system [6]. Due to the good applicability with a
fast load response, fuel flexibility, high efficiency and modular production, this technology is going to
be largely used in decentralized/virtual power plants [7–10] or in the transportation system [11–15].
On-board power supplies already experience difficulties similar to a future energy system based on
renewable energies and with less conventional generating units regarding the short circuit current
capability. An exemplary application is a fuel cell system as a replacement of the kerosene gas turbine,
Auxiliary Power Unit (APU), in the rear of an aircraft.
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For several years, aircraft manufacturers pursued the implementation of the More Electric Aircraft
(MEA) concept. Within this concept, hydraulic and pneumatic systems should be substituted by
electrical ones [16,17]. A Multi Functional Fuel Cell System (MFFCS) could increase the efficiency of
an aircraft. The application of a fuel cell system as an APU has many advantages [5]:

• Noise reduction,
• Reduction of ground support,
• Emission reduction,
• Water generation,
• Replacement of the Ram Air Turbine (RAT).

However, the optimal integration of an MFFCS in a modern aircraft is a major challenge and
needs to be further optimized. This research is focused on the integration of a PEM fuel cell system.
Compared to other fuel cell types, this type has a better dynamic characteristic and a higher power
density [18]. Both qualities are essential to developing a fuel cell based APU in an aircraft. Other than
the traditional APU generator, the MFFCS delivers a direct current. The value of the output voltage of
the fuel cell depends on the connected loads. Due to the increasing number of electrical consumers,
the voltage level in a modern aircraft could also be increased up to High-Voltage DC (HVDC) 540 VDC

(±270 VDC) [19]. The main benefit of the new higher voltage is a decrease in cable weight as a result of
the reduced current flow while transmitting the same electrical power. DC/DC converters can be used
to transform the variable fuel cell output voltage to the HVDC level [4,20,21].

Currently, the grid protection from the conventional APU generator to the Primary Electrical
Power Distribution Center (PEPDC) is based on the overcurrent time protection. This protection
mechanism requires a high amount of additional short circuit current capability to detect and isolate
an electrical fault, for example, a short circuit. It works reliably for the application of a conventional
generator. During the ground phase, when the turbines are shut down, the fuel cell system is the
only power source that supplies the electrical aircraft grid in a modern aircraft. When an electrical
fault occurs on the isolated aircraft grid, a fuel cell system has to deliver the same short circuit current
capability as a conventional generator.

This paper deals with a short circuit current flow estimation for fuel cell systems. In Section 2,
a mathematical description to estimate the fuel cell short circuit is presented. Section 3 shows the
experimental validation of the deliverable short circuit using a single PEM fuel cell. Based on the
simulation and the experimental results, an alternative model for the estimation of the short circuit
behavior is given in Section 4. Finally, Section 5 presents a conclusion.

2. Short Circuit Behavior of a Fuel Cell

In order to design a sufficient electrical grid protection mechanism, this chapter deals with the
short circuit current capability of fuel cell systems. Therefore, oxygen availability and the transient and
dynamic phenomena of a fuel cell system are investigated in more detail. The impact on the provision
of an additional short circuit current is simulated.

2.1. Impact of Oxygen Availability on Short Circuit Behavior

For the investigated system, the fuel cell is supplied with hydrogen (H2) and oxygen (O2) at
ambient pressure. The oxygen is taken from the environmental air [22,23]. Excess air is required to
ensure the provision of enough oxygen for the reaction and to remove product water at the cathode.
The oxygen excess ratio λO2 (Equation (1)) describes the ratio between the actual oxygen mass flow
and the required oxygen mass flow for the reaction:

λO2 =
ṁO2actual

ṁO2required
(1)

Following the thermodynamics of the reaction, the fuel cell will provide the respective current
IFC proportional to the consumed oxygen mass flow, which in turn is proportional to the hydrogen
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mass flow
dNH2

dt
consumed, see Equation (2). Here, F is the Faraday constant (96,485 C/mol), and n is

the number of electrons consumed.

IFC = n · F ·
dNH2

dt
(2)

When a short circuit occurs, the voltage drops to nearly zero. Figure 1 shows a typical polarization
curve of a fuel cell system. Voltage drops with increasing fuel cell current. It becomes apparent that
the fuel cell system delivers the highest amount of electrical current if the voltage drops to zero.

