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bstract

In this paper, dynamic behavior and performance of a fuel cell power plant (FCPP) which operates in parallel with a battery bank is tested
nder classified load conditions, such as mostly resistive, mostly inductive, resistive-inductive and non-linear loads. Thereafter, voltage stability

nalysis is performed using the dynamic response of the FCPP for stand-alone residential applications. Simulation results are obtained using the
ATLAB® and Simulink® software packages, based on the mathematical and dynamic electrical models of the system. Using the experimental

esults, a validated model has been realized and voltage stability analysis is performed through this model.
2007 Elsevier B.V. All rights reserved.

e; Vo

v
t
l
r
d
T
e
c
s
v
t
e
t
f
u
a
d

eywords: Fuel cell; Load conditions; PEM FCPP; Reactive power; Stand-alon

. Introduction

Fuel cell power plants (FCPPs) are electrochemical devices
hat convert the chemical energy of a reaction directly into the
lectrical energy. Among the various next generation power
lants, the proton exchange membrane fuel cell (PEMFC) sys-
ems has been found to be one of the most promising energy
ources due to high efficiency and environment friendly opera-
ion [1]. It is important to understand and evaluate the dynamic
esponse of PEMFC systems to current, voltage and power
hanges for controlling, designing, and optimum operation of
he system [2]. As reported in Ref. [3], a FCPP alone may not be
ufficient to satisfy all the load demands, especially during peak
emand periods or transient events. Over the past few years,
arious studies performed to understand the dynamic behavior
f PEMFCs. For example, Reference [4] discusses the behavior
nd performance of a PEMFC stack under fast load commuta-

ions, and Ref [5] describes a small signal model of the PEMFC.
arious studies have been reported in the literature with regard

o the dynamic behavior of the PEM fuel cell power plants under

∗ Corresponding author. Tel.: +1 251 460 6117; fax: +1 251 460 6028.
E-mail address: malam@usouthal.edu (M.S. Alam).

1 M. Uzunoglu and O.C. Onar are currently with Yildiz Technical University,
4349 Istanbul, Turkey.

o
a
c
t
l
t
c

378-7753/$ – see front matter © 2007 Elsevier B.V. All rights reserved.
oi:10.1016/j.jpowsour.2007.02.045
ltage stability

arious loading conditions. Among them, Benziger et al. inves-
igated the dynamic response of PEM fuel cells to changes in
oad from a chemical point of view [6]. In Ref. [7], the cur-
ent distribution and temperature distribution as well as their
ynamic changes in fuel cell stack have been evaluated in situ.
he information on the internal behavior of three small polymer
lectrolyte membrane fuel cells under static and dynamic load
onditions was extracted in Ref. [8]. Yan et al. investigated the
teady state and dynamic performance of PEM fuel cells under
arious operating conditions and load changes in Ref. [9] using
he steady-state polarization curves, transient I–V response and
lectrochemical impedance spectroscopy techniques. However,
here is a lack of experimental investigations have been per-
ormed to study the dynamic behavior of stand alone FCPPs
nder sudden load switching and related load conditions such
s active-reactive power loading and loads with high harmonic
istortion.

It is important to understand FCPP’s dynamic behavior in
rder to estimate the time constants and to understand how
FCPP system with a reformer accommodates transient load

onditions. Besides, it is also important to get an insight how

he reactive power is supplied in FCPPs and how the inductive
oads influence the system. Furthermore, we are also interested
o know the dynamic behavior of FCPPs under load conditions
onsisting of harmonic components.

mailto:malam@usouthal.edu
dx.doi.org/10.1016/j.jpowsour.2007.02.045
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As FCPPs are expected to be widely used in the near future,
oltage stability analysis of these next generation power systems
ust be considered during planning, operation, and control sce-

arios. This will ensure that FCPPs will supply more stable,
eliable, and high quality energy. Traditional voltage stability
nalysis can be modified and adapted to the FCPP based power
ystems.

Voltage stability is associated with the capability of a power
ystem to maintain acceptable voltages under normal and
dverse conditions. On the other hand, voltage stability is also
efined as the ability of the system to provide adequate reactive
ower support under both steady-state and transient conditions
10,11]. In voltage stability analysis, load characteristics play an
mportant role [12], and both active and reactive power demand
ffects system voltage stability [13]. Also, active and reactive
ower losses increase when an increase in reactive power trans-
er occurs [13].

