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A Diesel-Powered Fuel Cell APU—Reliability
Issues and Mitigation Approaches

Boštjan Pregelj, Andrej Debenjak, Member, IEEE, Gregor Dolanc, and Janko Petrovčič

Abstract—The paper deals with reliability issues of a
diesel-powered fuel cell auxiliary power unit (APU). The unit
combines an autothermal diesel reformer and a proton ex-
change membrane fuel cell stack. The focal point is miti-
gation approaches for increasing the reliability of the com-
plete APU system. These include control strategies on the
one side, and electronic hardware solutions on the other.
The measures, guarantying safe, reliable, and long-life op-
eration, were developed, implemented and experimentally
validated on a 3-kW net electric power APU system targeted
for truck on-board applications.

Index Terms—Fault protection, fault-tolerant control de-
sign, fuel cells, fuel processing, power conversion, power
generation.

I. INTRODUCTION

THE proton exchange membrane (PEM) fuel cell technol-
ogy provides high-efficiency energy conversion, with low

pollutant emissions and silent operation [1], [2]. These features
represent the main driving force behind fuel cell systems de-
signed to be used as auxiliary power unit (APU) in mobile
applications, such as trucks, caravans, and yachts. However, in
its basic principle, PEM fuel cells operate with hydrogen rather
than with ubiquitous hydrocarbon fuels.

Reforming technology has been brought in to cope with the
not yet adequately formed hydrogen infrastructure [3]. More-
over, it offers a solution where no infrastructure is available,
as with remote areas and special transportation and maritime
applications. However, the reforming technology introduces
additional complexity compared to bare hydrogen fuel cell
systems [4]–[7]. The resulting systems consist of complex
chemical reactors featuring a number of reactions, a high
degree of interaction, substantial temperature differences, and
high energy density. A comprehensive portfolio of supporting
subsystems is a prerequisite for optimal exploitation of such a
technology. The portfolio includes numerous balance of plant
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(BoP) components, a diverse list of sensors, power conditioning
components, battery, and control unit. Consequently, if the
increased complexity is not handled effectively, the reliability
of the complete system is compromised.

A few reforming-based APU prototype systems have been
developed recently [8]–[11]. These systems are targeting truck,
maritime, and remote-area applications. The developed systems
prove the technology works; and, its green appeal is important
for further commercialization. Furthermore, by exploiting the
residual heat, its potential even increases. However, these pro-
totypes also point to several unresolved issues in design (e.g.,
component certification and BoP components availability) and
usage (high costs, modest reliability, serviceability, and system
life-time). These issues have to be resolved prior to successful
commercialization and deployment of the technology.

Reliability and expected life-time of such systems can be
improved by avoiding degradation phenomena and damaging
events. Beside system design approaches for minimizing the risk
of such events, effective operation management and control is
of critical importance. The main targets of such a control system
are twofold: 1) keeping the process parameters at optimum or
within a predefined range under all operation modes, and 2)
detecting, preventing, or mitigating the harmful events.

Designing such a control system is a challenging task due to
the high complexity of the underlying reformer-fuel-cell setup
and the absence of in-detail knowledge of all the phenomena
that can occur inside any individual reactor. Studies managing
the operation of complete real systems and comprising a series
of reactors are limited in number [12], [13], with only a few
discussing specific operation procedures such as startup [14],
[15]. On the other hand, interesting simulation studies on con-
trol design can be found for methane [16], methanol [17], and
diesel [18] fuel processors. Whereas, most of the studies pre-
senting mitigation approaches treat a single reactor case, pre-
dominantly with model-based verification (for example [19]).
Moreover, an example of small-scale catalytic partial oxidation
(CPOX) fuel processor implementation is discussed in [20].

This paper discusses control strategies and electronic hard-
ware solutions for increased reliability and prolonged life-time
of an APU system comprising a diesel reformer, PEM fuel cell
stack and battery. The presented solutions are based on our
recent experience in hydrogen technologies [21]–[26] and were
developed within the EU FP7 FCGEN Project [10], [27]–[30].
Beside the sole control tasks, several additional operation issues
with degrading or fatal effect to the system have been identified
and addressed. The innovative value of this paper is in the
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Fig. 1. Main APU’s components, reactant flows, and electric connec-
tions.

