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a b s t r a c t

Small PEM (proton exchange membrane) fuel cell systems do not require humidification and have great
commercialization possibilities. However, methods for controlling small PEM fuel cell stacks have not
been clearly established. In this paper, a control method for small PEM fuel cell systems using a dual closed
loop with a static feed-forward structure is defined and realized using a microcontroller. The fundamental
elements that need to be controlled in fuel cell systems include the supply of air and hydrogen, water
management inside the stack, and heat management of the stack. For small PEM fuel cell stacks operated
eywords:
uel cell
ater management

eat management
ual closed-loop

without a separate humidifier, fans are essential for air supply, heat management, and water management
of the stack. A purge valve discharges surplus water from the stack. The proposed method controls the
fan using a dual closed loop with a static feed-forward structure, thereby improving system efficiency
and operation stability. The validity of the proposed method is confirmed by experiments using a 150-W
PEM fuel cell stack. We expect the proposed algorithm to be widely used for controlling small PEM fuel
urge
icrocontroller

cell stacks.

. Introduction

Compared to other types of fuel cells, PEM (proton exchange
embrane) fuel cells operate at a relatively low temperature with

igh efficiency and have a smaller volume. Many studies on PEM
uel cells have been conducted to investigate their applications
n portable electronics, residential power generation, and fuel cell
ehicles [1]. PEM fuel cell systems are composed of a fuel cell stack
hat generates electricity by reacting with the fuel gases and the
OP (balance of plant) that assists the stack operation by controlling
he fuel supply, pressure, temperature, and humidity.

In small fuel cell systems, the role of the BOP is to consume
inimal power while guaranteeing stable operation of the stack.

ts main functions include supply of necessary air and hydrogen,

eat management in the stack, and water management for the MEA
membrane electrode assembly). Hydrogen is supplied directly to
he stack from a compressed gas cylinder through a pressure regu-
ator. The hydrogen flow rate is decided by instantaneous pressure

∗ Corresponding author. Tel.: +82 2 820 0652; fax: +82 2 817 7961.
E-mail addresses: hoon7147@hotmail.com (T.-H. Kim), hyun714@hotmail.com

S.-H. Kim), kormook@hotmail.com (W. Kim), jonghak123@hotmail.com (J.-H. Lee),
andu99@ssu.ac.kr (K.-S. Cho), kwpark@ssu.ac.kr (K.-W. Park), cwj777@ssu.ac.kr
W. Choi).

378-7753/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
oi:10.1016/j.jpowsour.2009.12.009
© 2009 Elsevier B.V. All rights reserved.

differences in the stack caused by load changes. Therefore, small
PEM fuel systems do not require a separate device to control the
hydrogen flow. The use of a pump or motor is not recommended
because it increases the overall system size, price, and BOP power
consumption. For the same reasons, it is not economically fea-
sible to use an external humidifier for water management. The
air needed for reaction and cooling is supplied by a fan without
a separate humidifying device. Surplus water in the stack is dis-
charged through a purge valve. Therefore, an economically feasible
and efficient method of operation is to manage water and heat by
appropriate control of the fan and the purge valve.

Recently, several studies on fuel cell power systems have been
published [2–6] showing their potential as power sources for
portable electronics. Urbani et al. [2] designed, manufactured, and
tested an air-breathing 10-cell PEFC (polymer electrolyte fuel cell)
stack; they were able to operate a 12-W DVD player for 100 h
without sensitive losses in performance. Dundar et al. [3] built a
70-W fuel cell stack, presented a systematic design procedure for
portable applications, and comprehensively analyzed the effects of
variables such as reactant gas humidification, cooling, fuel supply,

and temperature. However, in the proposed system, a humidifier
is used at the input side of the cathode for water management in
the membrane, and therefore, the system becomes complicated.
Hebling et al. [4] developed several fuel cell systems with power
ratings from 10 to 180-W and implemented digital control algo-
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Nomenclature