To find stability limits via voltage stability analysis, Newton–
aphson approach for power flow analysis may be used. This

tability limit, also known as critical point, is often designed as
he point where the power flow Jacobian is singular [14] i.e.,

et[J] = 0. (1)

A 5 kW FCPP equipped with a battery bank and a power con-
itioning unit (PCU) is currently operated in authors’ laboratory.
n this paper, this FCPP is tested under various load conditions in
rder to obtain the dynamic response of the system. The classi-
ed loads are switched for predefined durations when the FCPP

s in stand-alone operation mode and the dynamic behavior of
he system is observed. Using the experimental results, a val-
dated model has been realized and voltage stability analysis
s performed through this model. While experimental results
re obtained using Fluke® power analyzers and PlugPower®

CPP system interface, simulation results are obtained using
he MATLAB and Simulink software packages.

. System description and methodology

.1. Voltage stability analysis

When the Jacobian of Newton–Raphson power flow equa-
ions becomes singular, the voltage stability limit i.e., critical
oint of the system can be determined [15]. The parameters
sed in the voltage stability analysis are as follows:

ac ac output voltage of the inverter [V]
L load terminal voltage [V]
L load active power [W]
L load reactive power [VAr]

critical critical angle [rad]
L-critical critical load voltage [V]
L-critical critical load power [W]
reactance of the line connecting the combined system
[�]
phase angle between Vac and VL [rad]
load phase angle [rad]

r
e
a
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The active and reactive power transfer equations can be used
o determine the critical parameters for voltage stability analysis

L = VacVL

X
sin δ, (2)

L = V 2
L − VacVL cos δ

X
. (3)

The critical values are determined by considering the singu-
arity of the Jacobian matrix using the Newton–Raphson power
ow analysis for the two-bus system, expressed as

1(Vac, VL, δ) = PL − VacVL

X
sin δ, (4)

2(Vac, VL, δ) = QL − V 2
L − VacVL cos δ

X
. (5)

Eqs. (4) and (5) can be rearranged to form the Jacobian matrix
s

�PL

�QL

]
=

⎡
⎢⎢⎣

∂f1

∂δ

∂f1

∂VL
∂f2

∂δ

∂f2

∂VL

⎤
⎥⎥⎦

[
�δ

�V

]
. (6)

The singularity of the Jacobian matrix may be obtained by
etting the determinant of Eq. (6) equal to zero i.e.,

∂f1

∂δ

∂f2

∂VL
− ∂f2

∂δ

∂f1

∂VL
= 0 (7)

nd, if we put Eqs. (4) and (5) into Eq. (7) then

ac = 2VL cos δ. (8)

Thus, we get the relationship between inverter output and
oad bus voltages at the critical point. To determine the critical
ngle, the dependence of Vac and δ is used instead of VL. The
elationship between the real and reactive powers, PL and QL
ay be expressed as

L = PL tan ϕ (9)

Using Eqs. (2), (3) and (9), the critical angle may be expressed
s

an (2δ) = −1

tan ϕ
(10)

Finally, the critical angle and power values can be obtained
rom Eqs. (2), (8) (9) and (10) as

critical = 1

2
arctan

( −1

tan ϕ

)
(11)

nd

L−critical = V 2
ac tan δcritical

, (12)

2X

espectively. The phase angle, whose critical value is obtained
arlier, depends on the amount of power that the FCPP produces
nd on some other parameters explained in Section 2.2.
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.2. Mathematical modeling of PEMFC system

The mathematical model parameters of the FC system used
n this model are as follows:

, C constants to simulate the activation over voltage in
PEMFC system and [V]

V conversion factor [kmol of hydrogen per kmol of
methane]
Nernst instantaneous voltage [V]

0 standard no load voltage [V]
Faraday’s constant [C kmol−1]

FC FC system feedback current [A]
1 PI gain
an anode valve constant [

√
kmolKg(atm s)−1]

H2 hydrogen valve molar constant [kmol (atm s)−1]
H2O water valve molar constant [kmol (atm s)−1]
O2 oxygen valve molar constant [kmol (atm s)−1]
r modeling constant [kmol (s A)−1]
H2 molar mass of hydrogen [kg kmol−1]