Figure 1. Characteristic polarization curve of a fuel cell.

This result is obtained only if there are enough additional oxygen molecules available on the
cathode. Due to the complex and relatively long gas channels and the consumption of oxygen, the
oxygen partial pressure distribution across the entire cell area is not homogeneous. This results in an
increased reaction rate at the inlet and an oxygen starvation near the outlet. For this reason, the oxygen
excess ratio λO2 is always set greater than one. This ensures a homogenization of the reaction rate over
the entire active cell area. Thus, the fuel cell system is operated with a high λO2 value. In the case
of an electrical short circuit, many reactions take place very quickly. Since the reacting hydrogen is
proportional to the amount of the electrical current, a much higher current flow as the nominal current
can be provided.

2.2. The Main Transient and Dynamic Effects

Five main transient and dynamic phenomena have been identified in the PEM fuel cell. Figure 2
illustrates these effects with respect to the described time scales. The slowest effect is the stack
temperature, which has a time constant in the range of minutes. The second effect is the membrane
hydration profile with a transient phase of about 10 s. The third sequence is the reactant flow with a
transient phase of about 5 s. The time for the gas diffusion reaction is in the range of some hundreds of
milliseconds to 1 s. However, the fastest phenomenon is the double layer charging effect, which is in
the range of 1 ms to some tens of milliseconds [24]. All of these transient and dynamic phenomena
will affect the output voltage and current of a fuel cell system in non-steady-state operation. Due
to the different time scales, only the two fastest phenomena are of interest for the investigated short
circuit capability.
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Figure 2. Time scales of the transient and dynamic phenomena in a Proton Exchange Membrane (PEM)
fuel cell.

2.3. The Electrochemical Double Layer

The double layer charging effect is one important phenomenon to describe the transient behavior
of fuel cell stacks. Through the gathering of electrons (e−) and protons (H+) at the electrode–electrolyte
interface, a voltage drop exists. This effect is known as the electrochemical double layer, which stores
electrical energy and behaves like a capacitor on both electrodes [25]. For this reason, the behavior
of the fuel cell due to the electrochemical double layer at a short circuit is calculated and simulated
in MATLAB/Simulink. Figure 3 presents an equivalent electrical circuit, which is typically used to
simulate transient fuel cell voltage behavior [26].

Figure 3. Electrical equivalent circuit for the description of the effect of the electrochemical double
layer on transient cell voltage and current.

In Figure 3, Cdl represents the capacitor, which describes the double layer capacity. Rohm, Ract

and Rconc are the equivalent resistances of the ohmic, activation and concentration voltage drops,
respectively. The transient output voltage vfc,trans can then be described as follows:

vfc,trans = ENernst −Vohm − vd (3)

With the simulation of the electrical equivalent circuit, one can assess the impact of the
electrochemical double layer on transient fuel cell voltage and current during a current step. In
the following, the derivation of the terms ENernst, Vohm and vd is presented.

2.3.1. Thermodynamic Potential

The thermodynamic potential ENernst can be described by the Nernst Equation, under the
assumption that the fuel cell is operated below 100 ◦C, so that liquid water is produced [27], as follows:

ENernst = E0 +
RT
nF
· ln(pH2 ·

√
pO2) (4)

In Equation (4), the partial pressures of hydrogen and oxygen are depicted as pH2 and pO2 ,
respectively. R is the universal gas constant (8.3125 J/mol K), T the temperature in K, and E0 the
reference potential at unit activity. The value of the reference potential varies and is defined as follows:
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E0 = E0
0 +

∆S0

nF
· (T − T0) (5)

T0 is the standard state temperature, and E0
0 is the standard state reference potential. The standard

state reference potential is 1.229 V at 298.15 K and 1 atm (1.013 · 105 Pa). Due to relatively small
temperature changes, the entropy S0 is nearly constant. As a result, the reference potential varies
directly with temperature and is described as follows [28]:

E0 = β1 + β2 · T (6)

The coefficients β1 and β2 are defined as follows:

β1 = 1.229 V−
298.15 K · ∆S0

0
nF

, β2 =
∆S0

0
nF

(7)

In the literature, a value for β2 of −0.85 · 10−3 V/K is reported. The thermodynamic potential
ENernst for a single cell can be calculated using Equations (6) and (7), and the values for R, F, and n = 2:

ENernst = 1.229V− 0.85 · 10−3V/K · (T − 298.15) + 4.3085 · 10−3 · T · (ln pH2 + 0.5 · ln pO2) (8)

Figure 4 shows the thermodynamic potential of two different pairs of reactant pressures as a
function of the temperature. The potential rises with increasing pressure and drops with increasing
temperature. Typical PEM fuel cell temperatures lie in a range between 330 and 355 K.