Ast exposed surface area of fuel cell stack (m2)
cp specific heat of air at constant pressure (J mol−1 K−1)
F Faraday constant (coulomb mol−1)
g gravity acceleration (m s−2)
h convection heat transfer coefficient (W m−2 K−1)
hr radiation heat transfer coefficient (W m−2 K−1)
Ist current of fuel cell stack (A)
k thermal conductivity (W m−1 K−1)
L height of the stack (m)
ṁreac,air air flow rate necessary for reaction (mol s−1)
ṁcool,air air flow rate necessary for cooling (mol s−1)
ṁref air flow rate necessary for operation of fuel cell stack

(mol s−1)
NuL Nusselt number
ncell number of cells
Pe power of fuel cell stack (W)
Pent total pressure of entrance air (kPa)
Pexit total pressure of exit air (kPa)
Psat saturated vapor pressure (kPa)
PWent water vapor pressure at the entrance (kPa)
Pr Prandtl number
Pm exposed surface perimeter of fuel cell stack (m)
Qcool cooling rate to be removed with forced cooling (W)
Qreac cooling rate by the flow which participates in reac-

tion (W)
Qconv cooling rate by the natural convection (W)
Qrad cooling rate by the natural radiation (W)
Qst heating rate of fuel cell stack (W)
Qdis natural heat dissipation (W)
RaL Rayleigh number
Tair,exit exit air temperature (K)
Tst stack surface temperature (K)
To temperature of the surrounding walls (K)
�Treac difference of temperature of entrance and exit in

reaction air (K)
�Tcool difference of temperature of entrance and exit in

cooling air (K)
tpurge purge cycle of solenoid valve (s)
Vcell voltage of stack per cell (V)
a,b,c,d,e,f empirical coefficients of saturated vapor pressure

Greek symbols
˛ thermal diffusivity (m2 s−1)
ˇ thermal expansion coefficient (K−1)
ε emissivity
�air air stoichiometry
� kinematic viscosity (m2 s−1)
� Stefan–Boltzmann constant (W m−2 K−4)

r
c
a
l
[
f
l
t
m
r
t

ent Went
� water coefficient of entrance air

ithms in a digital microprocessor to achieve quick responses to
hanges in the operating conditions. The hydrogen closed loop
chieved current density rates up to 550 mA cm−2 and a fuel uti-
ization coefficient greater than 0.99 after startup. Vega-Leal et al.
5] focused on the physical implementation of the digital controller
or the fuel cell stack. The proposed system includes three control
oops assigned to the control of oxygen flow, hydrogen flow, and

emperature. Wilhelm et al. [6] developed a PEM-fuel-cell-powered

obile robot. The authors investigated the feasibility of using the
obot in a university-level course and succeeded in demonstrating
he potential of the technology.
urces 195 (2010) 6008–6015 6009

Büchi and Srinivasan [7] presented the results of a study on
water management for small PEM fuel cell stacks without exter-
nal humidifiers. They developed a model for PEM fuel cell operation
with internal humidification of the gases and investigated the range
of operating conditions for a PEM fuel cell using dry H2/air. It was
found that MEA water management could be achieved by main-
taining the relative humidity of the exit air between 80% and 100%.
Therefore, it should be possible to control small self-humidified
stacks by controlling the air flow for fuel and cooling. However, no
detailed control algorithm was provided in the article.

Several other studies were conducted on the topic of water
management in small self-humidified fuel cell stacks [8–10], and
they provide excellent insights into water management. However,
practical control algorithm for the stable and reliable operation of
small PEM fuel cell systems based on comprehensive analysis of
water management was not clearly established in the previously
conducted studies.

In this study, we present a novel BOP control method for small
self-humidified stacks. The proposed method successfully controls
the overall system by calculating and supplying the amount of fuel
that allows water and heat in the stack to achieve equilibrium.
Using this method, high system efficiency and operating reliabil-
ity can be achieved. The feasibility of the method was confirmed by
experiments using a 150-W PEM fuel cell stack.

