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a b s t r a c t

This work presents a new fuel sensor-less control scheme for liquid feed fuel cells that is able to control
the supply to a fuel cell system for operation under dynamic loading conditions. The control scheme uses
cell-operating characteristics, such as potential, current, and power, to regulate the fuel concentration
of a liquid feed fuel cell without the need for a fuel concentration sensor. A current integral technique
eywords:
iquid feed fuel cell
uel sensor-less control
irect methanol fuel cell
ethanol crossover

has been developed to calculate the quantity of fuel required at each monitoring cycle, which can be
combined with the concentration regulating process to control the fuel supply for stable operation. As
verified by systematic experiments, this scheme can effectively control the fuel supply of a liquid feed
fuel cell with reduced response time, even under conditions where the membrane electrolyte assembly
(MEA) deteriorates gradually. This advance will aid the commercialization of liquid feed fuel cells and
make them more adaptable for use in portable and automotive power units such as laptops, e-bikes, and
handicap cars.
. Introduction

Liquid feed fuel cells, such as the direct methanol fuel cells
DMFCs), have some inherent advantages over conventional power
ources, such as power units, for use in mobile, portable, and low
ower automotive applications. A DMFC uses methanol as fuel
ather than hydrogen, eliminating the problem of hydrogen stor-
ge, reducing the risk of explosion, and significantly increasing
he convenience and safety of fuel cells. Portable products grow
ith increasing human demand, in that the more functions they
ave, the more power they consume. A DMFC system is simple
without reformers and humidifiers) and the theoretical energy
f methanol is much higher than that of hydrogen and lithium
atteries. Therefore, DMFCs have attracted worldwide research
ttention and are adaptable to portable and automotive applica-
ions, such as laptops, PDAs, camcorders, e-bikes, and handicap
ars.

The operating characteristics of a DMFC, such as methanol con-
entration, reactant flow rates, and temperatures of the stack and

nvironment, all considerably influence the behaviors of the DMFC
ystem. Among those operating characteristics, methanol concen-
ration is one key factor that significantly affects the performance
nd fuel utilization of the DMFC. Methanol crossover from anode

∗ Corresponding author. Tel.: +886 3 4711400x6855; fax: +886 3 4711409.
E-mail address: clchang@iner.gov.tw (C.L. Chang).

378-7753/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
oi:10.1016/j.jpowsour.2009.09.012
© 2009 Elsevier B.V. All rights reserved.

to cathode through a Nafion membrane, which causes a mixed
potential on the cathode and reduces the overall cell voltage, is a
well-known problem that hinders the development of DMFC [1,2].
Due to methanol crossover, practical operation of a DMFC requires
accurate control of the methanol concentration within a prede-
termined range. The conventional approach is to use a methanol
concentration sensor in a closed loop of fuel circulation. However,
many requirements exist for methanol concentration sensors for
DMFC [3]. Existing affordable products that meet all desirable cri-
teria are not yet readily available. Furthermore, methanol sensors
that have been developed using electrochemical methods [4] have
issues, such as performance degradation of the MEA, which result
in poor stability and durability. Methanol sensors based on physi-
cal properties, such as sound speed, density, or refractometry, are
also sensitive to carbon dioxide bubbles and the pulse wave of
the circulation pump in the fuel loop. In addition, methanol con-
centration sensors, regardless of whether they are designed using
physical or electrochemical principles, exhibit a marked depen-
dency on temperature. Measurement efforts and data sets will
be large, complicated, and costly for development. Furthermore,
when a methanol sensor is used, experimental tasks, such as cal-
ibration for each sensor, are necessary. Although the fuel sensor

approach can be used to control fuel concentration, it nevertheless
has the shortcomings of increased weight, size, complexity, and
cost of the liquid feed fuel cell. Accordingly, the development of
fuel sensor-less control of liquid feed fuel cells has received much
more attention in recent years.

http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
mailto:clchang@iner.gov.tw
dx.doi.org/10.1016/j.jpowsour.2009.09.012
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Nomenclature

