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Abstract

A fuel cell power conditioning system for online diagnosis and load leveling under the condition of varying load is developed in
this study. The proposed system comprises a unidirectional boost converter and a bidirectional buck—boost converter with a battery.

The system operates in two different modes. In normal mode, the bidirectional converter is utilized for load leveling; in diagnostic
mode, it is utilized to control load voltage while the boost converter generates perturbation current to implement the online diagnosis
function through in-situ electrochemical impedance spectroscopy (EIS). The proposed method can perform EIS for a fuel cell under

varying-load conditions with no influence on the load. The validity and feasibility of the proposed system are verified by
experiments, and the design procedure of the proposed system is detailed.
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I. INTRODUCTION

Although fuel cells are emerging as a viable energy source,
their proliferation is hindered by two main drawbacks, namely,
limited overload-handling capability and unknown lifespan. A
power-conditioning system for fuel cells needs to be designed
to compensate for such drawbacks and make systems
associated with fuel cells reliable power sources [1], [2].
Owing to its inherent characteristics, a fuel cell requires a
start-up time and has a limited overload-handling capability.
When a fuel processor is utilized for fuel cells, a long delay
cannot be avoided. This delay prevents the fuel cell from
providing instantaneous supply of sufficient power for the load
at start-up. The response of a fuel cell system mainly depends
on several factors, such as hydrogen and air supply, mass flow,
temperature and pressure control, and heat and water
management [3], [4]. According to previous research, the
limited overload-handling capability and long start-up time of
fuel cells can be overcome by using a hybrid topology with an
energy storage device, such as a battery or supercapacitor [1, 2,
5, 6]. Compared with a fuel cell, a battery and a supercapacitor
demonstrate a rapid response with no start-up time, and their
power density is much higher than that of fuel cells. Therefore,
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if a battery is employed as an auxiliary energy storage device,
the system can exhibit stable operation under fast dynamic load
and instantaneous overload conditions.

The unknown lifespan of fuel cell power systems is another
concern. This uncertainty may reduce the reliability of the
system. A fuel cell degrades as the operation hours accumulate
and eventually reaches its end of life (EOL). However, given
that a fuel cell depends on many factors, such as operating
condition and load pattern, the performance degradation of a
fuel cell is more serious than expected; it may also fail
suddenly. Hence, detecting the aging of fuel cells and
prognosticating their EOL are important to prevent the sudden
failure of fuel cell power systems. Many studies have evaluated
the performance and estimated the lifespan of fuel cells to
develop reliable methods to estimate their state of health (SOH)
[7]-[12]. In [8], a model-based fault diagnosis method for a
proton exchange membrane (PEM) fuel cell was developed
with computing residuals as indicators. In this method, the
analytical relationships between inputs and outputs are
obtained by using a physical model of the system. This method
can approximate any type of continuous nonlinear function
without knowledge of the physical processes of the fuel cell
system. However, high-quality data describing the entire
process should be utilized to ensure the accuracy of the
diagnosis result. Another useful technique for the diagnosis and
prognosis of fuel cells is electrochemical impedance
spectroscopy (EIS) because it helps characterize the
electrochemical performance and investigate the fundamental
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process of fuel cells, that is, their SOH [9]-[11], [13].
Reference [9] proposed a method to accurately estimate the
SOH of a fuel cell in operation using the time constant
calculated from the extracted parameters of the equivalent
circuit model of the fuel cell through EIS. Investigation of the
variation in the equivalent circuit parameter values over the
operation time of 2200 h has shown that the time constant for
the cathode, a product of electric double-layer capacitance and
charge transfer resistance that represents the reduction reaction
of the cathode, is a reliable parameter to evaluate the
degradation of a fuel cell. Thus, if the EIS function is
integrated with a power conditioning system for a fuel cell, it
can be a useful tool to monitor the SOH of the fuel cell by
periodically monitoring the variation in the equivalent circuit
parameter values, thereby making the fuel cell power system
highly reliable. However, the EIS function cannot be integrated
with a power conditioning system when conventional converter
topologies and control methods are utilized because the EIS
operation should be performed independently without
disturbing the load, and load variation should not affect the EIS
operation. Considering that the output voltage and current of
the converter should be regulated with no influence from
perturbation during EIS operation, an auxiliary energy storage
device is required to compensate for the power difference
between the fuel cell and the load [14]. In typical applications,
given that the power demand by the load varies according to
the load profile scenario, perturbation of the fuel cell for EIS
and load variation should be completely decoupled from each
other.