Figure 4. Thermodynamic potential as a function of temperature for two different pairs of reactant pressures.

2.3.2. Ohmic Voltage Drop

The first step to calculate ohmic voltage drop is to estimate the almost constant ohmic resistance
Rohm. At medium current densities, ohmic resistance dominates fuel cell voltage drop, which leads to
a nearly linear voltage drop. Within this part of the polarization curve the ohmic resistance can be
calculated with the slope of the curve as follows:

Rohm =
∆V
∆I

(9)

With this, Vohm can be calculated using the following Equation (10):

Vohm = Rohm · IFC (10)

2.3.3. Nonlinear Voltage Drop

In the following, the derivation of activation and concentration resistances is presented. Afterward,
the calculation of the nonlinear voltage drop across the capacitor is shown.
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Activation resistance

The activation resistance Ract can be calculated with I and Vact using the Tafel Equation.

Vact = −
RT
αnF
· ln(i0) +

RT
αnF
· ln(I) (11)

Generalizing the term with the coefficients a and b where

a = − RT
αnF
· ln(i0), b = − RT

αnF
(12)

gives

Vact = a− b · ln(I) (13)

The resistance Ract can be calculated as follows.

Ract =
a− b · ln(I)

I
(14)

According to [26], this can be simplified to:

Ract = −b · ln(I)
I

. (15)

Concentration resistance

The concentration resistance Rconc can be calculated as follows.

Rconc =
Vconc

I
=

RT
nFI
· ln

(
−I
Imax

)
(16)

The resistances Rconc and Ract can be calculated with the help of the Faraday constant F, the
universal gas constant R, the temperature T, the number of electrons n as well as the current I and the
maximum current Imax.

Nonlinear voltage drop

Nonlinear voltage drop across activation and concentration resistance can be calculated with:

dvd
dt

=
i
C
− vd

τ
(17)

where vd is the voltage drop across Ract + Rconc. Calculation of the time constant τ depends on whether
a positive or negative current step is occuring. In the event of a negative current step (it2 < it1), τ can
be determined with Equation (18):

τnegStep = Cdl · (Ract + Rconc) =
Cdl · (Vact + Vconc)

iFC − iC
(18)

where iFC is the fuel cell current, and iC is the capacitor current.
In case of a positive current step (it2 > it1) τ has to be calculated with Equation (19):

τposStep = Cdl · Rohm =
Cdl ·Vohm

iFC
(19)

2.3.4. Simulation Results of the Double Layer Effect

Different values for the double layer capacity can be found in the literature. In Figure 5, the
simulation results of the double layer capacity, based on the representative electrical circuit (cf. Figure 3),
during a short circuit are shown. The different curves show the current and voltage flows over time
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caused by the double layer effect for different capacities. For demonstration, a short circuit of a fuel
cell system at two different operating points (partial load and maximum power point) are simulated
with the Simscape package of Matlab/Simulink. Table 1 lists the simulation parameters.
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Figure 5. Time-current and time-voltage curves for different capacities: (left) at partial load operation;
(right) at maximum power.

Table 1. Simulation parameters. Ract and Rconc are calculated by the described equations.

Operation I Rload TOP Enernst Ilim n α Rohm Ract Rconc

partial load 4.8 A 0.2 Ω 353.15 K 1.2 V 20 A 2 0.5 0.0233 Ω 0.01 Ω 0.0042 Ω
maximum power 11.8 A 0.05 Ω 353.15 K 1.2 V 20 A 2 0.5 0.0233 Ω 0.0065 Ω 0.0130 Ω

The capacity voltage vd rises immediately, which requires a charge balancing of the double layer
capacity. Therefore, a current flow through the short-circuit path occurs.

iCdl = Cdl
dvd
dt

(20)

Higher capacity values lead to longer current flow times but not higher currents for the same
operating point. Furthermore, the impact of the electrochemical double layer depends on the operating
point of the fuel cell system. The capacitance of the electrochemical double layer is at its maximum at
the cell’s open circuit voltage. A current drawn from the fuel cell leads to a decrease of the effective
capacitance. Thus, the capacitance further decreases with increasing fuel cell current. If a short circuit
occurs during partial load operation, the additional current flow due to a temporary charge balancing
of the double layer capacity is higher when the current prior to short circuit is lower. Therefore, the
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additional capacitance current is at its maximum at the cell’s open circuit voltage, when zero net
current is drawn from the fuel cell. After charge balancing during the short circuit, the double layer is
rebuilding itself and a stationary short circuit current results.