2. Description of control concept

2.1. Fuel supply and water management

The air flow rate to be supplied for electrochemical reactions in
the fuel cell stack ṁreac,air is calculated as shown in Eq. (1) consid-
ering the ratio of oxygen in the atmosphere.

ṁreac,air = Pe

4FVcell
× 1

0.21
(1)

where Pe is the power of the fuel cell stack, Vcell is the voltage per
cell of the stack, and F is the Faraday constant.

However, if the value obtained from Eq. (1) is used without mod-
ification, as oxygen is consumed by the reaction, the voltage loss
from the reduced partial oxygen pressure becomes larger, and fuel
supply may become difficult because of the water formed in the
channel. Therefore, in practical applications, a stoichiometric vari-
able �air that has a larger value than that defined by Eq. (1) should be
introduced. According to previous studies, the optimal stoichiome-
try of air is approximately 2–2.4 [11]. In a small PEM fuel cell system
with no external humidifier, the reliability of the water manage-
ment in the MEA can be maintained by appropriate stoichiometric
configuration according to the stack conditions.

For the MEA in the PEM fuel cell stack to have sufficient water,
the relative humidity of the cathode exit air should be between
80% and 100%, and this can be achieved by selecting an appropriate
stoichiometry for the air flow rate according to the operation tem-
perature of the stack [7]. Thus, by considering the water coefficient
of entrance air (atmosphere) � in Eq. (3) and substituting it into Eq.
(2), a stoichiometry that satisfies the water condition in the stack
can be calculated.

�air = 0.210(Psat − Pexit)
�Pexit − (1 + � )Psat

(2)

� = PWent

P − P
(3)
where Pexit is the total pressure of the exit air, Pent is the total pres-
sure of the entrance air, PWent is the water vapor pressure at the
entrance, and Psat is the saturated vapor pressure according to exit-
air temperature. In the temperature (Tair,exit) range from 273.15 to
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73.15 K, the following empirical equation can be used [12]:

sat = f (Tair,exit) = e˛T−1+b+cT+dT2+eT3+f ln(T) (4)

here a = −5880.2206, b = 1.3914993, c = −0.048640239,
= 0.41764768 × 10−4, e = −0.14452093 × 10−7, and f = 6.5459673.

Therefore, taking the stoichiometry into account, the air flow
ate necessary for the stack reaction is calculated as shown in Eq.
5).

˙ reac,air = Pe

4FVcell
× 1

0.21
× �air (5)

.2. Heat management

Heat management of small PEM fuel cell stacks is mainly accom-
lished by supplying the fuel air ṁreac,air and cooling air ṁcool,air

ogether through the fan. The heating rate that is created by the
peration of the stack, Qst, should be equal to the sum of the cooling
ate from forced cooling by the fan (Qcool), natural heat dissipa-
ion (radiation + convection) (

∑
Qdis), and cooling rate from the

ow that participates in the electrochemical reaction (Qreac). This
elation is shown in Eq. (6).

st = Qcool +
∑

Qdis + Qreac (6)

Assuming that the water formed through electrochemical reac-
ions in the fuel cell is completely discharged in the vapor state and
hat the reaction enthalpy is entirely converted to electric energy,
he voltage of the fuel cell is 1.25 V (lower heating value basis). The
eating rate of the stack can then be expressed as follows using the
urrent of the fuel cell stack, Ist, and the number of cells, ncell [13].

st = (1.25 − Vcell)Istncell (7)

Natural heat dissipations from the stack are classified into con-
ection Qconv and radiation Qrad, as described in Eq. (8) [14].

Qdis = Qconv + Qrad (8)

The cooling rate from natural convection, Qconv, can be calcu-
ated using Eq. (9).

conv = hAst(Tst − T0) (9)

here h is the convection heat transfer coefficient and is a function
f the Nusselt number, NuL. The value of h can be calculated using
q. (10).