F Faraday’s constant (96,480 C mol−1)
G gain factor, determined experimentally
In the nth current load of stack (n = 1, 2, 3, . . ., N) (A)
Ir reference load
IR-DTFI impulse response based on discrete time fuel injec-

tion
IR-CIDTFI impulse response based on current integral and

discrete time fuel injection
k compensation factor for fuel consumption during

injection delay period
M(In) amount of fuel injected at each cycle when subject

to load current In (mg)
n number of electrons exchanged
R correction factor for fuel utilization
TID injection duration
TIDP injection delay period
TSMP specific monitoring period

Greek symbols
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�fuel(In) fuel utilization at load current In
�fuel(Ir) fuel utilization at load current Ir

The literature on fuel sensor-less control of liquid feed fuel cells
s relatively sparse [5–12]. Our previous investigations [8–9] have
iscussed most of the developments of fuel sensor-less control for
MFCs. Shen et al. [10] developed a fuel supply control system

or DMFCs by calculating a temperature difference between the
redetermined working temperature and the fuel area tempera-
ure, and then generating a fuel supply speed by adjusting a preset
peed according to that temperature difference. This is a special
ase occurring when the load current is fixed and thus, its applica-
ions may be limited whenever the fuel cell system is subjected to
ynamic load. Ha et al. [11] presented a sensor-less control logic
ystem that can operate based on estimation of methanol con-
umption rates for DMFC systems. The calculation of the methanol
onsumption rate in this paper did not consider the methanol quan-
ity that escapes via vapor from the mixing tank.

Our previous papers [8–9] have presented a fuel sensor-less con-
rol algorithm (IR-DTFI) with a fixed injection quantity at each cycle,
hile the specific monitoring period was modulated to regulate the

oncentration such that the fuel concentration and power output
ere controlled within an acceptable range. The specific monitor-

ng periods were equal to or longer than 40 s, namely, the IR-DTFI
ontrol algorithm controlled the DMFC system behavior through
he system responses of the last cycle of 40 s. The specific moni-
oring periods depend on the total amount of methanol solution in
he mixing tank and the anode compartment of the fuel cell sys-
em. We have successfully demonstrated a 40 W DMFC power pack
or power sources in notebooks and DVD players that are embed-
ed with the IR-DTFI control scheme for control of fuel supply. In
his paper, a modified impulse response based on current integral
nd discrete time fuel injection control scheme (abbreviated as
R-CIDTFI henceforth) is presented. The fuel injection behavior is
reated as an impulse while the response is taken as the control
bject. The discrete time fuel injection is an important feature for
he IR-CIDTFI control scheme. A shortened monitoring period (5 s
r less) is explored for faster system response and greater stability.

new current integral technique with a fixed domain for calculat-

ng the fuel injection quantity is proposed and validated, which is
hen successfully combined with the IR-CIDTFI control algorithm
o control the fuel supply in DMFCs for low power automotive
pplications such as e-bikes and handicap cars.
Fig. 1. An experimental 16-cell bipolar plate stack.

2. Experimental

2.1. Stack development

This study adopts two homemade stacks designed and fabri-
cated with conventional bipolar plates and parallel serpentine flow
fields [13–15], one of which is a 40 W stack with 20-cells, where
each cell contains one commercial product with a five-layer MEA,
as shown in Fig. 1; the active area of each MEA is 50 cm2. The 20-cell
stack is used in Sections 3.1 and 3.2. The other is a 25 W stack with
16-cells, which is used in Sections 3.3–3.5. Both stacks show that
our DMFC power packs of compact size are suitable for portable
power sources.

2.2. The IR-CIDTFI control strategy for the DMFC system under
dynamic load conditions

Fig. 2 is a flow chart depicting the steps in the IR-CIDTFI method
for supplying fuel to a fuel cell. Fig. 3 shows schematic diagrams
of the measurement system, system control, and fuel-feeding unit
for verification and evaluation of the IR-CIDTFI control scheme.
Our previous work [9–10] has discussed the details regarding the
IR-DTFI control scheme, which is similar to the IR-CIDTFI control
scheme presented in this paper. The specific monitoring period can
be regarded as the response time of the IR-CIDTFI control scheme.
The major differences between the control schemes are stated in
the following: in step A1, a specific monitoring period (5 s or less)
is explored and verified for effective control of the fuel supply. As
illustrated in our previous work [9–11], the specific monitoring
period is greater than 40 s and the injection quantity is fixed at each
monitoring cycle. The IR-CIDTFI control scheme adopts the current
integral function for calculating the fuel consumption during each
monitoring cycle, shown in step A14. A specific amount of fuel for
injection into the fuel cell is calculated according to Eq. (2), which
is the current integral function and will be explained in Sections
2.3 and 3.1.

