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Abstract— The high costs of fuel cell stacks are often pro-
hibitive for research applications. Instead, researchers tend to
either perform tests on individual cells under emulated load
conditions, or they use model-based emulated fuel cell stacks to
test realistic loads. This paper presents an alternative technique
that allows the simultaneous investigation of both cell and
hardware. In this technique, an amplifier takes as input the
voltage of a reference fuel cell and reproduces the “scaled-up”
voltage that would be provided by a stack of similar cells. The
output terminals of this simulated stack can be connected to
realistic loads, which are series connected with the reference
cell to maintain a one-to-one correspondence of cell and load
currents. This technique allows the simultaneous investigation
of stack/load interactions, stack electrochemical performance
characteristics, and stack durability under load. The amplifier
electronics are independent of the fuel cell allowing its use with
all fuel cell types, e.g., solid oxide fuel cells (SOFCs) or proton
exchange membrane fuel cells. We demonstrate the emulator
using a single planar SOFC and under several real loads. The
data collected reveal good steady-state and dynamic accuracy,
and the observed electrical interactions highlight the utility of the
emulator in cell and hardware-in-the-loop testing. Ultimately, this
technique provides fuel cell system researchers and developers a
low-cost, easily implemented tool for rapid assessment of novel
fuel cell technologies under real-world loading conditions.

Index Terms— Electrochemical devices, electrochemical
impedance spectroscopy (EIS), emulation, energy, energy
conversion, fuel cells, renewable energy sources, simulation.

I. INTRODUCTION

FUEL cells are electrochemical devices that convert
the chemical energy in hydrogen rich fuel to elec-

tricity in an efficient, quiet, and clean manner. Individ-
ual fuel cells generate small voltages, on the order of
1 V, and must be combined in series, i.e., “stacked,” to
increase the voltage to useful levels for an electric load.
Because fuel cells are direct energy converters (DECs),
their terminals provide a conduit for interaction between the
stack’s load-side electrical demand and its conversion-side
electrochemical/physicochemical processes. If the stack’s load
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profile is excessive and/or dynamic in nature, the load can
negatively impact the stack’s long-term efficacy by causing
degradation to the stack’s individual cells [1]–[5]. At the
same time, the stack’s load profile can also be exploited
for monitoring the internal stack and cell operation through
“call-and-response” tactics. For example, the current ripple
imparted by dc/ac inverters and dc/dc converters can be
used to monitor the humidity in proton exchange membrane
fuel cells (PEMFCs) [6]–[8] and degradation in SOFCs [9].
Furthermore, given the ability to occasionally customize the
stack’s load, an electrochemical impedance spectroscopy (EIS)
can be used to further characterize fuel cell performance and
diagnose problematic operation [10]–[12].

Unfortunately, fuel cell stacks are often cost prohibitive
for research applications due to their high material and
manufacturing costs as well as the expenses associated with
operating and maintaining each stack’s complicated balance
of plant (BoP) [13]–[15]. Furthermore, commercially avail-
able stacks often do not accommodate in situ individual
cell monitoring, such as EIS or postmortem cell analysis,
e.g., scanning electron imaging [16], [17], which can identify
degradation mechanisms during and after the stack’s lifetime,
respectively. As such, researchers tend to perform tests on
individual cells under emulated load conditions, i.e., cell-
in-the-loop testing [6], [17], [18]. While these tests provide
insight toward loading effects and monitoring techniques, they
do not provide the ability to test full-scale hardware and
controllers, e.g., hybrid-source power managers designed to
prevent fuel cell stack degradation [19], [20] or in situ sensing
systems [19], [21], [22].

To perform hardware-in-the-loop tests, several research
groups have developed fuel cell stack emulators based on
physical models [23]–[28] or empirical data [29], [30]. These
emulators represent low-cost alternatives to real fuel cell
stacks. Physical model-based emulators have the advantage
of not requiring a fuel cell system for empirical data. Their
primary benefit is that they reveal performance parameters
related to stack’s dynamics, the values of which can be used
to refine stack design and control methods. However, a fun-
damental tradeoff exists between model complexity and accu-
racy. That is, more complicated models can improve emulator
accuracy but at the expense of the emulator’s bandwidth due to
increased computation time. As such, these emulators typically
focus modeling depth on a subset of the stack dynamics.