Additionally, the duration of the current flow is very short, depending on the double layer capacity
and the resistance ratio. The result of the investigated electrochemical double layer has shown that the
fuel cell output current is increased by the amount of the transient double layer current. Finally, it can
be shown that the electrochemical double layer has a positive impact on the short circuit capability
of a fuel cell system. Therefore, tripping of a conventional overcurrent protection might be possible.
Yet, once again, the additional current depends on the operating point prior to the fault event, and the
tripping is not guaranteed for every fault/load situation.

2.4. The Gas Diffusion Effect

The next investigated transient effect is gas diffusion. The calculation of the gas diffusion behavior
is highly dynamic and very complex. Several simultaneous factors must be considered (e.g., gas
pressure, temperature, diffusion constants of the reactants, material of the gas diffusion layer, the
volume of the gas channel, pure oxygen or air supply). In summary, a general calculation of additional
current during short circuit due to the gas diffusion phenomenon is not possible. That is why the
following paragraphs describe the calculation by best case scenario—in case of a short circuit, the
available oxygen in the gas channel is consumed immediately by the chemical reaction. With the
oxygen partial pressure pO2 , the specific gas constant RO2 , the temperature T and the gas volume VO2 ,
the available oxygen mass mO2 can be calculated with the ideal gas equation as follows:

mO2 =
pO2 ·VO2

RO2 · T
(21)

Assuming that oxygen reacts completely, the time dependence can be calculated. Multiplication
with the current I on both sides leads to the following Equation (22):

t · I =
mO2 · I

ṁO2

=
mO2
ṁO2

I

(22)

The equation of the PEM fuel cell system for the oxygen reaction with the oxygen molar mass
MO2 , the oxygen mass flow ṁO2 and the Faraday constant F is described as follows:

dNO2

dt
=

I
4 · F =

ṁO2

MO2
(23)

By conversion of Equation (23), using Equation (22) and the relationship Q = I · t, the stored
electrical charge Q can be calculated as follows:

Q = I · t =
mO2
MO2
4·F

(24)

Based on the law of mass actions and the relationship τ = R ·C, it can be assumed that the current
flow decreases exponentially, as described below.

I(t) = Q
d e

−t
τ

dt
(25)

As previously described, this additional current depends on several constraints. Hence, it should
not be considered to calculate the protection unit’s parameters.
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3. Experiment

For further understanding of the described and simulated effect of the fuel cell system in Section 2,
the general short circuit current capability of fuel cells is analyzed. To determine the magnitude of the
fuel cell short circuit current, an experiment was carried out. In the following section, the experimental
setup and the results of the external short circuit testing are presented.

3.1. Setup of Experiment

For the experiments, a single fuel cell with an active area of 25 cm2, as depicted in Figure 6, was
built. The membrane was a NafionTM 212, and for the anode and cathode, a carbon cloth electrode
with a catalyst loading of 0.5 mg/cm2 Pt was used.

Figure 6. Profile of a proton exchange membrane fuel cell with the employed materials.

The membrane electrode assembly was manufactured by hot pressing the sandwich of
electrode–membrane–electrode at 130 ◦C under a pressure of 400 N/cm2 for 3 min. The fuel
cell housing was balticFuelCells’ water cooled 25 cm2 quickCONNECTfixture, which allows for
reproducible test procedures. The operating conditions of the gases were controlled by Greenlight
Innovation’s G100 teststand, which could control the following parameters: gas and cell temperatures,
gas humidity, pressure and mass flow rates. Cell temperature was kept constant at 80 ◦C while anode
and cathode gas temperatures were set to 85 ◦C. Anode and cathode humidity was set to 93% and 70%,
respectively. Both anode and cathode supply were operated at ambient pressure. For mass flow, a
constant flow rate was used. Hydrogen was fed with 1.5 nlpm (normal liters per minute), and air was
fed with 3 nlpm. These high flow rates are a few times higher than typical stoichiometric ratios and
were chosen to ensure:

1. Stable gas temperatures because of large pipelines due to the used teststand,
2. Proper supply of the cell with reactants during the short circuit tests; there is no risk of gas

deficiency with this mass flow while testing the external short circuit of the cell.