0 number of series fuel cells in the stack
H2 hydrogen partial pressure [atm]
H2O water partial pressure [atm]
O2 oxygen partial pressure [atm]
H2 molar flow of hydrogen [kmol s−1]
O2 input molar flow of oxygen [kmol s−1]
methane methane flow rate [kmol s−1]
in
H2

hydrogen input flow [kmol s−1]
out
H2

hydrogen output flow [kmol s−1]
r
H2

hydrogen flow that reacts [kmol s−1]
req
H2

amount of hydrogen flow required to meet the load

change [kmol s−1]
universal gas constant [(1 atm) (kmol K)−1]

int FC internal resistance [�]
absolute temperature [K]
utilization rate

an volume of the anode [m3]
cell dc output voltage of FC system [V]
1, τ2 reformer time constants [s]
3 time constant of the PI controller [s]
H2 hydrogen time constant [s]
O2 oxygen time constant [s]
H2O water time constant [s]
act activation over voltage [V]
ohmic ohmic over voltage [V]

The relationship between the molar flow of any gas (hydro-
en) through the valve and its partial pressure inside the channel
an be expressed as [16]

qH2

pH
= Kan√

M
= KH2 . (13)
2 H2

For hydrogen molar flow, three significant factors must be
onsidered—hydrogen input flow, hydrogen output flow, and
ydrogen flow during the reaction [16]. The relationship among

t
g

q

r Sources 168 (2007) 240–250

hese factors can be expressed as

d

dt
pH2 = RT

Van
(qin

H2
− qout

H2
− qr

H2
). (14)

According to the basic electrochemical relationship between
he hydrogen flow and the FC system current, the flow rate of
eacted hydrogen is given by [16]

r
H2

= N0IFC

2F
= 2KrIFC. (15)

Using Eqs. (13) and (15), and applying Laplace transform,
he hydrogen partial pressure can be obtained in the s domain as
16]

H2 = 1/KH2

1 + τH2s
(qin

H2
− 2KrIFC), (16)

here

H2 = Van

KH2RT
. (17)

Similarly, water partial pressure and oxygen partial pres-
ure can be obtained. The polarization curve for the PEMFC
s obtained from the sum of the Nernst’s voltage, the activation
ver voltage, and the ohmic over voltage. Assuming constant
emperature and oxygen concentration, the FCPP output voltage

ay be expressed as [3,16,17]

cell = E + ηact + ηohmic, (18)

here

act = −B ln (CIFC) (19)

nd

ohmic = −RintIFC. (20)

Now, the Nernst’s instantaneous voltage may be expressed as
16]

= N0

[
E0 + RT

2F
log

[
pH2

√
PO2

pH2O

]]
. (21)

The FCPP consumes hydrogen according to power demand
hile the reformer continuously generates hydrogen enriched

uel for consumption in the FC stack operation. The reformer
odel can be expressed as [16,17]

qH2

qmethanol
= CV

τ1τ2s2 + (τ1 + τ2)s + 1
. (22)

During operational conditions, to control the hydrogen flow
ate according to the output power of the FC system, a
roportional-integral (PI) control system is used. To achieve this
eedback control, FC current from the output is taken back to

he input while converting the hydrogen into molar form [14,17],
iven by

req
H2

= N0IFC

2FU
. (23)
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Table 1
The parameters used for the mathematical modeling of the FC system

Specification Value

Activation voltage constant (B) 0.04777 [A−1]
Activation voltage constant (C) 0.0136 [V]
Conversion factor (CV) 2
Faraday’s constant (F) 96484,600 [C kmol−1]
FC system internal resistance (Rint) No × 0.00303 [�]
FC absolute temperature (T) 343 [K]
Hydrogen time constant (τH2 ) 3.37 [s]
Hydrogen valve constant (KH2 ) 4.22 × 10−5 [kmol (s atm)−1]
Hydrogen–oxygen flow ratio (rH2o) 1.168
Kr constant = No/4F 2.2802 × 10−7 [kmol (s A)−1]
Line reactance (X) 0.0809 [�]
Methane reference signal (Qmethref) 0.000015 [kmol s−1]
No load voltage (Eo) 0.8 [V]
Number of cells (No) 88
Number of stacks (NS) 1
Oxygen time constant (τO2 ) 6.74 [s]
Oxygen valve constant, (KO2 ) 2.11 × 10−5 [kmol (s atm)−1]
PI gain constant (k1) 0.25
Reformer time constant (τ1, τ2, τ3) 2 [s]
Universal gas constant (R) 8314.47 [J (kmol K)−1]
Utilization factor (U) 0.8
W
W
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ater time constant (τH2O) 18.418 [s]
ater valve constant (KH2O) 7.716 × 10−6 [kmol (s atm)−1]

The amount of hydrogen available from the reformer can be
sed to control the methane flow rate by using a PI controller
16,17], expressed as

methane =
(

k1 + k1

τ3s

) (
N0IFC

2FU
− qin

H2

)
. (24)

The mathematical model of the FC system can be obtained
sing the above equations. The parameters for the mathematical
odeling of the FC system are given in Table 1.