Empirically derived models feature less computational com-
plexity as reduced parameter models are fit to the measured
fuel cell stack performance. However, these emulators still
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require the fuel cell stack data for model development and
only reproduce stack behavior consistent with the original test
conditions. In either case, while these emulators provide an
ability to test hardware, they do not provide the same insight
into the load’s effects on the fuel cells as do tests involving
actual cells with emulated loads.

This paper presents a method for stack emulation which
allows for both cell and hardware-in-the-loop stack simula-
tions. Here, the electrical terminal output of the emulator
is dictated by that of a reference cell instead of model-
predicted or data-driven current and voltage set points. Thus,
the emulator can be thought of as an amplifier of the voltage/
current relationship of the prototype cell. That is, the voltage
gain is related to the number of series connected cells in the
simulated stack.

This method offers several advantages. Most notably,
it allows the explicit ability to study stack/load interactions and
their effects on a fuel cell technology at a lower infrastructure
and cost burden than a full stack. Although cell and stack
models and model-based emulators can provide parameter
values associated with certain dynamics, the reference-based
emulator provides a testing facility for data collection of a
real fuel cell system in response to dynamic loads. Such data
can be used to quantify novel fuel cell technology perfor-
mance in realistic operating scenarios, develop in situ stack
monitoring and characterization techniques such as impedance
spectroscopy [19], [21], [22], and test power management
control methods and hardware required for fuel cell stack and
load integration [19], [20]. The method also provides flexibility
to emulate multiple fuel cell types and devices. Any fuel cell
device, e.g., SOFC or PEMFC, can be used as the input to the
reference-based system.

The novelty of this paper lies in the development of a
scalable and modular cell and hardware-in-the-loop stack
simulator useful for rapid fuel cell technology evaluation,
and fuel cell stack and load integration. This paper expands
on a preliminary emulator design described in [15], with an
improved circuit design that makes the emulator more scalable
to varying load power requirements. This paper also provides
a more extensive description of the emulator dynamics and
broader range of emulator performance tests, including its use
in powering two real-world power electronic loads.

II. FUEL CELL AND FUEL CELL STACK OPERATION

Fig. 1 depicts a conceptual cross-sectional diagram of an
SOFC supplied with reformed hydrocarbon fuel (i.e., the fuel
is preconditioned and broken down into simple H2 and CO
constituents) and pure oxygen. The cell itself is a layered struc-
ture with a dense ionically conductive electrolyte separating
the porous and electrically conductive anode and cathode.

Fuel cells partition the chemical reaction that would occur
in ordinary combustion via these layers and an external
circuit connecting the load to the cell. Oxygen supplied
to the cathode acquires electrons at the cathode–electrolyte
boundary. In SOFCs, the resulting oxygen ions diffuse through
the electrolyte to the anode–electrolyte boundary where they
combine with the fuel constituents and release electrons.
These electrons then travel to the cathode through the external

Fig. 1. Conceptual diagram and operation of an SOFC.

circuit, thus providing power to the load and simultaneously
completing the circuit and electrochemical reaction. The result
of this partitioned process is the direct and efficient conversion
of chemical fuel into electricity.

Other fuel cell types feature different partitioning mecha-
nisms. For example, PEMFCs, as their name suggests, feature
an electrolyte that conducts hydrogen ions from the anode to
the cathode (as such, they cannot facilitate CO as a fuel), but
their overall electric terminal behavior is similar.

A single SOFC’s output voltage can be described as

Vfc = Efc − Vfc,act − Vfc,ohm − Vfc,con (1)

where Efc represents the ideal performance and maximum
voltage able to be generated by the fuel cell. It depends on the
operating conditions of the cell including its temperature and
the supplied fuel and oxidant flow rates and concentrations.
As the current through the cell increases due to load demand,
polarization losses reduce the effective voltage generated by
the cell. These losses, represented in (1) as Vfc,act, Vfc,ohm,
and Vfc,con, are overpotential losses due to the electrochemical
activation processes, ohmic resistances of cell layers and
associated components, and mass transport congestion as reac-
tants and products concentrate under high loads, respectively
[13], [14]. In (1), contributions of the various cell layers and
components are lumped.