Figure 7 shows the general experimental setup. The fuel cell is operated at several operating
points with different external electrical resistances Rload. A relay is installed parallel to the electrical
load. The relay is controlled by a microcontroller, which changes the state of the MOSFET SB. When the
relay closes the parallel circuit, the fuel cell current iFC is almost shorted. Only a residual current iload
is flowing through Rload, depending on the relay’s contact resistance.
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relay

Figure 7. Setup of experiment for external short circuit tests.

Table 2 gives an overview of the relevant parts of the test-setup, the measurement and the test
equipment for the values named in Figure 7. In order to approximate the stationary short circuit current,
and thus be able to choose the correct operational points (VOPn, IOPn), the fuel cell’s polarization and
performance curves were recorded. After reaching a stable operating point, the fuel cell was short
circuited for approximately 0.8 s to minimize water production at the cathode and to keep the stress of
the fuel cell tolerable. While the polarization curve was measured using an electronic load, the short
circuit tests were conducted using a low inductive wire wound resistor configuration. Three different
resistor configurations were applied:

1. Rload = 0.2 Ω = (0.1 Ω) + (0.1 Ω),
2. Rload = 0.1 Ω,
3. Rload = 0.05 Ω = (0.1 Ω)||(0.1 Ω).

Table 2. Parts of the test setup.

Part Label Manufacturer Device Relevant Device Parameters

load Rload CGS—TE CONNECTIVITY HSC200R10F resistance: 0.1 Ω
tolerance: 1%

relay relay Omron G9EA-CA current capacity: 100 A
contact resistance: 0.3 mΩ

oscilloscope Teledyne Lecroy MDA800A sample rate: 10 GS s−1

A/D resolution: 12 bit

voltage probe vFC Teledyne Lecroy ZD1000 voltage range: 8 V
bandwidth: 1 GHz

current probe load iload Teledyne Lecroy CP 150 A current range: 150 A
bandwidth: 10 MHz

current probe isc Teledyne Lecroy AP015 current range: 30 A
relay contacts bandwidth: 50 MHz

3.2. Results

Figure 8 shows polarization and performance curves of the tested single cell, complemented by
one data point from the measured stationary short circuit current, see Figure 9. According to [29], the
stationary short circuit current Isc to expect is two times the current at the nominal operating point
InFC (Equation (26)).

Isc ≈ 2 · InFC (26)

The nominal operating current is typically given at a cell voltage of 0.5 V to 0.55 V. Hence, the
stationary short circuit current ranges from 19.6 A to 23.7 A. As can be seen in Figure 9, the measured
stationary current during the short circuit Im sc is on average 19.3 A. To estimate the available stationary
short circuit current in case of VFC = 0, Equation (27), resembling the Tafel Equation, is fitted to the data
with the Matlab Curve Fitting ToolboxTM. The calculated coefficients are: afit = 0.1671 V, bfit = 22 A,
cfit = 0.2167 A, and dfit = 0.010 38 Ω.

VFC(IFC) = afit · log
bfit − IFC

cfit
− dfit · IFC (27)
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Then, Taylor’s theorem of the first order at Im sc = 19.3 A is calculated for Equation (27) and
solved for IFC(VFC = 0) (see Equation (28)). This theoretical value cannot be reached because it is
physically impossible to create a short circuit with zero resistance. Yet, the calculated value confirms
the results of [29].

IFC(VFC = 0) = Im sc +
VFC(Im sc)

afit
bfit−Im sc

+ dfit
(28)

= 20.8132 A
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Figure 8. Measured polarization and performance curves of the tested fuel cell. The added value for
the stationary short circuit current is marked by a red circle.