= k

L
NuL (10)

The Nusselt number changes with the shape of the heating ele-
ent; it can be calculated by Eq. (11) in the case of vertical plates,

y Eq. (12) in the case of the upper surface of horizontal plates, and
y Eq. (13) in the case of the lower surface of the fuel cell stack
12,14].

uL =
{

0.825 + 0.387Ra1/6
L

[1 + (0.5/Pr)9/16]
8/27

}2

(11)

here RaL = gˇ(Tst − T0)L3/�˛, Pr = �/˛.

uL = 0.54Ra1/4
L (104 ≤ RaL ≤ 107) (12)

uL = 0.27Ra1/4
L (105 ≤ RaL ≤ 1010) (13)
here L = Ast/Pm.
The cooling rate from natural radiation Qrad, can be expressed

s Eq. (14).

rad = hrAst(Tst − To) (14)
Fig. 1. Various heating and cooling rates in 150-W PEM fuel cell stack.

where hr is the radiation heat transfer coefficient calculated
using Eq. (15).

hr = ε�(Tst + To)(T2
st + T2

o ) (15)

Air used as fuel also participates in the cooling of the stack, and
the cooling rate is as follows:

Qreac = ṁreac,aircp�Treac (16)

The forced cooling rate from air supplied by the fan is as follows.

Qcool = ṁcool,aircp�Tcool (17)

where cp is the specific heat of air at constant pressure, �Treac is
the temperature difference in the reaction air, and �Tcool is the
temperature difference in the cooling air.

Thus, the heating rate of the stack, cooling rate of the reaction
air, and heat dissipation by natural convection and radiation can be
calculated using Eqs. (6)–(17) and plotted against the stack current,
as shown in Fig. 1. The total air flow rate for the cooling of the 150-
W PEM fuel cell stack supplied by the fan can be calculated using
Eq. (18).

ṁcool,air = Qst −
∑

Qdis − Qreac

cp�Tcool
(18)

2.3. Optimal selection and control of BOP

2.3.1. Optimal selection of BOP
Since the fan consumes most of the BOP power in small fuel cell

systems, the efficiency and stability of the overall system can be
improved by optimal selection and control of the fan. Conditions
for selecting the fan include efficiency, ability to be controlled by
a microcontroller, ability to be operated without sparks, and reli-
ability. In addition, the fan must have enough capacity to supply
the required flow. To select an optimal fan, the air flow rate nec-
essary for operation of the fuel cell stack must first be calculated.
This can be calculated as the sum of the air flow rate necessary to
carry out the reaction shown in Eq. (5) and the air flow rate neces-
sary to achieve cooling according to Eq. (18). As shown in Fig. 2, the
calculated air flow rate matched the experimental air flow rate dur-
ing steady-state operation. However, the relationship between the
required air flow rate and the stack current is not linear and online
calculation of the value is not efficient because of the long calcula-
tion time required by the microcontroller. Moreover, it presumes
the use of multiple temperature and humidity sensors. Therefore,
in this study, we calculated the air flow rate required for each stack
current, ṁref , in advance and carried out curve-fitting to convert

the values into the polynomial expression shown in Eq. (19).

ṁref = −0.0004I3
st + 0.00062I2

st + 0.0207Ist − 0.0124 (19)

Using the maximum air flow rate calculated above, we selected
an optimal fan for the supply of air in the fuel cell system. First,
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Fig. 4. Step response of fan.

Table 1
Extracted fan parameters.