The loss terms of (1) dominate different regions of a cell’s
current/voltage relationship as depicted in Fig. 2. Fig. 2 pro-
vides measured current and voltage data for an H.C. Starck
ASC3 anode-supported SOFC with an active area of 18 cm2.
For this test, the cell operated at 750 °C under humidified
hydrogen (97% H2 and 3% H2O) and humidified oxygen
(97% O2 and 3% H2O) as fuel and oxidant, respectively.

Under standard operating conditions, a single SOFC gen-
erates an electric potential on the order of a volt. To form a
power source with convenient output voltages, individual cells
are typically “stacked” to generate the combined voltage

Vs =
n∑

k=1

Vfc,k (2)

where n is the number of series connected cells.
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Fig. 2. Measured current/voltage relationship of a typical anode-supported
SOFC. (Figure originally published in [15].)

Model-based fuel cell stack emulators [25]–[28] typically
assume that each cell is equivalent and operating under consis-
tent conditions, including fuel and oxidant flow rates, reactant
partial pressures, and cell temperatures. Under this assumption,
their voltages are identical, Vfc,k = Vfc, and (2) becomes

Vs = nVfc. (3)

This assumption, of course, is not always true. Individual
cells can differ due to imperfect manufacturing. Furthermore,
the fuel cell stack’s BoP cannot perfectly ensure identical
operation across all cells. For example, a stack’s fuel and
oxidant distribution and thermal management systems may
imperfectly distribute reactants and temperatures, which affect
the individual voltages as described in (1).

Still, given adequate BoP operation, sufficient unifor-
mity is usually achievable and justifies (3). For examples,
Zhu et al. [31] tested 10 Bollard Power System Nexa PEMFC
stacks (47 cells and 1200-W power rating) and reported good
consistency between cells in each stack. Their worst case
stack data revealed a coefficient of percentage variation of
Cv = 3.2%. Here, Cv is essentially a percent metric of the
standard deviation in the cell voltages defined as [32]

Cv =
√√√√

n∑

k=1

(Vfc,k − V̄fc). (4)

Corbo et al. [32], [33] investigated cell uniformity in
2.6- and 20-kW PEMFC stacks under dynamic loads. They
reported Cv values less than 3% except during times of large
and fast load dynamics, though the authors also reported that
low Cv values could be maintained with a small expense in
overall efficiency if air flow to the cathodes was kept slightly
elevated.

Similar results have been reported for SOFCs.
Burt et al. [34], [35] developed a pseudo 2-D planar
SOFC stack model to investigate variations between cells in

Fig. 3. Conceptual emulator schematic with a single fuel cell for reference.

5, 10, and 20 cell stacks. Their model predicts that cell
voltages will vary, particularly at the ends of the stack
(i.e., the first few cells and the last few cells), but that the
maximum cell–cell voltage variations are only a few percent
of the average cell voltage under uniform reactant flows.
Yokoo et al. [36], [37] built and tested several stacks of
anode-supported planar SOFCs ranging in stack height from
1 to 50 cells with the largest stack having a power rating
of 1 kW. Their worst case stack test showed a maximum
individual cell deviation from the mean cell voltage of
less than 5%, while most other tests showed a maximum
deviation of less than 2%. Most importantly, for this paper,
the maximum voltage deviations between the single SOFC
and the average cell voltage for any of the other stacks was
approximately 6%.

Thus, for many operating conditions, a fuel cell stack
emulator can reproduce the combined I–V relationship of an
n-cell stack including dynamics with useful accuracy by
scaling the operation of a single average cell.