2.3. Relationship between the fuel supply and dynamic load

According to Faraday’s Law, electrolysis of the methanol in the
DMFC is a function of load current, which is shown in Eq. (1).
MO = 1
nF

∫
Idt (1)

where MO is the amount of methanol electro-oxidized (mol), n is
the number of electrons exchanged, F is the Faraday’s constant
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96,480 C mol−1), I is the current (A), and t is the time required for
he electro-oxidation current to fall from I to zero (s).

Based on Faraday’s law, we proposed and developed a current
ntegral equation for calculation of fuel quantity injected at each
ycle for the aforementioned IR-CIDTFI control scheme. The general
attern is shown in Eq. (2).
M(In) = G ×
∫ t2

t0

In × Rdt + k × G ×
∫ t4

t2

In × Rdt, where,

R = �fuel(Ir)
�fuel(In)

(2)

Fig. 2. Flow chart of the IR-C
ources 195 (2010) 1427–1434 1429

where M(In) is the amount of fuel injected at each cycle when sub-
jected to load current In (g), In is the nth current load of DMFC (n = 1,
2, 3, . . ., N) (A), R is the modification factor for fuel utilization, k is
the compensation factor for fuel consumption during the injection
delay period, t is the time of monitoring period (s), t0, t2, t4 are the
time domain boundary conditions for Eq. (2) illustrated in Fig. 4,
�fuel(In) is the fuel utilization at load current In, and Ir is the ref-

erence load. G is a function related to the following factors: the
unit weight at each injection, the electron transfer number n of
the fuel cell electrochemical reaction, the Faraday constant F, and
operation parameters as well as system configurations. When the

IDTFI control scheme.
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Fig. 3. Schematic diagrams of the measurement system, system control, and fuel-
feeding unit for verification and evaluation of the IR-CIDTFI control scheme.
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ig. 4. The typical load profile for current integral at each cycle; t0 is the time point
t which fuel is injected, the duration between t0 and t2 is the specific monitoring
eriod (TSMP); the duration between t2 and t4 is the injection delay time (TIDP, P1 < P2).

peration parameters and system configurations of the DMFC sys-
em are determined, G will be a constant, which can be determined
hrough experiments. The consumption of methanol in the DMFC
aries with different loads and can be classified in three parts: oxi-
ation of methanol at the anode, methanol crossover from anode

o cathode, and methanol escape as vapor. At any load In, the three
arts mentioned above can be related to the fuel utilization func-
ion �fuel(In). Our previous work [10–11] has illustrated a method
or use of R (modification factor for fuel utilization) to calculate the
uel quantity demanded under dynamic loading conditions, while

Fig. 5. The test apparatus for evaluating
ources 195 (2010) 1427–1434

the fuel utilization function �fuel(In) at any load In can be obtained
experimentally in advance. At first, M(Ir) and G values required to
sustain the reference load Ir can be found with the R value set to
one through experiments. Then, M(In) at any low load In can be
calculated according to Eq. (2).

The first term of Eq. (2) calculates the fuel consumption during
the specific monitoring period (TSMP). The second term of Eq. (2),
discovered by experiments and explained in Section 3.1, is related
to compensation for fuel consumption during the injection delay
period (TIDP). Originally, in our previous work [9–10], the second
term of Eq. (2) did not exist. The function of the injection delay
period was to exhaust excessive fuel that accumulated in the early
injection cycles. When the TSMP is reduced from 40 s to 5 s, the unit
weight of fuel injected at each cycle can be reduced from 400 mg
to 50 mg. The second term of Eq. (2) should function to solve the
problem, as seen in Section 3.1. It is worthwhile to note that Eq.
(2) is not meant to be used for theoretical prediction of the exact
quantity of methanol that the fuel cell consumes at each cycle, but
is meant to provide a rational value that can cooperate with the
IR-CIDTFI algorithm to control the fuel supply for fuel cell for good
load-following characteristics and stable operation.