Parameter Value
Fig. 2. Calculated and measured air flow rate and fitted curve.

fter finding the system resistance curve that gives the static pres-
ure according to air flow rate, we compared the curve with the
erformance curve of the fan provided by the manufacturer. The

ntersection of these two curves gives the operating point of the
an in the fuel cell system. Therefore, when the fan is operated at
ts rated value, the total air flow rate necessary for the fuel cell stack

ust be satisfied at the operating point. The power consumption
ust also be small.
Fig. 3 shows the system resistance curve of the 150-W PEM fuel

ell system used in the experiment and the performance curves of
hree fans. From Eq. (19), the maximum air flow rate required for
peration of the small PEM fuel cell stack in this study is approx-
mately 0.68 m3 min−1 at a current of 10 A. Because two fans are
ttached to the left and right of the stack for uniform cooling, the
ated flow of each fan should be approximately 0.17 m3 min−1.
f the three fans shown in Fig. 3, fan 3 supplies approximately
.17 m3 min−1 at the operating point but has a high power con-
umption of 2.52-W. Fan 2 exhibits the lowest power consumption
f 1.68-W but cannot supply the necessary air flow rate. Thus, we
elected fan 1, which can supply an air flow rate of 0.17 m3 min−1

nd has a low power consumption of 2.40-W.
The purge valve for the discharge of surplus water should also

ave a low power requirement. It must withstand the flow of water
ischarged at the operating pressure. We used a small solenoid
alve requiring 2.0-W of power and appropriate for a flow of
3 l min−1 at 25 psig.
.3.2. Control of BOP
Speed control of the fan is mandatory to reduce the average

ower consumption and to quickly supply the standard air flow

Fig. 3. Performance curves of fans and system resistance curve.
Gain, K 67.3
Damping ratio, � 1.12
Natural frequency, ωn 1.12

rate. There are various methods for fan speed control. To perform PI
(proportional-integral) control, we used the internal PWM (pulse
width modulation) method because it has high accuracy, a rela-
tively low noise level, no power loss from external constituents,
and high efficiency. The normal transfer function of the angular
velocity against the terminal voltage of a BLDC (brushless direct
current) motor is expressed in Eq. (20) [15]. This transfer function
of the fan must be known to design the speed controller of the fan.

G(s) = ωm(s)
V(s)

= Kω2
n

s2 + 2�ωns + ω2
n

(20)

We estimated the transfer function using LabVIEW 8.6 with Sys-
tem Identification Toolkit 4.0 after performing an experiment on
fan step response. Fig. 4 shows the response characteristics of the
fan against step voltage input, and the response from the estimated
model corresponds to the experimental result. As shown in Fig. 4,
the fan showed an overdamped characteristic with no overshoot.
Table 1 summarizes the extracted fan parameters.

The step response time of the system is approximately 6 s and
such a slow transient response delays the supply of necessary air.
To improve the transient response of the BLDC fan, a PI controller
defined in Eq. (21) [16] was used for the inner control loop, as shown
in Fig. 5. The controller was designed to meet a suitable phase mar-
gin (45◦ in this case) at the gain-crossover frequency to guarantee
system stability. Fig. 6 shows bode plots of the fan with open-loop
and closed-loop control. The proportional and integral gains of the
PI controller for the inner control loop are listed in Table 2.

C(s) = Kin
p + Kin

i

s
(21)
Thus, the closed-loop transfer function of the fan can be obtained
by multiplying Eqs. (20) and (21) in the frequency domain; the
transfer function must be converted to a discrete-time linear trans-
fer function for actual implementation in the microcontroller; this

Table 2
Gain of inner PI controller.

Parameter Value

Proportional gain, Kin
p 0.12

Integral gain, Kin
i 0.0032
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Fig. 5. Block diagram of proposed cont

s done by using bilinear transformation as shown in Eq. (22) [16].

CL(z) = G(z)C(z)
1 + G(z)C(z)

= a0z3 + a1z2 + a2z + a3

b0z3 + b1z2 + b2z + b3
(22)

here
0 = 0.00035, a1 = 0.00036, a2 = −0.00036, a3 = −0.00035

0 = 1, b1 = −2.97004, b2 = 2.94064, b3 = −0.97095

Fig. 6. Open-loop and closed-loop bode plots of BLDC fan.
orithm for small PEM fuel cell system.