III. REFERENCE-BASED STACK EMULATION

Fig. 3 shows a schematic of the stack emulation technique.
An amplifier with gain Ga(s) reproduces a scaled up and
inverted copy of the individual cell’s voltage at the negative
terminal of the simulated stack, i.e., V̂s− = −Ga(s)Vfc. The
positive terminal of the simulated stack is connected to that of
the fuel cell so that V̂s+ = Vfc. If the amplifier input has a high
impedance, then the reference cell current is virtually identical
to the current drawn by the load and the complete electrical
relationship between the reference cell and the simulated stack
can be described as

V̂s = G(s)Vfc (5)

Il = Ifc (6)

where G(s) = Ga(s) + 1, i.e., the differential voltage gain
of the emulator. With a properly designed amplifier, this
technique ensures that there is a scaling relationship between
the reference cell voltage and the simulated stack voltage
over a broad frequency range, while maintaining a one-to-one
relationship between the reference cell current and the load
current.

The extent to which the emulator reveals the interactions
that would occur in a stack of n cells and a load is understood
by comparing the block diagrams of Fig. 4. These block dia-
grams show the transfer function (Il/Vfc,o) for an n-cell stack



2146 IEEE TRANSACTIONS ON INSTRUMENTATION AND MEASUREMENT, VOL. 67, NO. 9, SEPTEMBER 2018

Fig. 4. Block diagrams showing the dynamic operation of a fuel cell stack
made of (a) n identical cells and that of (b) simulated fuel cell stack.

[Fig. 4(a)] and for the simulated stack [Fig. 4(b)], and also
reveal information on the stability implications of the emulator.
Here, the load is modeled as a complex impedance Zl , and
the fuel cell is modeled by its Thevenin equivalent

Vfc = Vfc,o − Il Zfc (7)

where Vfc,o is the equivalent open circuit voltage of a cell
producing voltage Vfc at current Il with a localized complex
impedance of Zfc. As illustrated in these diagrams, the salient
change in dynamics and gain from the n-cell stack to the
simulated stack lies in the emulator’s Vfc to V̂s amplification,
represented by the G(s) block.

With this configuration, an amplifier design sufficient for a
study involving an n-cell simulated stack and a particular load
must have:

1) a dc gain and output voltage range sufficient for simu-
lating an n-cell stack;

2) a flat passband with bandwidth exceeding the load
frequencies of significance;

3) an ability to sink the maximum current demand of the
load;

4) sufficient stability given the characteristics of the fuel
cell and those of the load.

One simple and relatively low-cost way to achieve these
requirements in an amplifier is to select a power op-amp
capable of meeting the first two requirements, and paralleling
multiple op-amps in a master–slave configuration to meet the
current capacity requirement, as shown in Fig. 5. Regarding
the stability requirement, the following analysis elucidates
the gain and dynamic implications of an emulator amplifier
comprised of paralleled op-amps.

If the open-loop transfer function of the op-amps selected
is A(s), then the output voltage of the master op-amp is related
to the fuel cell voltage and negative stack terminal voltage as

Vm,o = −A(s)

[
R2

R1 + R2
Vfc + R1

R1 + R2
Vs,−

]
. (8)

The k slave op-amps, i.e., those configured as unity-gain
buffers with feedback resistors, R f , boost the current capacity

Fig. 5. Schematic emulator with a single fuel cell for reference.

of the amplifier. Their outputs, V1,o, . . . Vk,o, are

Vx,o = A(s)

A(s) + 1
Vm,o (9)

for x = 1 . . . k. Resistors, Rp , are low-valued power resistors
and allow current sharing between the op-amps. If identical in
value, they ensure that the amplifier output is

V̂s,− = 1

k + 1
(Vm,o + kVx,o). (10)

Combining (8)–(10) achieves the transfer function for G(s) as
a function of A(s)

G(s) =
1 + A(s)

[
A(s)+ 1

k+1
A(s)+1

]

1 + 1
n̂ A(s)

[
A(s)+ 1

k+1
A(s)+1

] (11)

where

n̂ = R1 + R2

R1
. (12)

Typically, A(s) is well modeled by a first-order dominant-
pole transfer function,