With regard to application of the current integral equation, there
are two kinds of approaches. One is to perform the integral of the
load current at a fixed domain (a constant period, such as 5 s). In
a fuel cell, the integration of load current during a constant period
(5 s) is proportional to the fuel consumption. This work will present
this point of view by setting TSMP as a constant while varying the
amount of fuel injected at each cycle. Another approach is to per-
form the load current integral until it reaches a specific value, so
that the domain of the current integral can be variable while the
amount of fuel injected at each cycle is a constant value, which will
be presented in the near future.

2.4. Test apparatus for evaluation of the IR-CIDTFI control
algorithm
Fig. 5 shows the test apparatus for evaluation of the IR-CIDTFI
control algorithm as applied to the DMFC. The major parts of the
instruments are the same as shown in our previous work [10]
except that the following items were changed:

the IR-CIDTFI control algorithm.



C.L. Chang et al. / Journal of Power S

F
c
(

(

(

A
a
1
n
m

3

3

a
d
e
A
o
T
t
o
a
t
a
m
i

cell stack is discharged at a constant current of 4 A with k set to
1/3, 1/2, 1/6, 1/1, and 1/4 in sequence, and thus, the effect of the
fuel compensation factor with regard to the performance of the IR-
CIDTFI control algorithm can be measured. There were four 1-min
ig. 6. Operating characteristics of the 20-cell stack under steady load, which is
ontrolled by the IR-CIDTFI algorithm for verifying Eq. (2) (TSMP: 5 s; G: 3.125
mg (A s)−1)).

1) The second item in previous work [10]: A dosing pump (with
fluid transmission, a pure methanol reservoir, and a mixing
tank) was serially controlled for injection of methanol into the
mixing tank with accuracy of ±2% and changeable flow rate
from 30 �L min−1 to 30 mL min−1.

2) The fourth item in previous work [10]: A pulse generator (GW
INSTEK PHS-3610) was actuated by a computer and used to
generate pulses to drive the water pump.

ll experiments were conducted at room temperature (23–28 ◦C)
t a relative humidity of 42–80% with an anode flow rate of
58 mL min−1 and a cathode air flow rate of 6 L min−1 under the
ormal ambient conditions of portable electronic devices and auto-
otive applications.

. Results and discussion

.1. Steady load test mode

Steady load is currently the most useful load pattern for fuel cell
pplications. In the steady load test mode, two experiments with
ifferent compensation factors have been conducted to realize the
ffect of compensation factor k on the IR-CIDTFI control algorithm.
s shown in Fig. 6, the 20-cell stack is discharged at constant current
f 2 A, and the experimental configurations are shown in Table 1.
he compensation factor k in Eq. (2) calculates the fuel consump-
ion during the TIDP and affects the load-following characteristics
f the IR-CIDTFI control scheme. The power curve of segments 1

nd 5 remains flat and acceptable with k set to 0.5. The ratio of
he amplitude of the power oscillation to the mean power was
bout 0.8%, which is spectacularly small as compared with perfor-
ance figures (4–10%) reported in our previous work [9–11]. This

s because the TSMP of our previous works is greater than 40 s with

Table 1
Configurations for the validation of the IR-CIDTFI control algorithm
and the current integral in Eq. (2) under steady load.

Segment Time (min) k

1 0–20 1/2
2 20–80 0
3 80–90 1/2
4 90–110 1
5 110–200 1/2
6 200–280 0
7 280–300 1
ources 195 (2010) 1427–1434 1431