Fig. 2. Fuel-processing reactors and process flows (without cooling).
SB with HEX1 and HEX2, ATR, DS, WGS, PrOx, fuel cell stack (FC),
CAB.

extent of control means that consider the overall system. The
embedded solutions take into account as much information
about the system state as possible (temperatures, reactant
flows, measurable disturbances, component failures, electric
load, etc.) and apply appropriate coordinated action. This way,
autonomous, safe, and long-term operation of the APU system
is ensured.

The paper is organized as follows. In Section II, the diesel
fuel cell APU system is described. The harmful phenomena
and the mitigation strategies are discussed in Section III and
the complementary electronic hardware solutions in Section IV.
Finally, Section V gives a general conclusion on the presented
solutions.

II. DIESEL-POWERED FUEL CELL APU

A diesel-powered fuel cell APU consists of the following two
main subsystems (as shown in Fig. 1):

1) a diesel fuel processor module (FPM); and
2) a fuel cell and electric power module (FCM).

The operation of such a system is made possible by numerous
BoP components, power management and conditioning subsys-
tems, and an electronic control unit (ECU). Furthermore, a bat-
tery is an essential part of the system. It provides power for
startup and shutdown procedures, and covers energy shortage
or excess during sudden load transients.

A. Diesel-to-Electricity Process

The diesel-to-electricity conversion process is divided into
two steps. The first one is the chemical diesel-to-hydrogen con-
version, and the second being the electrochemical hydrogen-to-
electricity conversion. The first takes place in the diesel fuel
processor module, and the second in the fuel cell stack. The
scheme of the process is presented in Fig. 2.

The basis of the diesel fuel processing technology is the re-
forming process. The fuel processor at hand is based on the
autothermal reformer (ATR) [31]. Compared to other technolo-
gies such as CPOX [20] and steam-reforming [3], [5], the ATR is
a combination of both. The energy required for the endothermic
reforming process is released by the exothermic partial oxida-
tion of diesel molecules in the very same reactor. This way
the heat transfer is maximized, which improves the efficiency.
The joint reactions can be described by the following simplified
relation [27], [31]:

CxHy +
(

1
2

xOCR
)

O2 + x SCR H2O

−→ xCO +
(

x(2− OCR) +
1
2

y

)
H2

+ x (OCR + SCR− 1)H2O (1)

where for diesel fuel x and y equal 14 and 26, respectively,
oxygen-to-carbon ratio (OCR) is molar O2-to-C ratio (typically
0.41–0.47), and steam-to-carbon ratio (SCR) is molar H2O-
to-C ratio (typically 1.7–1.9). Further fuel processing steps
(i.e., cleanup) comprise removal of sulphur and CO. Sulphur is
trapped in the desulfurizer (DS). Most of the CO is in the pres-
ence of water converted into H2 and CO2 through the water-gas
shift (WGS) reaction

CO + H2O←→ H2 + CO2 . (2)

In part, this reaction takes place already in the ATR, but the
majority of the conversion occurs in the dedicated WGS reac-
tor [32]. The CO concentration levels in the reformate leaving
the reactor are of a few thousand (parts per million) ppm (typ-
ically 1000–3000 ppm). The second CO-concerning reaction is
the preferential oxidation (PrOx)

2CO + O2 −→ 2CO2 (3)

taking place in the PrOx reactor with the help of selective cat-
alytic reaction [32]. There, the CO concentration is further de-
creased down to below 25 ppm. Such a reformate is suitable to
be fed to the fuel cell stack without any harmful effects.

For initial preheating, the diesel-powered start burner (SB)
is used. From its exhaust, the heat is taken via two air heat
exchangers (HEX 1 and 2). For the start of reforming, the steam
is generated by another HEX, located at the SB exhaust (not
shown in Fig. 2 to avoid excess complexity), before the catalytic
afterburner (CAB) operation starts.

In the second hydrogen-to-electricity step, typically 70%–
80% of the H2 is converted to electricity within the fuel cell
stack. The remaining H2 is combusted in the CAB [33], and
the generated heat is used to prepare superheated steam for the
ATR, thus increasing the overall efficiency.

B. APU System

The developed APU system, shown in Fig. 3, has a net electric
output power of 3 kW. Its main operational parameters for the
tested range with 65% H2 utilization are summarized in Table I.
Beside the fuel processor and the fuel cell stack, it comprises
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Fig. 3. Diesel-powered fuel cell APU, comprising the fuel cell module
(in front) and fuel processor module (in back).