A(s) = A0

τ s + 1
(13)

where A0 represents the large open-loop dc gain of the op-amp
and τ is the time-constant associated with the low-frequency
dominant pole. Substituting (13) into (11) and rearranging
terms allows G(s) to be written as the second-order transfer
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function

G(s) = n̂

⎡

⎣
A2

0 + A0

(
1 + 1

k+1

)
+ 1

A2
0 + A0

(
n̂ + 1

k+1

)
+ n̂

⎤

⎦

×

⎡

⎢⎢⎢⎢⎣

τ 2

A2
0+A0

(
1+ 1

k+1

)
+1

s2 +
(

A0

(
1+ 1

k+1

)
+2

)
τ

A2
0+A0

(
1+ 1

k+1

)
+1

s + 1

n̂τ 2

A2
0+A0

(
n̂+ 1

k+1

)
+n̂

s2 +
(

A0

(
n̂+ 1

k+1

)
+2n̂

)
τ

A2
0+A0

(
n̂+ 1

k+1

)
+n̂

s + 1

⎤

⎥⎥⎥⎥⎦

(14)

where the first term, n̂, represents the ideal emulated stack
height and is set solely by resistors R1 and R2 as previously
stated in (12). The terms in the first set of brackets correspond
to the dc offset caused by the op-amps’ finite gain, A0.
However, so long as A0 � n̂, which is true for virtually all
practical cases, this offset is ignorable. The terms in the second
set of brackets describe the dynamics added to the system by
the emulator. Here too, A0 dominates and G(s) is ultimately
very well approximated by the simplified transfer function

G(s) ≈ n̂

⎡

⎢⎣

(
τ
A0

)2
s2 +

(
1 + 1

k+1

)
τ
A0

s + 1

n̂
(

τ
A0

)2
s2 +

(
n̂ + 1

k+1

)
τ
A0

s + 1

⎤

⎥⎦. (15)

This transfer function has the effect of a second-order lag
compensator where the zero and pole locations are functions
of the op-amp characteristics, A0 and τ , the simulated stack
height, n̂, and the number of paralleled op-amps, k + 1. If the
amplifier consists of only the master op-amp, i.e., k = 0,
G(s) further reduces to a first-order lag with its single pole at
s = −A0/(n̂τ ) rad/s and zero at s = −A0/τ rad/s.

From (15), increasing n̂ to emulate a higher cell-height
stack increases the dc gain. However, because n̂ is present
in the denominator and not the numerator, it also shifts the
dominant-pole lower in frequency compared to the zeros and
nondominant pole locations. Thus, a larger n̂ decreases band-
width and increase the lag’s phase shift. Increasing k (adding
slave op-amps) causes the zeros of G(s) to form a complex
conjugate pair trending toward locations s = −(A0/τ)((1/2)±
(
√

3/2) j) as k increases. This also slightly increases the
amount of phase shift in the lag. Finally, an op-amp with a
larger gain-bandwidth product (effectively one with a larger A0
and/or smaller τ ) shifts all the dynamics out in frequency.
Collectively, these characteristics of G(s) along with the load
impedance, Zl , and reference cell impedance, Zfc, give insight
into emulator effects on accuracy and stability and aid in
design if further compensation is required.

IV. EXPERIMENTAL SETUP

Fig. 6(a) shows the test fixture used to support a single
reference fuel cell during testing. The H. C. Starck
ASC3 anode-supported SOFC mounts between two custom
designed Inconel 600 platens. These platens serve to support
the cell inside an oven, supply the reactant gases to the cell
electrodes, and conduct current through the cell as described
in Fig. 6(b). Three alumina pins ensure proper alignment of the
anode- and cathode-side platens. External to the oven, screws

Fig. 6. Fuel cell test fixture. (a) Fixture in oven. (b) Cross-sectional diagram.

welded to the platen tubes serve as the electric terminals
for connecting the emulator circuit, loads, and performing
electrical measurements. The humidified hydrogen and oxygen
streams are supplied to the anode and cathode platens, respec-
tively, via an MKS gas control system, and an ATS 3210 clam-
shell-type oven maintains the cell’s temperature at 750 °C
during testing.