the amount of injection fuel at each cycle measuring about 400 mg.
When the TSMP is greatly shortened from 40 s to 5 s, the fuel injec-
tion quantity in each monitoring cycle can be reduced from 400 mg
to 50 mg, which brings about smaller concentration variation and
therefore smaller power fluctuation. In segments 2 and 6, the fuel
consumptions during the TIDP are not considered with k set to 0.
The power curve dropped dramatically, from 17 W to 10 W, at the
39 min mark in segment 2 and the same phenomena was repeated
again at 218 min in segment 6, which signifies insufficient fuel sup-
ply. The power curves remain flat during the periods from 20 min
to 39 min and 200 min to 218 min because it takes about 18 min to
consume enough methanol in the fuel cell system to reach a new
lower fuel concentration. In segments 2 and 6, there are no fuel
compensations (k = 0) at the end of each TIDP. Based on experimen-
tal observations, the injected amount of fuel at each cycle is quite
small (50 mg), which often enables the power curve to climb up at
the judgment point, 5 s from the start of each cycle. This causes the
TSMP to extend from 5 s to 10–20 s quite frequently and results in
insufficient fuel supply. This is a problem, as stated in Section 2.3,
which caused by the injection quantity and the judgment mecha-
nism in the IR-CIDTFI control scheme, where the fuel consumption
during the TIDP is not calculated (k = 0). Therefore, the addition of
the second term of Eq. (2), which calculates the fuel consumption
during the TIDP as in segments 1 and 5 and injects fuel at the end of
each TIDP, helps to compensate for the fuel consumption and solves
the problem as seen in segments 2 and 6. In segment 3, the param-
eter k is changed from 0 to 0.5 for 10 min. The power curve climbs
up from 10 W to 14 W and tends to remain at 14 W. It takes more
time for recovery from 10 W to 17 W with k set to 0.5. In segment 7,
the power climbs rapidly from 10 W to 17 W with k changed from
0 to 1. Therefore, the parameter k clearly affects the load-following
characteristics of the DMFC system. This experiment validates the
effectiveness of the IR-CIDTFI control algorithm and the current
integral function for the DMFC system under steady load. As shown
above, the second term of Eq. (2) is necessary, in general, and the
following experiment will identify the optimum value of k.

Fig. 7 shows the performance test results for finding the opti-
mum parameter k of the fuel compensation factor in Eq. (2) under
steady load. The related configurations of the experiment are
shown in Table 2. The experiment takes place as follows: the 16-
Fig. 7. Performance test for finding the optimum parameter k of the fuel compen-
sation term for Eq. (2) (TSMP: 10 s; G: 3.125 (mg (A s)−1)).
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Table 2
Configurations for finding the optimum parameter k for the fuel
compensation term in Eq. (2) under steady load.

Segment Time (min) k

1 0–60 1/3
2 61–120 1/2
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Fig. 9 shows the performance test results of the 20-cell stack
under the ladder steps load which starts from 0.5 A to 5 A with a
step of 0.5 A. The value of R at different loads can be calculated by
way of the empirical formula (3). The cumulative injection times
are plotted in blue triangles in Figs. 9 and 10. Thus, the horizontal
3 121–150 1/6
4 151–220 1/1
5 221–280 1/4

reaks in this experiment for recovery from temporary degrada-
ion of the MEAs. The power profiles of segments 3 and 5 show
eclining trends in the curves, which translate to insufficient fuel
upply. The power and temperature profiles of segment 4 with
= 1 show some fluctuations, which signals excessive fuel sup-
ly that still can be regulated by the IR-CIDTFI control algorithm.
nly the power profiles of segments 1 and 2 are stable, with lit-

le fluctuations as compared to the other segments. Therefore, for
steady load, the optimum value for fuel compensation factor k
ould exist between 0.5 and 0.34. When subjected to an increasing

oad, the DMFC system may demand more fuel for good load-
ollowing characteristics such that k = 1 would be a more suitable
hoice.

.2. Dynamic load test mode

In order to investigate feasibility of the IR-CIDTFI control scheme
nd the current integral function under dynamic loads, the test
oads were scheduled to switch between 1 A and 4 A in sequences

ith a period of 60 min. The test configuration shown in Table 3
ncludes various combinations of fuel supplies to evaluate the effect
f correction factor R for fuel utilization in Eq. (2). The 1 A load was
sed to simulate the BOP load, and 4 A was used to simulate full

oad. The fuel utilization at 4 A and 1 A were measured to be 0.68
nd 0.52, respectively. Fig. 8 shows the experimental results. In
egments 2 and 6, the fuel supplies were tuned to be just adequate
o sustain the high load of 4 A with R set to 1, which is taken as
reference standard for the fuel supply calculation in the other