In this study, a power-conditioning system for fuel cell
diagnosis and load leveling under varying-load conditions is
developed. The proposed system comprises two converters,
namely, a main converter to supply fuel cell power to the load
and a bidirectional converter for diagnosis and load leveling. In
normal mode operation, an additional bidirectional converter
with an associated auxiliary battery is utilized for load leveling;
in the diagnostic mode operation, it is utilized to implement the
diagnosis function through EIS. The EIS function can be
implemented by generating a frequency-swept small current
perturbation from the fuel cell through the current controller of
the main boost converter. The impedance spectrum of the fuel
cell over the frequency range of interest is calculated by the
digital lock-in amplifier (DLIA) embedded in a digital signal
processor (DSP). The EIS data are then utilized to extract the
parameters of the fuel cell equivalent circuit model; the
variation is subsequently utilized to evaluate the SOH of the
fuel cell.

II. PROPOSED POWER-CONDITIONING SYSTEM FOR
FUEL CELL DIAGNOSIS AND LOAD LEVELING

Fig. 1 shows a block diagram of the power-conditioning
system with the diagnosis function for the fuel cell and the load
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Fig. 1. Control scheme of the proposed power conditioning system
for fuel cell diagnosis and load leveling. (a) Power conditioning
system. (b) Normal operation with load leveling. (c) EIS operation
for diagnosis.

leveling function under the condition of varying load. The
power converter consists of a conventional boost converter
associated with the fuel cell and a bidirectional converter
associated with an auxiliary battery.

In normal mode operation, the boost converter regulates the
load voltage at the desired value, and the bidirectional
converter is used to handle abrupt load changes or
instantaneous overload. Load leveling compensates for the load
power with the power from the auxiliary energy storage device
if the power from the fuel cell is insufficient for the full load. If
the power from the fuel cell is larger than the required power
for the load, the excess power is used to charge the battery. The
diagnostic mode is regularly performed to investigate the SOH
of the fuel cell. In this mode, the boost converter performs fuel
cell current control to generate frequency-swept current
perturbation for the EIS operation, and the bidirectional
converter regulates the output voltage. During EIS mode, the
operation of the boost converter has to be decoupled from that
of the bidirectional converter to ensure the success of
impedance measurements regardless of the load variation. Thus,



Design of a Fuel Cell Power ... 697

in this mode, the boost converter draws a small alternating
current (AC) perturbation over the frequency range of interest
superimposed on a certain direct current (DC) offset value, and
the bidirectional converter regulates the load voltage by
charging and discharging the battery associated with it. Within
a perturbation cycle, the battery is charged when the
perturbation current becomes higher than the DC offset and
discharged when the current declines to below the DC offset to
keep the output voltage constant.

When the fuel cell is perturbed by a small sinusoidal current,
its voltage response with respect to the current perturbation is
then measured over the frequency range of interest. The DLIA
embedded in the DSP is utilized to calculate the in-phase and
quadrature-phase components of the current perturbation and
its voltage response. The AC impedance of the fuel cell at each
frequency is also calculated. The equivalent circuit parameters
of the fuel cell are extracted from the measured impedance data
by using the complex nonlinear least square (CNLS) fitting
technique. The extracted parameters are used to evaluate the
degradation and/or the SOH of the fuel cell by comparing them
to the initial parameter values of the fuel cell when it was fresh.

III. DIAGNOSIS OF THE FUEL CELL UNDER
VARYING-LOAD CONDITIONS BY USING ONLINE
EIS

A. Fuel Cell Degradation and its Lifespan Estimation
Method

EIS is widely utilized to obtain AC impedance data of the
fuel cell over the frequency range of interest, which can be
represented by the Nyquist plot. The AC impedance data are
then further processed with an equivalent circuit model of the
fuel cell to extract the equivalent circuit parameters that can be
used to evaluate the soundness of the fuel cell.