.3. Power conditioning unit (PCU)

The FCPP produces dc electrical energy which must be con-
erted to ac electrical energy for household appliances. The
onsidered system for domestic loads requires a dc/ac inverter,
hich also acts as an energy management unit to match the dif-

erent dynamics of the FC system, battery bank and various types
f loads.

The parameters used in the mathematical modeling of the
CU in the mathematical model are as follows:

battery battery bank current [A]
dc dc current [A]
FC FC system current transferred to dc bus [A]
L load current [A]

inverter modulation index
ac ac output power [W]
L load power [W]

ac ac output voltage of the inverter [V]
dc combined system dc terminal voltage [V]
r reference voltage signal [V]
L load terminal voltage [V]

-
-
-
-

r Sources 168 (2007) 240–250 243

reactance of the line connecting the FC system and the
load [�]
load phase angle [rad]

The ac voltage and active power at the inverter output can be
xpressed as a function of the modulation index and phase angle
s [16]

ac = mVdcVL

X
sin (δ). (25)

The corresponding load current and dc current can be
xpressed as

L = PL

VL cos (θ)
, (26)

dc = mIL cos (θ + δ), (27)

Assuming a lossless inverter, Pac can be expressed as [16]

ac = Pdc = VdcIdc. (28)

According to Eq. (23), the amount of required hydrogen flow
an be calculated as

req
H2

= N0(Idc + Ibattery)

2FU
. (29)

If the battery bank is discharging, the current is negative. If
he battery bank is charging, the current is positive. According
o Eqs. (2), (28) and (29) the variation of the phase angle δ can
e obtained as

= sin−1
(

((2qH2FU/N0) + Ibattery) X

mVL

)
. (30)

.4. Experimental setup

The 5 kW PEMFC system currently operated in our labora-
ory feeds a 500-square-foot house as shown in Fig. 1. The FCPP
an be operated in the stand-alone or in the grid parallel mode.
n this study, experimental results are obtained when the FCPP
as operated in the stand-alone mode.
This FCPP’s PCU consists of an inverter, dc/dc converters

nd a battery bank. The PCU supplies power to internal auxiliary
omponents of the FC system, manages charging and discharg-
ng of the battery bank, and supplies the load requirements. There
re four, 12-V maintenance-free lead-acid batteries integrated in
eries to the inverter. The battery bank supplies auxiliary power
uring cold-start of the FCPP, and supports peak demand peri-
ds or transient events and compensates the tracking delays of
he FC stack power.

To observe the dynamic behavior of the FCPP and the effects
f various loads on system voltage stability, the following types
f loads were used:
Resistive loads,
Inductive loads,
Resistive-inductive loads,
Loads with high harmonic distortion.
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Fig. 1. Test experimental setup: (a) FC system

The specific types of loads and the corresponding switching
ntervals are shown in detail in Table 2. Experimental results
re obtained for the time interval between 04:02:20 P.M. and
4:49:00 P.M. of the recorded data. This time interval corre-
ponds to the 2800 s of duration. The chosen loads are switched
ccording to the given order and all results are obtained accord-
ng to the load types and time durations given in Table 2.
The ac load bus quantities are measured using Fluke power
nalyzers while the quantities related to FCPP, PCU and bat-
ery bank are measured using PlugPower FC system interface
oftware. All data measurement and logging devices are syn-

able 2
arious loads used in the experimental study

oads Time intervals (s)

ashing machine [70–259], [1134–1328] and
[1338–1535]

icrowave [266–332] and [339–466]
× Computer (without monitors) [479–719], [950–1128] and

[1338–1535]
× Small transformers (secondary
open-circuited)

[735–1985]

× Small transformer (secondary
open-circuited)

[1841–1985]

× Small transformers (secondary
open-circuited)

[1986–2105]

esistive load bank (switch 1) [2113–2417] and [2608–2757]
esistive load bank (switch 2) [2418–2607]

i

i
t
t

p
m
r
l
i
l
c
o
F
b
r
a

various loads and (c) measurement systems.

hronized. At first, the FCPP was switched to stand-alone
peration mode under a base load and the data logging proce-
ure is started at t = 0. After 70 s, classified loads were switched
n according to the sequence and durations given in Table 2.

. Results and discussions

The block diagram of the integrated overall system is shown
n Fig. 2.