egments. When the fuel supply quantity for the high load of 4 A
s obtained through experiments, Eq. (2) can be applied to calcu-
ate the quantity of fuel supply for the low load of 1 A with R set
o 1.31 (=0.68/0.52), which is set in segments 1 and 3. The power
rofiles of segments 1, 2, 3, and 6 show good performances with

ittle fluctuations, as compared with other segments, because their
uel supply calculations were just enough to sustain the loads. The
uel supply for 4 A in segments 4 and 8 were excessive with R set
o 1.31, and the power profiles fluctuated to a large extent, where

he high concentration of fuel still could be regulated by the IR-
IDTFI control scheme. The fuel supplies for 1 A in segments 5 and
were insufficient with R set to 1 (i.e., without fuel utilization cor-

ection) and thus the power curves decayed with negative slope

able 3
xperimental parameters for the evaluation of R (modification factor of fuel uti-
ization) in the IR-CIDTFI control scheme, when the 16-cell stack was subjected to
ynamic load.

Segment Time (min) Fuel efficiency correction
factor (R)

Load current (A)

1 0–60 1.31 1
2 61–120 1 4
3 121–180 1.31 1
4 181–240 1.31 4
5 241–300 1 1
6 301–360 1 4
7 361–420 1 1
8 421–480 1.31 4
Fig. 8. Effect of R (the correction factor for fuel utilization) on the IR-CIDTFI control
scheme, when the 16-cell stack was subjected to dynamic load (TSMP: 10 s; G: 3.125
(mg (A s)−1), k = 0.5).

and both dropped suddenly at the time intervals of 287–300 min
and 410–420 min, respectively.

3.3. Ladder step load test mode

In Sections 3.3 and 3.4, the 20-cell stack is used as the test unit.
Three experiments are designed to investigate the load-following
characteristics of the IR-CIDTFI algorithm under the ladder step
loads and pulse loads. An empirical formula (3) for the fuel uti-
lization function (�fuel) of the 20-cell stack was obtained by curve
fitting of discrete load data.

�fuel(I) = 0.0492 + 0.873 × I − 0.6 × I2 + 0.21 × I3

−0.035 × I4 + 0.0022 × I5 (0.2 < I < 5.1) (3)
Fig. 9. Dynamic response of the 20-cell stack subjected to ladder step increasing
load with the fuel supply under the IR-CIDTFI algorithm control (TSMP: 5 s; G: 3.125
(mg (A s)−1), k = 0.5).
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ig. 10. Dynamic response of the 20-cell stack subjected to ladder step decreasing
oad with the fuel supply under the IR-CIDTFI algorithm control (TSMP: 5 s; G: 3.125
mg (A s)−1), k = 0.5).

ength of each of the blue bars represents the period between two
onsecutive injections at each monitoring cycle. As shown in Fig. 9,
wo significant injection delay periods are found to regulate con-
entration in 1 A and 4.5 A in situations that last for about 1 min.
uring those injection delay periods, no further fuel is fed into the
ixing tank and the excessive fuels are regulated gradually in those

eriods.
Fig. 10 shows the performance test results of the 20-cell stack

nder ladder step loads, which start from 5 A and proceed down to
.5 A with a step of 0.5 A. As portrayed in Fig. 10, three significant

njection delays occurred in the 4 A and 3.5 A regions that regu-
ated the fuel concentration. The power and temperature curves of
igs. 9 and 10 show that the stack operates normally with little fluc-
uations while injection delays, triggered by the IR-CIDTFI control
cheme, occur occasionally to regulate the fuel concentration.

.4. Pulse load test mode

Fig. 11 shows the transient responses of a 20-cell stack subjected
o five sets of pulse load. The load pattern is designed to simulate

he switching behaviors that occur between different levels of a

ultilevel charger and with frequent on-off switching. When the
harger is switched off, the load is sufficient only to sustain the BOP.

hen a pulse load change occurs from a low current to a relative

ig. 11. Dynamic response of the 20-cell stack subjected to pulse load with the
uel supply under the IR-CIDTFI algorithm control (TSMP: 5 s; G: 3.125 (mg (A s)−1),
= 0.5).
Fig. 12. Performance of the 16-cell stack as a power source for a DVD player under
IR-CIDTFI algorithm control (TSMP: 10 s; G: 3.125 (mg (A s)−1), k = 0.5. R = 1.09 for DVD
player load, R = 1.35 for BOP).