The emulator circuit of Fig. 5 was implemented using four
Burr Brown OPA-549 power op-amps. Resistors R2 and R1
were chosen to be 19 and 1 k�, respectively, to set n̂ to
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Fig. 7. Circuit implementation of the emulator amplifier used in this paper
consisted of four OPA549 power op amps in a master–slave configuration.

correspond to a 20-cell stack. A Xantrex XHR series power
supply was used to supply the positive rail, while an HP6012B
power supply was used on the negative rail. An image of the
emulator circuit is shown in Fig. 7.

To conduct the tests, the cell was first mounted on the
Inconel platens. The oven was then programed to increase
the temperature to 750 °C at a rate of 3 °C · min−1. Once the
oven temperature reached 500 °C, nitrogen was supplied to
the anode at a rate of 100 standard cm3 · min−1 (sccm) and
oxygen to the cathode at a rate of 30 sccm. Then, once the
cell reached the steady-state operating temperature of 750 °C,
the nitrogen was slowly replaced by hydrogen at a flow rate
of 260 sccm, while the oxygen flow was ramped to 100 sccm.
The fuel cell remained in this atmosphere for at least 4 h prior
to testing to ensure the anode reduced.

Multiple tests were performed using the fuel cell stack
emulator, the conditions of which are summarized in Table I.
These included performance characterization tests, including
slowly sweeping load current to compare polarization curves
of the cell and simulated stack. Also, the EIS data were col-
lected to compare cell and stack dynamics. For demonstrating
device and hardware-in-the-loop testing of load/stack electrical
interactions, realistic power electronic loads were powered by
the emulated stack. These loads included a dc/dc converter
powering an automotive bulb and a brushless dc (BLDC)
motor turning a propeller.

The current ramp tests and the EIS tests both used an
Agilent N3305A programmable load in controlled current
mode to vary the load current. The dc/dc converter used was a
SynQor NQ60 set to provide a 12-V rail for lighting a Sylvania
H6024 incandescent automotive bulb. The BLDC motor tests
featured an AXI 5130 motor with an APC 14 × 10 propeller
as the mechanical load. The motor controller used was a JETI
Spin44 Opto controller. This BLDC motor system is similar
to those which might be used in small fuel cell powered
unmanned aerial vehicles (see [38], [39]).

For each different test, the cell was brought to operating
conditions as described earlier. The load and emulator cir-
cuitry were then connected, and the emulator power supplies
were turned ON. Measurements of the fuel cell voltage Vfc,
simulated stack voltage Vs , and current Il were collected using

TABLE I

OPERATING CONDITIONS OF EMULATOR TESTS

Fig. 8. Measured polarization curve of the simulated stack compared to the
measured polarization curve of the reference fuel cell.

a National Instruments 9206 16-bit 250-kHz data acquisition
module with current measurements obtained with an LEM LA
55-p current transducer.

V. EXPERIMENTAL RESULTS

Fig. 8 shows a comparison of the measured polarization
curves of the single InDEC SOFC cell and the emulated fuel
cell stack. The measured fuel cell voltage is multiplied by the
ideal n value of 20 for direct comparison to the performance
of the simulated stack. The relative agreement of these curves
shows the degree to which the emulator scales the cell’s output
to represent a stack. The stack output voltages are sufficient
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Fig. 9. Current ripple and associated voltage transients of the reference fuel
cell and simulated stack under load from an AXI 5330 BLDC motor with a
JETI Spin 44-opto motor controller and an APC 14 × 10 propeller.

to test realistic and efficient power electronic topologies and
their associated controls. For this test, the current drawn by
the electronic load was increased from zero to 15 A at a rate
of 0.15 A · s−1.

Fig. 9 shows the operation of the emulator and cell while
powering an AXI 5330 BLDC motor and APC 14 × 10
propeller load turning at a rate of 55.3 rev/s (3320 RPM).
The JETI Spin 44-opto motor controller used to commutate
the motor windings also allows control of the motor speed
by pulsewidth modulating (PWM) the voltage applied to the
motor terminals at a frequency of 8 kHz. As seen on the lower
plot, this operation superimposes a small magnitude ripple at
the PWM frequency on top of the dc current drawn from the
stack. The larger fluctuations in current are induced by the
powerful magnets rotating with the spinning rotor. Fig. 9 (top)
shows the measured cell voltage and simulated stack voltage
response to the current profile. Again, the fuel cell voltage
data points are scaled by the n value of 20.