Various equivalent circuit models of the fuel cell can be used
to analyze the AC impedance spectrum obtained through the
EIS method depending on such factors as measurement object,
operating point of the system, and frequency range of
measurements [9, 15—-19]. Typical equivalent circuit models of
the fuel cell are composed of resistance, electric double-layer
capacitance, and Warburg impedance. The resistance
component includes the ion resistance of electrolytes, the
electric resistance of components, and the charge transfer
resistance [9]. In this study, a simple equivalent circuit model
of the fuel cell composed of membrane resistance, charge
transfer resistance, and electric double-layer capacitance is
utilized to extract the parameters, as shown in Fig. 2.

The electrochemical process of the fuel cell can be divided
into two major reactions, namely, hydrogen oxidation in the
anode and oxygen reduction in the cathode. Each reaction is
represented by a semicircle on the Nyquist impedance plane.
However, given that the reaction rate of hydrogen oxidation is
much faster than that of oxygen reduction, the semi-circle
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Fig. 2. Equivalent circuit model of the PEM fuel cell used for
parameter extraction.

representing oxygen reduction is dominant in the Nyquist
impedance plot. Thus, the equivalent circuit parameters for the
cathode can be observed only by using the model in Fig. 2 to
estimate the SOH of the fuel cell.

Previous research has indicated that the degradation of a fuel
cell mainly occurs in the cathode catalyst because of catalyst
dissolution, precipitation, aging, catalyst particle movement,
and carbon support corrosion [20], [21]. Catalyst particles are
condensed by dissolution and precipitation reactions to reduce
the surface energy, thereby decreasing the area of the
three-phase interface, which is required for the reduction
reaction; this scenario results in the degradation of the fuel cell.
The reduction reaction rate is reduced by the decrease in
electrochemical surface area. Hence, the charge transfer
increases. The electric double-layer
capacitance value in the three-phase interface decreases.

Considering that fuel cell degradation does not only increase

resistance  value

the charge transfer resistance but also decrease the electric
double-layer capacitance, the time constant, a product of the
two parameters, is more accurate when used to judge the
soundness of the fuel cell than using the two parameters
individually [9]. This estimation method requires calculating
the standard cathode time constant (Tcahode standard) With the
cumulative operation time of the fuel cell in the test and the
lifespan equation obtained by pretests. This method also
requires calculating the cathode time constant (Teamode) Of the
fuel cell stack in the test by using EIS and a parameter
extraction technique at the time of inspection [9]. The ratio of
the cathode time constant at operation time t with respect to the
standard cathode time constant, time constant ratio P(t), can
then be calculated with Equ. (1) and utilized to evaluate the
SOH of the fuel cell, that is, the remaining lifetime.

‘[cathode(t)

Pea(t) = (1)

T cathode _ standard

If the time constant ratio is equal to unity, then the condition
of the fuel cell during the test is determined as fair. Otherwise,
the fuel cell is in a good or poor condition if the time constant
ratio is less or greater than unity, respectively. The ratio also
can be utilized to calculate the remaining life of the fuel cell in
use. The complete details of the procedure to evaluate the SOH
and remaining life of the fuel cell stack are found in [9]. The
technique to extract the parameters of the equivalent circuit
model in Fig. 2, which are then utilized to calculate time
constant ratio Pe,(t), is discussed in the following section.
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B. Impedance Measurement and Parameter Extraction
Techniques Used for Fuel Cell Diagnosis
1) DLIA Technique: Small current perturbation at the

frequency of interest is applied to the fuel cell to perform EIS
on it. The voltage response is measured. For the test, the
voltage response caused by the current perturbation should be
lower than the thermal voltage to guarantee the linearity of the
test, as shown below [3].

Vr = g =26mV at 25°C, 2)
where R = 8.314 (J/mol-K), T = Temp (K), and F = 96485
(C/mol).