TABLE I
MAIN PARAMETERS OF THE APU

Parameter At 55% load At 85% load

Input fuel thermal power 7.0 kW 11.5 kW
Gross electric power1 1.83 kW 2.90 kW
Net electric power2 1.35 kW 2.10 kW
Gross efficiency1 26.1% 25.3%
Net efficiency2 19.3% 18.4%
BoP components consumption 420 W 680 W
DC–DC converter losses 50 W 107 W

1Electrochemical fuel-to-electricity conversion.
2Complete fuel-to-system-output conversion (including dc–dc
converter and BoP components).

numerous BoP components, supporting subsystems and sensors
that enable safe and autonomous operation of the overall system.

The BoP components list includes nine valves, 12 pumps,
16 compressors, blowers and fans, 39 temperature sensors,
nine mass flow meters, seven pressure sensors, two level sen-
sors, and four gas concentration sensors. For powering all these
actuators and sensors, a central power distribution board was
built, which is described in more detail in Section IV-B. More-
over, the sensor signals have to be acquired and the actuators
have to be controlled. These tasks are served by a tailor-built
ECU, shown in Fig. 4.

The ECU has 87 sensor inputs and 48 actuator outputs. The
ECU signal channels are listed in Table II. Additionally, it has
Ethernet and two controller area network (CAN) communication
interfaces. It incorporates four microcontrollers. The main one
handles the Ethernet and CAN communication, collects data
from and sends data to the supporting processors, and runs the
control algorithms. The three supporting processors perform
D/A and A/D tasks.

The last important building block of the APU is the direct-
current-to-direct-current (dc–dc) converter. It is the connecting
block between the fuel cell stack and the electric power system
of the vehicle. The output voltage of the stack varies between
33 and 47 V, whereas the nominal voltage of the vehicle electric
power system is 24 V. Therefore, a step-down dc–dc converter
is mounted in between the stack and the electric power system

Fig. 4. Electronic control unit composed of two PCBs.

TABLE II
ELECTRONIC CONTROL UNIT INPUT AND OUTPUT SIGNALS

Signal type Quantity

Input
Standard precision analog inputs (0–25 V) 10
High precision analog inputs (0–5.5 V) 16
Mass flow meter inputs 5
Lambda sensor input 1
Hall effect current sensor input 1
Thermocouple inputs with break detection 30
Pt-1000 resistive temperature sensor inputs 16
Tacho inputs 8

Output
Medium current digital outputs with PWM∗ 9
High current digital outputs with PWM 9
CMOS digital output with PWM capability 8
Analog outputs (six of them with ground sense capability) 16

∗PWM – pulse-width modulation.

of the vehicle, as shown in Fig. 1. The dc–dc converter and its
protection functionalities are described in Section IV-A.

III. MITIGATION CONTROL STRATEGIES

The APU system is affected by various phenomena reducing
its reliability and life-time. To counter these, the control system
has to be able to drive the APU process away from the boundary
conditions, while also optimizing its efficiency. There are three
factors making the control task challenging:

1) the APU process nature, defined by a number of
downstream-connected chemical reactors;

2) the reactors’ intolerance to impurities; and
3) diesel as the input fuel, which, compared to LPG or CNG,

is more difficult to handle [3].
These impose two requirements: 1) each reactor must operate

within its strict operation parameter values, and 2) the reformate
stream leaving one reactor must be of adequate quality (gas
concentrations and temperature) to safely enter the next one. The
required reformate stream quality in terms of gas concentrations,
tolerated impurities, and temperatures is presented in Fig. 5. A
control system failing in fulfilling its assigned tasks results in
the following:
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Fig. 5. Fuel conversion path with all reactors, their residing reactions,
operating parameters, and reformate gas contents.

1) suboptimal diesel conversion (any impurity or other dis-
turbance propagating from the preceding reactor down to
the following ones);

2) carbonaceous substance deposition onto the catalyst;
3) damage or deactivation of the catalyst; and
4) damage of the fuel cell stack.

In the following, the most common harmful phenomena are
described and a description of control means for avoiding and
mitigating them are given.

A. System-Threatening Phenomena

1) CO Poisoning: Low-temperature PEM fuel cells are
prone to CO poisoning [34]–[36]. CO concentrations exceeding
25 ppm result in a bonding of the molecules to the Pt catalyst
structure. This reduces its active area, making the reaction less
efficient. The CO poisoning is reversible to a degree. The APU
system has an air-bleed function [37], oxidizing CO to CO2 ,
to suppress its effect in case of possible suboptimal reformate
quality. The downside of this approach, in the case of constant
excessive CO content, is a high impact on the efficiency [38].