Figs. 3–8 show the results for the ac bus measurements involv-
ng active power, reactive power, power factor, load voltage and
otal harmonic distortion (THD) of voltage and current, respec-
ively.

Figs. 3 and 4 show that there is a constant active and reactive
ower values of 130 W and 120 VAr because of the control and
easurement devices connected to the ac side. The active and

eactive power variations above these values are caused by the
oads as given in Table 2. The load variations switched as shown
n Table 2 was selected to build a variety of active and reactive
oading combinations to test the PEMFC power plant under these
onditions. Thus, we could observe the dynamic performance
f the plant under different power factor values as shown in

igs. 3 and 4. According to the Figs. 3 and 4, resistive load
ank draws mostly active power while transformers draw mostly
eactive power. The washing machine and microwave draw both
ctive and reactive power.
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Fig. 2. The overall

From Fig. 5, we observe that the load bus voltage varies
ccording to the load power which causes voltage drop on the
quivalent system impedance between the inverter output and
oad buses. The reactive power oscillates between the inverter

utput and the load bus, thus reactive power demand can be
et as a result of the voltage variations shown in Fig. 5. The ac

oad bus voltage oscillates between the 112.2 V minimum and
16.8 V maximum.

Fig. 3. ac load bus active power variation under various load conditions.

t
c
t
u

F

m block diagram.

Nonlinear elements generally cause harmonics which result
n current and voltage distortions in electrical systems. A mea-
ure of the distortion is represented by the ratio of the equivalent
armonics to the percentage of the fundamental signal ampli-

ude which is well known as THD. The THD of the voltage and
urrent distortions are given in Figs. 6 and 7 respectively, when
he loads were turned on in predefined time intervals. In partic-
lar, the microwave and computers have the highest harmonic

ig. 4. ac load bus reactive power variation under various load conditions.
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Fig. 5. ac load bus voltage variation under various load conditions.

Fig. 6. ac load bus total harmonic distortion for voltage variation under various
load conditions.

Fig. 7. ac load bus total harmonic distortion for current variation under various
load conditions.

F

d
a
a
f
i

P
p
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d
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t
t
A
f
d
d

ig. 8. ac load bus power factor (PF) variation under various load conditions.

istortions since they have power electronic circuits. The THD
ffects the power factor (PF) which considers the fundamental
nd harmonic components while traditional cosϕ considers the
undamental component only. The variation of the PF is shown
n Fig. 8.

Figs. 9–15 show the results related to the FCPP, battery and
CU outputs, stack dc power, cell and stack voltages, battery
ower, inverter output voltage and current, average ac power
nd phase angle, respectively.

To meet the required load power, FCPP produces the stack
c power shown in Fig. 9. This produced power includes the
uxiliary power, charging power of the battery, and the power
ransferred to the dc bus. The FC stack produces dc power to
rack the active power demand of the load as depicted in Fig. 3.

ccording to the Fig. 9, we can mention that the stack dc power

ollows the general trend of the active load demand. However, it
oes not match the demand at all because it has step-up and step-
own time delays. The reasons of these mismatches are caused

Fig. 9. The variation of FC stack dc power according to load demand.
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Fig. 10. The average cell voltage according to load demand.

Fig. 11. The FC system voltage according to load demand.

Fig. 12. Battery power including charges and discharges.

Fig. 13. The variation of inverter output voltage.

Fig. 14. The variation of inverter output current.

Fig. 15. The variation of ac voltage phase angle.
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Fig. 16. The variation of critical angle at the load bus.

Fig. 17. The variation of critical power at the load bus.
48 M. Uzunoglu et al. / Journal of

y the time constants of the fuel cell dynamics, particularly the
ime constants of the reformer dynamics.

The response of the cell and stack voltages varies as shown in
igs. 10 and 11, respectively, according to the amount of power
upplied by the FC system as shown in Fig. 9. The stack dc
oltage and average cell voltage decrease when the FC output
ower increases due to the FC power–voltage relationship. The
tack dc voltage varies according to the active and reactive pow-
rs drawn from the fuel cell. From Figs. 9–11, it is obvious that
he PEMFC stack equipped with reformer has a slow dynamic
esponse.

The stack dc power given in Fig. 9 is insufficient to meet the
oad power requirements. It is obvious that the stack power only
racks the general trend of the power demand, and needs further
onditioning to match the actual load demand. From Fig. 12,
t is seen that the battery bank supplies the power to compen-
ate all mismatches and tracking delays between the load and the
tack powers by charging and discharging. Additionally, the bat-
ery bank assists FC during peak demand periods and transient
vents. Without a storage device as an auxiliary power source,
he FC power plant would have to supply all power demand thus
ncreasing the size and cost of the FC power plant. The battery
ower becomes negative when it supplies power to the dc bus,
nd it becomes positive when it is recharged. The PCU uses
tack and battery power to condition the output ac power.