Fig. 10 shows an example of a load and stack connection
that produces a surprising interaction. In this case, the load
consists of a SynQor dc/dc converter connected to an incandes-
cent light bulb. The plots show the cell and emulator voltages
along with the current drawn by the power electronics during
a bulb turn-ON transient. Ordinarily, an incandescent bulb
connected to a voltage source draws a current spike as the
filament heats up to steady state. In this case, the emula-
tor reveals an unstable limit-cycle-type nonlinear interaction.
In particular, the in-rush current to the bulb filament causes
the voltage on the cell to collapse and the power electronics
to under-voltage at roughly nine volts. This process continues
for several cycles until the filament is sufficiently hot, after
which the bulb functions normally.

Finally, Fig. 11 shows a complex-plane plot comparing
the impedance spectroscopy measurements of the reference
fuel cell and that of the simulated stack. The impedance
measurements are multiplied by the intended stack height,

Fig. 10. Turn-ON transient of the reference fuel cell and simulated stack
under load of a SynCor dc/dc converter and automotive light bulb.

Fig. 11. EIS performed on the reference fuel cell stack emulator.

n = 20, for comparison with the simulated stack impedance.
These results are suggestive of the emulator’s ability to facil-
itate experiments to help link stack electrical output mea-
surements and the inner operating mechanics of the stack.
For this test, a logarithmically swept 600-mA peak–peak
sinusoid ranging in frequency from 100 mHz to 1 kHz over
a period of 175 s was imposed on a dc current of 7 A.
The resulting measured current and voltage waveforms were
analyzed in MATLAB with their interrelated amplitude and
phase determining the small signal impedance of the cell and
simulated stack as functions of frequency [40].

VI. DISCUSSION

Figs. 8–11 reveal good performance of the reference emu-
lator in the steady state and under dynamic loading. The
polarization curve of Fig. 8 shows the emulator’s near-identical
matching of the reference cell’s steady-state performance char-
acteristics across a broad range of load currents. A maximum
load current of 15 A was set as the upper bound, because
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beyond this value the op-amps of the reference emulator
went into thermal shutdown due to ineffective heat dissipa-
tion by the heat sink. This performance could be improved
through additional slave op-amps or an active cooling system,
e.g., fan-mounted or water-cooled heat sink, so that full quad-
rant I operation is achievable. Nevertheless, the current system
allows operation well beyond the simulated stack maximum
power point (around 85 W at 9.6 A).

Figs. 9 and 10 show two examples of the emulator’s use for
cell and hardware-in-the-loop studies of the electrical inter-
actions between a fuel cell stack and dynamic loads. These
types of tests are important, as previous studies of various
fuel cell technologies suggest that load/stack interactions are
sources of degradation in fuel cell systems [1]–[5]. In the case
of the BLDC motor and propeller load (Fig. 9), the fluctua-
tions in the current due to the controller’s PWM switching
and induction from the motor’s rotating magnets result in
the corresponding fluctuations in the generated voltages of
the prototype cell and simulated stack. Because the current
fluctuations have a relatively small magnitude and consist
of high-frequency components, the relationship between the
current/voltage interaction is dominated by the ionic resis-
tivity of the cell’s electrolyte, and the electronic resistiv-
ity and inductance of the Inconel platens and connecting
cables.

Conversely, in the case of the turn-ON transient of the incan-
descent bulb powered through the dc/dc converter (Fig. 10),
the magnitude of the current draw and the subsequent voltage
response is much larger and at a much slower frequency. This
leads to a more pronounced, highly nonlinear fluctuation in
voltage which is affected by the kinetics of the electrochemical
reactions and diffusion rate limitations of the chemical species
as well as the ohmic resistances of the cell and platens. The
voltage spikes observed in the fuel cell voltage are caused by
the abrupt negative step in current and the inductances in the
Inconel platens and conductors connecting the cell to the load.
These spikes occur on the order of μs and are not followed by
the emulator due to slew limit and bandwidth limitations of the
op-amps. Thus, the simulated stack voltage does not contain
these peaks, which represents a limitation of this particular
emulator.