PrOx reactor temperature needs to be within a narrow tem-
perature range in order to guarantee catalyst selectivity and
maintain the required CO levels. This is especially challenging
during load transients. If the temperature goes outside the range,
the PrOx reactor starts oxidizing more H2 instead of CO. As a
result, the CO level peaks and poisons the fuel cell stack.

2) Diesel Poisoning: Long-chain hydro-carbon
molecules, composing diesel fuel, have a high boiling

point (∼250–350 ◦C) and are therefore likely to deposit on
the reactor catalysts of lower temperatures [39], [40]. Within
the APU, several reactors are prone to this kind of poisoning.
These include WGS, PrOx, and the fuel cell stack, as at least
parts of them never reach temperatures that high.

3) Water Condensation: Liquid water on the catalyst
may present danger in certain conditions. The danger of dam-
age occurs in the case of fast temperature rise (e.g., reaction
start) [39]. Then, the water evaporates and its volume increases
instantly and significantly. Such an explosion inside of a porous
catalyst structure damages the structure and the catalyst active
area. Water condensation has therefore to be avoided in reactors,
where the start of reaction suddenly increases the temperature.
To prevent it during the startup procedure, the reactors have to
be heated above their dew points before starting the reaction.
Whereas during shutdown, the water has to be completely re-
moved from the reactors before cooling them down completely.

4) Soot Ignition: During operation in suboptimal condi-
tions, but predominantly during startup and shutdown proce-
dures, soot may be produced and deposited on downstream
reactors. In the case of exceeded soot-ignition temperature (300–
400 ◦C) [41], and in the presence of air, the deposited soot may
ignite, resulting in very high temperature and pressure, damag-
ing the reactor.

The reactor most prone to this phenomenon is the DS unit,
i.e., the sulphur trap. The ignition may occur during the shut-
down procedure. In an attempt to cool the ATR reactor down
and remove water from it, air is passed through the hot ATR
reactor, where it heats up to 500 ◦C and then enters the DS
unit. Due to the hot air present, the soot in the DS unit can
ignite, resulting in temperature spikes up to 800 ◦C, damaging
the reactor. Moreover, if the DS unit is heated above 350 ◦C, it
releases all of the accumulated sulphur downstream, damaging
downstream reactors. Similarly, the ATR reactor itself is also
prone to soot ignition, where the soot may ignite during startup
heating, when hot air is present in excess.

5) Overheating: All of the discussed reactors are sensi-
tive to overheating. In some cases, the residing reaction may
be the cause, while in others, it is the reformate coming from
the upstream reactor. The overheating is emphasized by stiff,
high-order process dynamics that may lead to uncontrollable
conditions if not handled well. The overheating issues are listed
in Table III.

6) Nozzle Clogging and Reduced Spray Quality:
The ATR operation requires the fuel to be dispersed before the
reforming starts, thus accelerating evaporation and increasing
the fuel conversion to near 100%. This is achieved by spray-
ing the fuel with very high pressure through a fine nozzle. Due
to high temperatures and sedimentation (predominantly during
startup and shutdown), the heavy fractions may form deposits
on the inner surface of the nozzle if not treated properly. The
depositions reduce the diameter of the nozzle aperture. As a re-
sult, the spray quality gradually deteriorates (lesser conversion
quality), and finally transforms into a jet, destroying the ATR’s
catalyst at the place of impact.

7) Reactant Starvation in Fuel Cell: This threat exists
due to the significant difference in the dynamics of the electrical
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TABLE III
APU’S REACTORS OVERHEATING CAUSES

Component Overheating cause

ATR Partial/full oxidation—a small increase in air flow or reduction in fuel
flow has a major immediate effect on catalyst temperature increase.

DS Strong ATR air-cooling with or without soot ignition, slow & weak
cooling structure.

PrOx Change of reaction front in various operating points together with slow
or uninformative sensor response, slow cooling effect due to large
reactor mass.

CAB In certain operation modes, a small decrease in air flow or increase in H2
content (caused by changed load) has a substantial immediate effect to
catalyst temperature spike.

HEX 1 and 2 After SB operation stops, its cooling brings significant heat to the SB
HEX1 and 2, and may damage them.