The current perturbation and voltage response are then
measured with the DLIA method, which is widely utilized to
extract small signals even in the presence of high noise levels
[22]. The small input AC signal superimposed on a DC
component and noise n(k) detected by DLIA can be expressed
in a discrete form at the k™ sampling step as follows:

X [k] =DC+ Asin[27rfik +6’]+n(k); k=012,... (3)
S
In DLIA, the sine and cosine reference signals at the same
frequency of interest are numerically generated by DSP, as
shown in Equ. (4). The advantage of the numerically
generated reference signal is that it can be immunized from
noise [23].

S[k]zsin(Zﬂkaj, C[k]:cos(Zﬂfik],k =0,12,..(4)

s s
The detected signal is then multiplied by the sine and cosine
reference signals to obtain the in-phase and quadrature-phase
signals as Equs. (5) and (6).
By filtering the AC component in Equs. (5) and (6) and by
using the moving average filter, the magnitude and phase of the
target signal can be calculated, as shown in Equs. (7) and (8).

I[k]= X[k]xS[k]:gcos(0)+AC components (5)

Qlk]= X[k]xC[k]:gsin(0)+ AC components  (6)

x=2x1[k]= Acos(8); y=2xQ[k]~ Asin(8) (7)

M=x>+y>=A ;Ph= tan"(%) -0 (8
The complex impedance of the fuel cell can be presented as

Z(w,)=R(a)+ X (@,). )

2) CNLS Method for Parameter Extraction of the Fuel Cell
Equivalent Circuit Model: The parameters of the equivalent
circuit of the fuel cell must be obtained to estimate the SOH of
the fuel cell. The parameters can be extracted with a
least-square fitting algorithm. In this work, the CNLS fitting
method is utilized to estimate the values of the equivalent
circuit parameters of the fuel cell. The CNLS fitting method is
a type of the Levenberg—Marquardt least-square method, which
can be applied to complex numbers. The method requires the

measured impedance data of the fuel cell and the equivalent
circuit model, as shown in Fig. 2 [24]. CNLS attempts to
minimize the error between the measured impedance data and
the calculated impedance data with a set of model parameters
through iterative calculation to generate the best fitted
parameter values. The complex impedance of the equivalent
circuit model of the fuel cell in Fig. 2 at a certain frequency can
be written as
z (a)): f(@;6); 0, = Riemprances Reatnode s Ceatnose +(10)
where Riembranes Reathodes @1d Ceamode are the parameters of the
equivalent circuit model for the fuel cell to be estimated by
minimizing function ©.
o = zn:[Re(yi—Z,)erlm(y,—Z,)z} (11)
i=1
The Taylor series method can be employed to calculate the
value of impedance based on its previous value and the
variation in the approximated parameters to implement the
iteration calculation for the fitting algorithm. If the
approximated parameters exhibit variation, A, the successive
value of impedance can be obtained by using Taylor series
expansion as

0Z (w), AD
6. v

Z(@0);, = Z(0), + i=1,2,3. (12)

j+1

The values for AR cmbranes ARcathodes a0d AC uhodes are then
calculated with
AO=A"G, (13)
where

A[(2) Z+(2) 7] 6 (Z) 2y, +(2) 2y, ] (14)
N CATHNING APV
202 e {2 ) et 2 ] - 2)

This process can be performed by using an iterative method

implemented in the DSP. In the first iteration loop, the value of
@ is calculated with the arbitrary initial value of the parameters.
The variations in the parameters are calculated, and Riembranes
Reathodes and Ceanoge are updated for the subsequent iteration.
The calculation is repeated until the value of @ converges to a
certain limit, that is, 107 in this study [25], to obtain the best
fitted value for the fuel cell model parameters.
3) Design of the Controller of the Proposed Converter for
EIS Operation: In the EIS operation of the proposed system,
main boost converter is utilized to generate current perturbation
from the fuel cell for the impedance measurements. The
bidirectional converter is utilized to regulate the output voltage
of the system. The bidirectional converter with a battery is
employed in the system to compensate for the power difference
between the fuel cell output and the load occurring during the
EIS operation by charging or discharging the battery. Therefore,
the input and output of the power conditioning system can be
completely decoupled in the proposed system, and the EIS
operation can be performed regardless of the load variation.