The effects of the stack/load interactions can be diag-
nosed in situ through the EIS analyses like that in Fig. 11.
As degradation occurs, the characteristic shape of the complex-
plane impedance plot will change as the cell’s reaction mech-
anisms and kinetics are directly related to its impedance
dynamics. Fig. 11 indicates the ability of the emulator system
to match the scaled impedance of the reference cell, and thus,
the emulator’s fidelity relative to EIS results and possible
applications to in situ tests (see [19], [22]).

Extensions of the Emulation Technique: This emulation
concept can be extended in a number of useful ways. First,
the emulator’s application can be extended to a range of
direct energy conversion technologies that have inconveniently
small potentials, including PEMFCs as well as biological
fuel cells, photovoltaic cells, thermoelectric cells, and novel
battery technologies. The electronic circuit that comprises
the emulator is easily scalable by adding or removing slave

op-amps, and is readily modular; numerous op-amps with
different characteristics (e.g., rail voltages, gain-bandwidth
product, and so on) are commercially available for adapting
the concept for different technologies.

Of course, these different unit cell technologies may
require unique monitoring and/or control schemes. While these
schemes are generally independent of the emulator circuitry,
they are nonetheless necessary for realistic stack emulation.
For example, PEMFCs require proper humidification of their
electrolyte membranes to ensure protonic conductivity, yet
excessive liquid water decreases efficiency and eventually
starves the membrane of oxygen [41], [42]. To avoid mem-
brane dehydration, input gases are typically humidified to
ensure membrane saturation. In laboratory environments, this
is often done through gas bubbling [42], i.e., circulating
reactants through porous tubes immersed in water, with the
water temperature controlling the moisture level. The in situ
detection of water flooding or membrane drying can be
performed via impedance measurement or pressure differen-
tials, and if required, subsequent water removal can be per-
formed by increasing reactant flow rates and/or cell operation
temperature [41].

The emulator stack can also be adapted to include the
presence of a problem cell by adding a single degraded
cell in series with the load. Although this topology cannot
easily mimic the fluidic and thermal interactions between a
degraded cell and adjacent healthy cells in the stack, it can
nevertheless be used to study the impact on the stack’s
(or portion of the stack’s) impedance signature by an unhealthy
cell. Furthermore, this setup, while missing the interaction
of adjacent cells, can also be used to investigate the effects
realistic dynamic loads can have toward failure of “hidden”
degraded cells [43]. To that extent, flow rates, temperatures,
and other operational conditions can be independently con-
trolled for a second cell to mimic the effects of a single cell
under improper BoP operation, though the intercell fluidic and
thermal dynamics will still be absent.

Further applications include adding additional cell(s) operat-
ing at slightly different temperatures from the reference cell to
mimic a full stack’s thermal end-effects. There is also no need
to restrict the reference fuel cell to be a single cell; a “short”
stack could also be used. Importantly, the emulator allows fuel
cell system development and fuel cell system integration to
be parallel as opposed to sequential processes. In particular,
the complexities of a stack load interactions, as seen in the
dc/dc converter result, can be studied and mitigated through
power electronic control before or during the development of
a stack system.

VII. CONCLUSION

This paper presents a fuel cell stack emulation technique
that accommodates both cell and hardware-in-the-loop studies.
The utility of this system is demonstrated by comparing the
single cell and emulated stack performance under a variety
of loading conditions covering a wide range of load ampli-
tudes and frequencies. Specific cell and hardware-in-the-loop
experiments involving the connection of power electronics to
the simulated stack provide results that could not be obtained
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previously without building or purchasing a fuel cell stack.
These results demonstrate the possibility of complex nonlinear
interactions between fuel cells and their loads. As such,
the emulation technique is highly useful for studying system
integration and load management control systems.
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