Fig. 6. APU operation state transition diagram. Regular operation
modes (solid line) and emergency modes (dashed line).

and chemical parts of the system. On the electric side, a load
switch is instantaneous, while the fuel processor requires up to
30 s to reach the required operating point upon load change. A
sudden increase in electric load demand may therefore result
in fuel cell gas starvation, as there is not sufficient reformate
available.

B. Condition-Aware Control Strategies

The fuel reforming process and its operation equilibria have
been defined and verified through simulation and experimenta-
tion [42]. There, the process operating points have been iden-
tified and operation ranges for various parameters specified.
Having that data, the function of control is threefold:

1) to bring the system to the operating points;
2) to maintain the operation within the specified range; and
3) to safely stop it.

The control is managed by a high-level supervisory sequential
controller in the form of a state machine shown in Fig. 6. The
states have procedures and functions tailored to ensure system
response in accordance with the current operating conditions
and regime. Typical examples of such control are startup and
shutdown procedures, where the actuators are started, stopped,
or controlled one by one, using ramps and timers.

1) Startup Procedure: The fuel processor is first heated
up by hot air via two channels. The first goes through the ATR,
DS, WGS, and PrOx reactors, and the second heats up the CAB.
The heating air, reaching approximately 600 ◦C, is heated by
HEXs within the start-burner exhaust. The ATR has to reach
above 350 ◦C, while other reactors have to be heated above the

dew point to approximately 75 ◦C to prevent water condensation.
The challenge arises from the significant thermal mass of the
reactors and the upper temperature limit of 350 ◦C imposed by
the DS unit. The temperature rise is fast in the ATR and DS, but
very slow in the PrOx. This results in the DS reaching its upper
limit much earlier than the PrOx reaches its target temperature.
To prevent the DS from overheating, half of the air is diverted to
pass the HEX1 and goes directly to the ATR (normal operation
path) until the DS temperature starts dropping.

After the preheating stage, the most critical startup phase
follows. The fuel enters the system; the thermal load jumps
from zero to ca., 6 kW in seconds; and, the temperatures peak
from 300 to 900 ◦C and from 150 to 700 ◦C in the ATR and
CAB reactors, respectively. More precisely, the reforming and
related temperature control loop for the ATR reactor start first.
Moments later, the prepared reformate, bypassing the fuel cell
stack, enters the CAB, starting the catalytic combustion. The
control of both reactors is described in Section III-C.

The maximal values for sulphur, diesel slip (non-methane-
hydro-carbons), and CO tolerated by PEM fuel cells are ex-
tremely low (10 ppb, 1 and 25 ppm, respectively). However, for
the reactions to take place in full range enabling production of
reformate with adequate quality, the reactors have to reach the
predefined narrow temperature ranges. While waiting for the
temperatures to settle, the generated reformate needs to be com-
busted to fully comply with allowed exhaust regulations (NOx ,
CO, temperature, etc.) and not to release explosive hydrogen to
the environment. To cope with that, the reformer system employs
a bypass mode, where the reformate gas completely bypasses
the fuel cell stack and is burned in the CAB.

The startup procedure may proceed to the bypass and further
to operation mode or any of the shutdown procedures depending
on the cause and the active phase of the startup, as can be seen
in Fig. 6.

2) Shutdown Procedures: To ensure reliable APU op-
eration and multiple starts, the task of the shutdown procedure
is to safely stop the process from any possible operation state
and prepare the system for the new start. For guaranteed robust-
ness, the shutdown procedure is a sequence of actions that use
as few sensors and feedback control loops as possible, as it must
operate reliably also in the case of sensor failures. In general,
the shutdown has three main functions that take place in the
following sequence:

1) cooling of reactors to safe temperatures and prevention
from overheating downstream components;

2) purging reactors with steam to push out all remaining
hydro-carbons or other potential deposition-forming sub-
stances; and

3) purging reactors with air to remove all water and prevent
condensation.

Considering various combinations of reactants present in the
reactors in different operation modes, in total five shutdown
procedures have been developed, as shown in Fig. 6.