The small-signal modeling technique is applied to obtain the
transfer function of the converters [26]. In the modeling, a
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Fig. 3. Design of the controllers for each converter in the
proposed system for EIS operation. (a) Bidirectional converter.
(b) Boost converter.

voltage source in series with a resistor is used for the fuel cell
model, and an R-C circuit is used for the battery model. The
control to the fuel cell current (Gig_ poost) transfer functions of the
boost converter and the control to the output voltage (Gya_pidir)
transfer function of the bidirectional converter can be obtained

as
sVCR+(1-D)I,R+V
Gig boost () == ; ( N °— , (15)
$’LRC+s(L+CR_R)+R(I-D)’ R,
G our (5= “sluL, +(1-DWV, +Rl,, 16

s’L,RC +s(L, +CR,R)+R(1-D)* +R,,

Considering that the control to the output voltage transfer
function Gyg piair Of the bidirectional converter operating in
boost mode includes a right half-plane zero (RHPZ), the
crossover frequency of the voltage loop that is less than
one-third of the RHPZ frequency should be selected [27]. In
this case, the RHPZ frequency of Gyq piqir is 4.11 kHz; therefore,
the crossover frequency is selected as 1.0 kHz. A type 3
compensator is used for voltage control in consideration of the
requirement for phase boost.

In the design of the current controller of the boost converter
for the fuel cell, selection of crossover frequency is important
because the perturbation should not be distorted to obtain
accurate impedance measurements. Given that the impedance

measurements need to be performed from 0.1 Hz to 1 kHz to
obtain a useful impedance spectrum, the bandwidth of the
closed-loop system should be 10 times higher than the highest
frequency of measurements to avoid distortion [28]. Thus, the
bandwidth of the current loop is selected as 10.0 kHz in this
case. The transfer function for each converter is obtained with
the following parameters: nominal output voltage of the fuel
cell, V.= 7.8 V; Li-ion battery voltage, V, = 3.7 V; duty, D =
0.33; inductor for the boost converter, L; = 220.0 uH; inductor
for the bidirectional converter, L, = 170.0 uH; output capacitor
of the boost converter, C,, = 220.0 uF; equivalent capacitance
of the battery, C, = 40000.0 F; and equivalent series resistance
of the battery, R, = 30.0 mQ.

Finally, a type 3 controller for the voltage control loop
(Gyps v) and a proportional-integral (PI) controller for the
current control loop (G, ;) are designed for the proposed
converter as follows:

8.32x107s” +0.0183s+1

o o , 17

wos_v(S) 2.45%107"s* +1.795> +0.032s (17)
1.037s+2.37x10*

G, <(5) zf : (18)

Fig. 3 shows the bode plots of the open-loop transfer
function, compensator, and closed-loop transfer function of the
bidirectional converter (a) and boost converter (b). The closed
loops are stable at the selected crossover frequency, with a
sufficient phase margin.

IV. DESIGN OF THE CONTROLLER OF THE PROPOSED
CONVERTER FOR THE LOAD-LEVELING FUNCTION
FOR THE FUEL CELL UNDER OVERLOAD CONDITION

The fuel cell alone cannot provide robust
characteristics required for following the load instantaneously
at significant load steps. This condition worsens when the fuel
cell is associated with a fuel reformer to provide flexibility in
the selection of the fuel because of its sluggish response
characteristics [1]. Moreover, when the fuel cell is utilized to
implement the power system, it is sized only to handle normal
load to optimize the overall cost of the power system. Thus,
when overload is applied to the fuel cell, it cannot be handled
properly without the aid of an auxiliary energy storage device.
Providing the load-leveling function by using auxiliary energy
storage devices, such as batteries, is essential to make the
power system associated with the fuel cell reliable. In the

source

proposed system, a bidirectional converter associated with a
Li-ion battery is adopted for the EIS operation and can be used
to implement the load-leveling function by changing its control
scheme in the normal mode operation as well.