Figure 9 shows the short circuit curves for three different operating points. From the top to
the bottom, the operating point is nearing the maximum power point. The results show clearly
how the transient short circuit current is lower for operating points near the maximum power point.
Furthermore, the stationary short circuit current seems independent of the operating point right before
the experiment. The measurements of Figure 9 confirm that the transient short circuit current i

′′
sc(t) is

driven by a cell capacity CFC: it can be described by the equivalent circuit of Figure 10. Thus, i
′′
sc(t) can

be calculated with Equation (29), where the resistance R is the sum of the internal resistance of the fuel
cell RFC and the fault resistance Rsc.

i
′′
sc(t) =

VFC(t = 0)
R

exp
(
− t

R CFC

)
+ Im sc

(
1− exp

(
− t

R CFC

))
(29)

Table 3 shows calculated values for the effective cell capacities and the resistances of the short
circuit path for the three tested loads. The resulting cell capacity of a fuel cell stack is reduced because
several cell capacities are connected in series. Hence, expected energy of the transient current is smaller
than in the experiments.

Table 3. Calculated values for double layer capacity and short circuit resistance.

Load Rload Ω 0.2 0.1 0.05

resistance R Ω 0.0146 0.0140 0.0127
cell capacity CFC F 1.6634 1.5273 1.2260
cell capacity per cell area CFC

A F/cm2 0.0665 0.0611 0.0490
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Figure 9. Cell voltage and current behavior for an external short circuit for different ohmic loads:
(top) Ohmic load of 0.2 Ω, (middle) Ohmic load of 0.1 Ω, (bottom) Ohmic load of 0.05 Ω.

3.3. Implications Regarding Evaluation of Grid Protection

An essential part of grid planning is the evaluation of possible fault conditions. Therefore,
calculations of over currents and short circuit currents are done in various configurations of the
considered system to determine trigger parameters of protection units as well as needed mechanical
strength of installation components.

As can be seen in the time–current curves of Figure 5, the simplified equivalent circuit diagram
of Figure 3 estimates different stationary short circuit currents for different load conditions prior to
fault. The experimental results show a different behavior: similar constant stationary short circuit
currents. An improved model with dynamic, nonlinear resistances Ract and Rconc would result in two
current feedback control loops, see Equations (14) and (16). Such loops increase calculation afford of
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short circuit calculations of complex system configurations. Hence, it is not a favorable option for the
evaluation of protection systems.

The simple model of Figure 10 is only valid for bolted faults (Rsc ≈ 0); in the case of faults
with impedances, it would overestimate the fault current. This overestimation leads to false trigger
parameters of protection devices. Thus, grid protection as well as proper selectivity of the protection
elements is not ensured. Hence, a model comprising simple and well known circuit elements is needed
to evaluate the protection systems for fault conditions like over load currents, faults with impedances
and bolted faults.

Figure 10. Equivalent circuit diagram for the short circuit case of a fuel cell.

4. Alternative Fuel Cell Model for Estimation of Short Circuit Behavior

In this chapter, a new modeling approach of the short circuit behavior of fuel cells with simple
lumped circuit elements is presented. It can be used in circuit simulation programs to determine the fuel
cell system’s fault currents due to over load situations, faults with impedances (Rsc ≈ 50 mΩ to 500 mΩ
for systems with a nominal voltage of above 100 volt) and bolted faults. This approach is based on the
similarities of fuel cell characteristics to photovoltaic cells. The benefit of the similarities is that the
protection schemes of photovoltaic installations that are well known and internationally standardized
can be easily compared and adapted to fuel cell systems. Subsequently, the model is validated using
our data.

4.1. Novel Modeling Approach

Typically, the stationary behavior of a photovoltaic cell is described by the equivalent circuit that
comprises a current source depending on the insolation parallel to a diode and a series resistor.
The mathematical formulation of this circuit results in Equation (30). This formula resembles
Equation (27). Furthermore, the polarization curve of Figure 8 is also comparable with photovoltaic
current to voltage curves if the activation losses of fuel cells at low currents are neglected. Especially
in over current and short-circuit current considerations, this assumption is valid.

VPV(IPV) = log
( Iph − I0 − IPV

I0

)
− RPV IPV (30)

Hence, an alternative equivalent circuit for a fuel cell can be obtained by a combination of the
equivalent circuit of a photovoltaic cell, c.f. [30], with the circuit of Figure 10. This results in the
alternative model of Figure 11.

Figure 11. Alternative model of a fuel cell for short circuit current estimation.