The air flow rate necessary for stack reaction and cooling with
consideration of the MEA water management can clearly be calcu-
lated using Eq. (19) from the stack current. Also, according to the
transient response characteristic of the fuel cell stack, the transient
response of the voltage has a time delay compared to the response
speed of the current when rapid load changes occur. Therefore, the
air flow rate calculated using Eq. (19) from the stack current must be
static feed-forward controlled, as shown in Fig. 5, for a quicker sys-
tem response. In addition, the outer control loop that controls the
voltage feedback of the fuel cell stack is configured to be 10 times
slower than the inner control loop that controls the fan speed. A
moving-average method is applied to the feedback voltage to form
a loop that is insensitive to noise or instantaneous stack voltage
changes.

The outer control loop calculates the difference between the
feedback voltage and the stack voltage in the steady state to cre-
ate a correction term. This term is added to the reference air flow
rate generated by the static feed-forward loop. Accordingly, the
reference air flow rate calculated with the stack current by the
static feed-forward control loop is supplied quickly to the stack
through the inner control loop to obtain the necessary fuel supply
and achieve heat management. Feedback of the stack voltage allows
operation of the fuel cell stack at the optimal operating point via the
correction supplied by the outer loop. Table 3 lists the PI controller
gain for the outer control loop.

However, in small PEM fuel cell systems, because water man-
agement in the MEA is also carried out by controlling the air flow
rate using the fan, the flow added or reduced by the outer loop must
not influence the water management. The condition for sufficient
water in the MEA inside the PEM fuel cell stack is that the relative
humidity of the cathode exit air must be kept between 80% and
100%, and this should be maintained even if the flow supplied to
the stack by the outer loop is changed. Therefore, if there is a correc-

tion for the air flow rate from the outer control loop, the supplied air
flow must be limited to prevent the relative humidity at the cath-
ode exit from falling below 80%. Similarly, the minimum air flow
rate is the value that prevents the relative humidity at the exit from
exceeding 100%. In the outer loop control, limitation of the air flow

Table 3
Gain of outer PI controller.

Parameter Value

Proportional gain, Kout
p 0.024

Integral gain, Kout
i 2.0e−05
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ig. 7. Relationship of relative humidity and temperature with various stoichiome-
ries.

ate is necessary to satisfy these conditions. Here, since changes
n the temperature of the cathode exit air are much slower than
hanges in the voltage, the influence of temperature change does
ot need to be considered. Fig. 7 shows the relationships between
athode exit air temperature and relative humidity with various
toichiometries.

On the cathode side of the fuel cell stack, water is formed as a
yproduct of the electrochemical reaction, and the amount of water

ncreases linearly as the stack current increases. In the aforemen-
ioned control algorithm, the air stoichiometry is selected to keep
he relative humidity of the exit air between 80% and 100% to ensure
ufficient water circulation in the MEA by electro-osmotic drag and
ack diffusion. However, when the stack operates in high-current
onditions, water formed by the reaction accumulates in the anode
ecause the amount of water from back diffusion becomes larger
han that from electro-osmotic drag. Accumulation of surplus water
n the anode causes flooding and to prevent this, discharge of water
hrough the purge valve is required [12]. In this study, the optimal
urge cycle of the stack giving the best performance under differ-
nt load conditions is measured experimentally. The purge valve is
ontrolled by an ATmega128 microcontroller via the PFM (pulse fre-
uency modulation) method based on the polynomial expression
Eq. (23)) obtained by curve-fitting, as shown in Fig. 8.

purge = −0.160I3
st + 3.310I2

st − 22.43Ist + 55.84 (23)
. Experimental

The 150-W PEM fuel cell stack used for the experiment is com-
osed of 24 unit cells and 3 cooling cells. The cell was manufactured
y BCS Fuel Cells and has an electrode area of 50 cm2. Since the

ig. 8. Optimal purge cycle showing best performance at different load conditions.
Fig. 9. Flowchart for proposed control algorithm of small PEM fuel cell system.

use of hydrogen at 99.99% purity is required, high-purity hydrogen
stored in a compressed gas cylinder under 100 atm was reduced
to 0.2 atm using a pressure regulator before being supplied to the

stack. At the end of the anode, a solenoid valve is connected for the
purging. Because the system has no separate humidification device,
it is appropriate for use as a small power source.