The inverter output voltage is successfully controlled by the
CU within the acceptable limits as illustrated in Fig. 13. How-
ver, the most significant deviations of the ac output voltage
although it is not very high) is recorded when the loads includ-
ng reactive components such as washing machine and small
ransformers are switched on. It may be mentioned that the mag-
itude of the voltage oscillations increases during the reactive
oad switching. However, the inverter keeps its output voltage
ithin acceptable limits from minimum 119.5 V to maximum
21.5 V while tracking the reference voltage.

According to the inverter output active power (Fig. 3), reac-
ive power (Fig. 4) and voltage (Fig. 13), the ac output current
aries as given in Fig. 14. This current profile consists of active
nd reactive load currents.

We also observe that this apparent current influences average
ell and stack voltages given in Figs. 10 and 11, respectively.
n increase in reactive power demand causes a proportional
ecrease in the FCPP output voltage. Although the fuel cell
s a dc source, the resultant current of active and reactive cur-
ent components has an effect on average dc cell voltage and
tack dc voltage which is an interesting result obtained in this
xperimental study.

The variation of δ is depicted in Fig. 15 which can be attained
sing the parameters given in Eq. (30). The parameters of Eq.
30) are obtained using the experimental data and mathematical
odeling. From Fig. 15, we can observe that the phase angle δ

aries with respect to the active load demand from the fuel cell
tack and it tracks the general trend of the active load variation.
Figs. 16–19 show the results of critical angle and power at the
oad bus. The variations of critical values are produced exper-
mentally through mathematical modeling to account for the
arameters given in Eqs. (11) and (12). Fig. 18. The variation of critical angle at the load bus.
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Fig. 19. The variation of critical power at the load bus.

The variation of critical phase angle is given in Fig. 16. It is
een that the critical angle varies according to the power factor.
ll parameters which affect the power factor have an effect on

he critical angle as well. Fig. 17 shows the variation of critical
ctive power which is affected by the critical angle (δcritical), ac
oltage and equivalent reactance of the line connecting the FCPP
o the load. The critical angle and the critical power can also be
alled as the stability margins of the system. If we get closer to
hese critical values in any loading condition, the system will
e very risky in terms of stable and safe operation. The voltage
tability may be disturbed and voltage collapses may occur if
hese limits get enforced.

Two of the above mentioned parameters are tested separately
o ascertain how they affect the voltage stability. One of the
arameters is the amount of reactive power drawn from the
CPP and the other is the reactance of the line connecting the
CPP to the load. At first, the reactive power is assumed to be

wo times greater then the original demand and then, the vari-
tion of new critical angle is given in Fig. 18. Then the line
eactance is assumed to be two times greater than the origi-
al value and the variation of new critical power is given in
ig. 19. From Figs. 18 and 19, it is evident that the increase

n either the reactive power or the line reactance, results in a
ecrease in the critical power and critical angle. Thus, the sys-
em gets closer to the risky operating points in terms of voltage
tability.

. Conclusions

In this paper, the dynamic behavior of the FCPP is tested
nder various loads and their effects on voltage stability are ana-
yzed using a PEMFC based power system. Based on the analysis
nd experimental results, we can conclude the following:
Due to the slow dynamic response of the tested FC stack
equipped with a reformer, FCPP needs an auxiliary energy
storage system. The FCPP needs to be integrated with extra

[
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energy storage devices such as battery or ultra-capacitor bank
to successfully meet all load demands.
Battery bank assists FCPPs during transient and peak demand
periods, and tries to prevent the power tracking delays and
mismatches.
To meet the reactive power demand results in voltage drop at
the load bus. Both the active power and the reactive power
demand influences the inverter output voltage, average cell
voltage and stack voltage.
The power factor decreases due to the harmonic reactive pow-
ers drawn by the nonlinear elements. Furthermore, it may
be mentioned that the higher harmonic distortion negatively
affects stability.

From the voltage stability analysis, it is evident that the power
nd phase angle values do not reach the critical values in the cur-
ent scenario. However, for different applications, the critical
alues must be considered in order to maintain the voltage sta-
ility. For systems with long line distances and/or high reactive
ower requirements, the stability analysis should be performed
rior to the design and operation of FCPPs.
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