4.2. Model Validation

The modeling approach of Figure 11 is implemented in Matlab/Simulink using the Simscape
addition. For the diode, an exponential model is used. Matlab/Simscape offers the possibility to
calculate the diode’s parameter Is and N by two values of the diode voltage VD and current ID from
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the I-V-curve. Hence, the diode part of Equation (27) is solved for IFC. Since the diode current is
ID = bfit − IFC, Equation (31) can be used to calculate the needed values. For the values of afit and cfit,
see Section 3.2.

ID(VD) = cfit e
VD
afit (31)

Two simulations are performed with the model: the polarization curve is simulated using different
loads and a transient simulation is carried out for a load of Rload = 0.05 Ω. Both configurations are
shown in Figure 12.

Figure 12. Configurations of the two simulations to validate the model: (left) stationary simulation
model for the polarization curve, (right) model for the transient behavior during a short circuit.

Equation (32) represents the load for a simulation time of tsim = 100 s.

Rload(tsim) = 1 Ω− 1 Ω
100 s

· tsim (32)

The value d from Section 3.2 is the value for the internal resistance Rfc of Figure 11. IFC SC equals
the fuel cell current at zero voltage that was calculated by Equation (28) in Section 3.2. The double
layer capacity has a value of 1.6 F (cf. Table 3). As can be seen in Figure 13, the deviation between
measurement and simulation is small for the stationary behavior of the fuel cell.
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Figure 13. Comparison of measured and simulated polarization curve.

In Figure 14, the transient behavior of a short circuit at a load of Rload = 0.05 Ω is compared with
the simulation model. The short circuit resistance is Rsc = 5 mΩ. A negative offset in the cell voltage
curve of the simulation can be seen. This difference occurs because the connection resistance between
fuel cell and load is not taken into account in the simulation model. Yet, the short circuit current profile,
which was the aim of this model, is accurate.
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Figure 14. Comparison of measured and simulated fuel cell behavior at Rload = 0.05 Ω: (top) transient
voltage, (bottom) transient current.

5. Conclusions

The aim of the investigations was to analyze and understand the short circuit current behavior of
fuel cells to derive a method to validate protection systems for fuel cell systems. Therefore, the two
main transient effects that describe the short circuit capability of a fuel cell system were investigated
in detail. Furthermore, external short circuit tests on a single PEM fuel cell validated the simulation
results based on the mathematical description. Here, the pumping power of fuel cells, which is
an important factor for the fuel cell net power, is not considered but should be examined in future
work [31].

It could be shown that fuel cell systems have a reduced short circuit capability and stationary short
circuit currents are in the range of 200% of the nominal current regardless of the operating point before
the shorting. Only the transient current depends on the operating point due to the charge balancing
of the double layer and amounts to at least two to three times the stationary short circuit current.
A higher load resistance (small fuel cell current) prior to a short circuit event causes a higher charge
balancing of the double layer capacity during the transition from operating point to the stationary
short circuit current. Hence, a higher transient short circuit current occurs.

The result of the theoretical analysis, simulations and experimental tests is an equivalent circuit
diagram that is valid for over load, impedance fault and bolted fault situations of fuel cell systems.
Model validation shows very good agreement between the simulation results and our experimental
data. As a result, the short circuit capability of a PEM fuel cell system can easily be estimated and
used to develop new grid protection systems for this type of limited short circuit generation unit.
The developed equivalent circuit diagram is similar to the equivalent circuit diagram of photovoltaic
systems. Hence, the protection methods and solutions of photovoltaic systems can be adapted to fuel
cell systems.
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As a consequence of the limited short circuit current, existing grid protection mechanisms have to
be adapted [32–34] for single fuel cell systems. The analysis of additional short circuit current flow
indicates that an overcurrent protection is not satisfactory. With the usage of electrically controllable
fuel cells, higher short circuits could be possible [35]. The developed fuel cell model in this paper
enables the simulation of the transient short circuit behavior.
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The following abbreviations are used in this manuscript:

APU Auxiliary Power Unit
CHP Combined Heat and Power
MEA More Electric Aircraft
MFFCS Multi Functional Fuel Cell System
nlpm normal liters per minute
PEM Proton Exchange Membrane
PEPDC Primary Electrical Power Distribution Center
RAT Ram Air Turbine
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