Fig. 10. Control of small PEM fuel cell stack by SFFC using look-up table.
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Fig. 11. Power profile applied to fuel cell stack.
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Fig. 14. Comparison of operating points for each control method.
Fig. 12. Dynamic response of BLDC fan with PI controller.

To implement the proposed control algorithm, ATmega128, an
-bit microcontroller from Atmel, was used to create a control cir-
uit. A sensing circuit, LabVIEW 8.6, and a PCI-6154 were used
o record values for the fuel cell stack on a real-time basis. PCI-
154 is a simultaneous sampling multifunction I/O device for PCI
us computers from National Instruments [17]. It is an isolated
CI device featuring four isolated differential 16-bit analog inputs,
our isolated 16-bit analog outputs, six DI lines, four DO lines, and
wo general-purpose 32-bit counter/timers. All A/D converters and
/A converters are capable of handling a max sampling rate of
50 kS s−1 for each channel. Fig. 9 shows a flowchart of the pro-
osed control algorithm implemented in the microcontroller. A

mall 150-W PEM fuel cell system and control circuit were devel-
ped and used for the experiment.

To test the performance and efficiency of the developed con-
roller, we compare the conventional SFFC (static feed-forward

Fig. 13. Voltage and current waveforms of stack for each control method.
Fig. 15. Hydrogen consumption of stack for each control method.

control) method (Fig. 10) developed using a look-up table [11,18]
and the SFFC + DCC (static feed-forward control + dual closed-loop
control) method proposed in this paper by performing identical
experiments. In the experiments, the 150-W PEM fuel cell stack is
loaded according to the power profile shown in Fig. 11.

4. Results and discussion

Fig. 12 shows the dynamic response waveform of the fan con-
trolled by the PI controller. The fan speed that can supply the
required air flow rate calculated from the stack current becomes
the command value. As can be seen in Fig. 12, the fan satisfacto-
rily follows the command speed. In addition, the comparison of the
step response characteristics shown in Figs. 4 and 12 revealed that
using the PI controller shortened the time taken to follow the speed
command value, and therefore the design of the fan controller was
carried out appropriately.

Fig. 13 shows the voltage and current waveforms of the fuel
cell stack using the SFFC and SFFC + DCC control methods when
the load varies as shown in Fig. 11. As can be seen in Fig. 13, both
methods show stable tracking performance as load power changes,
but the stack voltage of the proposed method is higher than that
of the conventional method. In contrast, the stack current of the
proposed method is lower than that of the conventional method.
This means that the operating points of the two control methods
are different although the same power is extracted from the fuel
cell stack, as shown in Fig. 14. Moreover, the fuel consumptions
are different as shown in Fig. 15. After applying the power profile

for 120 s, the electric energy supplied to the load and the number
of moles of hydrogen consumed are 6489 J and 0.0635 mol for the
conventional method, and 6475 J and 0.0601 mol for the proposed
method, respectively. The average stack efficiency was calculated to
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e 42.24% and 44.53%, respectively. Therefore, the proposed control
ethod allows the stack to run at its optimal operating point and

mproves the fuel-to-power efficiency.

. Conclusion

A novel dual closed-loop method with a static feed-forward con-
rol was proposed in this paper to control a small PEM fuel cell
ystem, and the algorithm was implemented using a microcon-
roller. The proposed method improved the slow transient response
f a fan via inner PI control and supplied the air flow rate calculated
rom the stack current via static feed-forward control. Any out-
ut voltage deviation from the steady-state value can be corrected
y feeding it into the additional outer PI controller to generate a
orrection term for the air flow rate, thereby improving system
fficiency and achieving operation stability. The proposed control
lgorithm is expected to be useful for controlling small fuel cell
tacks.
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