When the fuel cell generates sufficient power to supply the
load, the bidirectional converter is deactivated. Only the boost
converter is activated to supply fuel cell power to the load
through voltage control. When the overload condition occurs,
the bidirectional converter is activated to supply power from
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Fig. 4. Control scheme of the proposed converter for the
load-leveling operation.

the battery together with the fuel cell. In this case, fuel cell
power is limited to its rated power, and excess load power is
supplemented by the auxiliary battery through the current
control of the bidirectional converter. A control block diagram
of the system in normal operation to achieve the load-leveling
function is illustrated in Fig. 4.

In normal mode operation, the output voltage is regulated by
a dual-loop controller to control both the inductor current and
the capacitor voltage of the boost converter [29]. Thus, the
control-to-inductor current transfer function (Gig poost) and the
control-to-output voltage transfer function (Gy;_poos) are derived
through small-signal modeling in Equs. (19) and (20),
respectively. Owing to the inherent characteristics of the
dual-loop controller, the current-limiting function is easy to
implement, which is required for the load-leveling function and
to prevent the fuel cell from overloading. When implementing
the load-leveling function, deriving the control-to-output
current transfer function (Giqpigr) for the bidirectional
converter is also required. Accordingly, the function is derived
by using the small-signal technique, as shown in Equ. (21).

sVCR+(1-D)I,,R+V
Gy poan () = LR A-DII R4V, (19)
s’L,LRC +s(L, + CR,R) +R(1- D)’ +R,,
SRL1 . +1 RR, —(1-D)RV
Gviibuost(s) == e = L ( ) 2 (20)

SRCV, +V, +(1- D)RI,

V.. x|C CRSs+(C, +C. .)s
Gid e = - bat |: out 2bR‘o ( b oul) :| (21)
- S’LR,C,Co +5°L, (C, +Cy ) + +SR,C, +1

In the design of the dual-loop controller, the bandwidth of
the voltage loop (outer loop) must be lower than that of the
current loop (inner loop) to ensure the dynamics of the control
system [30]. In this case, the bandwidths of the outer and inner
loops are set to 200Hz and 10 kHz, respectively.

Two PI controllers are utilized for voltage and current
control as follows:
G‘pilivi (S) = w > (22)

1.037s+2.37x10"
Gy o(8) ==

Figs. 5(a) and 5(b) show the Bode plots for the inner and
outer control loops of the dual-loop controller for the boost
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Fig. 5. Design of the dual-loop controller for the boost converter
in normal mode operation. (a) Inner control loop. (b) Outer
control loop.

converter in normal mode operation.

A PI controller is also utilized to control the output current
of the bidirectional converter for the load-leveling function. In
this case, the bandwidth of the closed current loop is 3.0 kHz,
and the transfer function of the PI controller is expressed as

G, o(5)= 0.2972SS+ 2039 .

24

V. EXPERIMENTAL RESULTS OF THE PROPOSED
POWER CONDITIONING SYSTEM FOR FUEL CELLS

Fig. 6 shows the experimental setup for testing the
functionality of the proposed system with a PEM fuel cell stack.
The PEM fuel cell stack is built by CNL Energy, Seoul, Korea.
The stack has 10 cells, and the membrane electrode assembly
specifications are as follows: the membrane size is 5 x 5 cm’,
the membrane type is Nafion 212, and Pt catalysts for both
anode and cathode. The fuel cell stack has a serpentine flow
field configuration for both the anode and cathode, and its
nominal electric output power is 110 W with water cooling. A
500 W PEM fuel cell-testing station manufactured by CNL
Energy is used for a series of experiments, as shown in Fig. 6.

Fig. 7 shows the characteristic curve of the 110 W PEM fuel
cell stack. As shown in the figure, the voltage of the fuel cell
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Fig. 6. Experimental setup for testing the functionality of the
proposed system with a PEM fuel cell stack.
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Fig. 7. Characteristic curve of the 110 W PEM fuel cell stack.

stack varies from 9.6 V to 5.96 V, and its maximum output
current is 19 A at its rated output power.