high current, the voltage and power response gradually approaches
the steady-state value at relatively high current load, but tends to
show a sharp rise at low current load that results in an overshoot
and slow relaxation back to the steady-state value. The R value at
different loads can be calculated according to empirical formula
(3). There are three significant injection delays, triggered by the IR-
CIDTFI control algorithm, in the periods of 8–9 min, 18–19 min, and
20–21 min, which regulate the methanol concentration occasion-
ally. From the above experiments, the fuel supplies are efficient for
the dynamic loads, and the response time and power fluctuations
are greatly reduced as compared with those data presented in our
previous works [9–11].

3.5. DVD player load test mode

Fig. 12 plots the performance characteristics of the 16-cell stack
with a real load using a DVD player and BOP for 220-min operation.
The DVD player was switched on and off randomly. The BOP con-
sumed approximately 3.5 W and the DVD player consumed 8–10 W.
When the DVD player was switched on, the stack output was main-
tained stably at approximately 13–14 W output under the control
of the IR-CIDTFI algorithm. When the DVD player was switched off,
the stack outputted approximately 3.5 W for BOP operation, which
caused the temperature of the stack to drop drastically. The power
output was stable and its fluctuation was small, mainly caused by
the variations of load current and fuel concentration. The experi-
mental result of the DVD player load test demonstrated that the
IR-CIDTFI algorithm effectively controlled the supply of methanol
under real loading conditions.

Judging from the temperature and power responses of all exper-
iments, we can conclude that the methanol concentrations are
controlled within acceptable range. There is no need for concern
regarding the fuel concentration with the application of the IR-
CIDTFI control algorithm during the operation of a liquid feed fuel
cell. The control algorithm results in power fluctuations that are
key features of the IR-CIDTFI control scheme. These fluctuations are
measured at the stack terminal and could be regulated through the
conditioning circuit for the load. Further study in the near future
will show that the current integral function can be implemented
in a fixed quantity in such as way that the fuel injection quantity

is fixed at each monitoring cycle while the duration between two
injections varies.

Experimental results systematically confirm that the IR-CIDTFI
control algorithm can control the DMFC such that it functions well
under both steady and dynamic loading. Fig. 13 shows a DVD player
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Fig. 13. Demonstration of a DVD player powered by a 40 W DMFC system.

Table 4
System characteristics of the DMFC power source for DVD player demonstrated by
INER.

Power 80 W
Output voltage 25 V
Weight 3 kg
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Hoon Lim, Chong-hun Han, Heung Yong Ha, Int. J. Hydrogen Energy 33 (2008)
Size 101 × 147 × 295 mm (4.4 L)
Fuel 100 wt.% MeOH, 500 c.c.
Operating temperature 60–70 ◦C
Continuous operation 8–10 h

owered by a 40 W DMFC power system that embedded with our
uel sensor-less control algorithm. The detailed system character-
stics used to power the DVD player are listed in Table 4, and we

ere able to demonstrate it successfully in July 2008.

. Concluding remarks
The IR-CIDTFI algorithm, an innovative fuel sensor-less con-
rol scheme for a liquid feed fuel cell system under dynamic
oading conditions, has been presented and verified experimen-
ally. Detailed control processes, implementation considerations,
nd experimental results are presented with the IR-CIDTFI con-

[
[
[
[

ources 195 (2010) 1427–1434

trol scheme. A new load current integral function with a fixed
domain has been validated, which calculates the amount of fuel
consumed during the last monitoring cycle and makes the DMFC
system more adaptable to dynamic loading conditions. A more
shortened response time of 5 s has been implemented successfully
in our DMFC power pack. Notably, the IR-CIDTFI control algorithm
can survive even when the stack degrades continuously. It is sim-
ple, easy to comprehend, and if implemented in liquid feed fuel
cells, would benefit the development of DMFCs. Consequently, the
advantages of the IR-CIDTFI control algorithm, such as reduced
weight, volume, and cost of DMFC, extended lifetime, increased
reliability, and simplified control algorithm, makes the liquid feed
fuel cell system highly promising for portable and low power auto-
motive applications.
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