Fig. 8 shows the performance of the proposed system during
normal mode operation and EIS mode operation for the fuel
cell stack. The load voltage is regulated at 12 V in both normal
and EIS mode operations. In normal mode operation, the
output voltage is controlled by the boost converter, and the
bidirectional converter is deactivated, thereby resulting in zero
output current from the five Samsung Li-ion 18650 cylindrical
3.7 V 2600 mAh (ICR18650-26F) batteries connected in
parallel. The EIS operation is then performed to measure the
AC impedance of the fuel cell stack at the operating point of
1.75 A. The amplitude of the perturbation current is 0.5 A in
this case. When the EIS operation is initialized,
frequency-swept current is generated by the current controller
of the boost converter from the fuel cell stack for the
impedance measurements; the bidirectional converter is
utilized to regulate the output voltage. Given that the current
perturbation is compensated for by charging/discharging the
battery through the bidirectional converter, the output voltage
can be regulated. No intervention exists between EIS operation
and output voltage regulation. The operation of the proposed
system is verified under varying conditions of the load.
Considering that the load may vary during EIS operation for
fuel cell diagnosis, the EIS operation has to be completely
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Fig. 8. Experimental waveforms of EIS operation under constant
load condition.
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Fig. 9. Experimental waveforms of EIS operation under varying
load condition.

decoupled from the load variation.

Varying load is applied to the system during EIS operation
to verify the function. In this test, Kikusui PLZ1004W DC
electronic load is used to vary the load. A randomly varying
load scenario is also used for the test. Fig. 9 shows the
operation of the proposed system under varying load
conditions.

As shown in Fig. 9, the load voltage is regulated at 12 V
precisely during EIS operation while the load is varying
randomly. Fig. 9 also shows that under the varying load
condition, the current perturbation applied to the fuel cell
output has no interference from the load variation, thereby
verifying the complete decoupling control of the proposed
system.

Fig. 10 shows the Nyquist plots of the fuel cell measured at a
certain operation point of 1.75 A. The accuracy of the
measurement is verified by comparing the results obtained with
the proposed system with those obtained with the WEIS500
workstation from WonATech, Seoul, Korea.

Fig. 10 clearly indicates that the two results are
well-matched. The reduced chi-square value calculated with
Equ. (25) is 0.96, which indicates a strong correlation between
the two results.
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Fig. 10. Comparison of impedance spectra measured by the
proposed system and WEIS500 workstation.
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Fig. 11. Experimental result of the load-leveling function of the
proposed system.

where

Z; »: impedance measured by the proposed converter,

Z; \.is: impedance measured by the WEIS500 workstation,

o”: variance,

v: degree of freedom.

Fig. 11 shows the experimental results of the load-leveling
function of the proposed system. When the load, which is
larger than the rated power of the fuel cell stack (110 W in this
case), is applied to the fuel cell stack, the load-leveling function
is activated to avoid the overloading of the fuel cell stack by
compensating for the excess power required by the load. In this
experiment, the load-leveling operation is tested when the load
is changed from 80 W to 160 W.

As shown in Fig. 11, when 80 W load is applied to the fuel
cell stack, it can supply full power to the load, and the system
operates in normal mode. No discharge current is provided by
the auxiliary battery because the bidirectional converter is
deactivated. However, when 160 W load (145% load) is
applied, the fuel cell current is limited to 19 A by the current
controller of the boost converter, and the battery is discharged
to supply excess power to the load. Owing to the load-leveling
function, the fuel cell stack can be protected from the overload,
and the output voltage can be regulated at the desired value.

VI. CONCLUSION

A novel power conditioning system for fuel cell diagnosis
and load leveling was developed. The impedance spectrum of

the fuel cell stack was successfully measured by the proposed
system even under the condition of varying load. The
integrated load-leveling function protects the fuel cell stack
from the overload, thereby improving the reliability of the fuel
cell power system. The proposed system can be utilized to
prognosticate the SOH of the fuel cell stack during operation,
with no influence on the load.
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