1) Regular shutdown: The termination of the reforming re-
action often results in short-term increased diesel and
CO concentrations. To prevent them from entering the
fuel cell stack, the system is first put to the bypass mode.
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However, the CAB can only handle complete reformate
flow at half load. Therefore, to prevent the CAB reactor
from overheating, the load is first decreased to its lowest
operating point, then the bypass mode is introduced, and
only then is the reforming terminated and cooling starts.
While cooling, it is important not to push the heat down-
stream toward the temperature-sensible reactors (i.e., DS,
PrOx). To counter that, the DS precooling phase is intro-
duced to the shutdown procedure after experiencing igni-
tion of soot decompositions due to excessive temperature
and the presence of air.

2) Emergency shutdown procedures:
a) Stop-no-start: With degraded catalyst, or insufficient
startup heating power, the ATR reaction may not start
when fuel is injected. Then, the system must be stopped
and purged properly. Compared to normal procedure in
the no-start case, the water cooling phase must take
longer. To prevent the ignition of fuel, which accumulated
in the ATR during the unsuccessful start, air cooling has
to be introduced gradually before decreasing the water
flow. Consequently, the air-purge stage is prolonged to
ensure removal of all water from the system and avoid
condensation.
b) Other emergency procedures: The emergency stop-
ping procedures are prepared for three stages of process
content:

1) air preheating—in this case, only air is present in the
reactors, and only little air cooling is required;

2) steam generation—water presence in the system requires
air-purging to prevent water condensation;

3) reforming—fuel in the system requires steam purging, an
anti- “nozzle clogging” procedure, and air-purging.

An example of an event requiring an emergency stop is the
system running out of water while reforming. Without an im-
mediate action, the ATR catalyst overheats and terminally de-
activates. A similar effect can have a failure of any reactant-
supplying BoP component due to overheating or ageing.

C. Use of Advanced Means in Operational Control

The complexity and the high degree of interaction of the
reforming process, amplified by a high number of sensors and
actuators, requires a combination of top-down and bottom-up
approaches to form a robust control system. To improve the
operation quality and reliability, several techniques have been
employed.

1) Load Control: The reactor process dynamics is gov-
erned by the residing chemical reaction and the reactor struc-
ture. Most reactors of the described system have stiff dy-
namics: the fast-responding catalytic reaction, and significant
slow-responding housing temperature dynamics. In many cases,
a slow controller is required to suppress noise disturbances, and
at the same time a fast response to operating point change is
necessary to prevent harmful temperature peaks. Furthermore,
with different operating points (loads), the reaction front (i.e.,
the position of the reaction) in a reactor changes. This affects
the response dynamics of the sensors and leads to temperature

Fig. 7. Dynamic relation between flow rates (fuel, water, air).

instability. Therefore, the operating points of most reactors are
set by the feed-forward control based on reformer load, and the
feedback control takes care for precise set-point tracking and
disturbance rejection.

2) Switching Dynamics Control: To guarantee nomi-
nal conditions and to prevent fluctuations in reactor temperature
and reformate concentrations during operating point change,
the ramp-shaped transitions are used. Furthermore, to enable
faster transitions while still ensuring safe operation, the double-
dynamic first-order [low-pass, (LP)] filters have been applied to
the set-points for reactants flows, namely for fuel, air, and water.
Each LP filter is determined by two time constants, one is active
when the input signal increases, the other is active when the
input signal decreases. In such a way, filtered reactant set-points
are shown in Fig. 7. Note the different increasing/decreasing
dynamics for certain flow set-points.

3) ATR Operation Control: As described before, three
input reactants are required for autothermal reforming, namely,
air, fuel, and steam. Air and fuel flows are provided to the ATR
directly by a blower and a high-pressure pump, respectively. The
water is fed through the CAB, where it is evaporated. Within
the ATR, the exothermic partial oxidation and the endothermic
steam reforming compete. The heat released by the partial ox-
idation maintains the reactor at the temperature enabling the
steam reforming.

Ensuring complete diesel conversion and preventing the so-
called diesel slip requires maintaining the temperature as high
as possible, but not above 950 ◦C, regardless of the thermal
load (to prevent degradation). This is not straightforward, as the
absolute thermal losses (through insulation) remain the same,
while the reaction energy increases with the operating point.
Therefore, at higher loads, relatively less energy is required for
maintaining the endothermic reforming. Consequently, the op-
eration parameters need to be changed. In general, the ATR
catalyst temperature could be controlled by accommodating the
air-flow rate to the ATR. By increasing the air-flow rate, a greater
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Fig. 8. ATR catalyst temperature response to ATR load change with
(left) and without (right) control. Signals: fuel processor load (top), ATR
temperature (middle), and ATR OCR ratio (bottom).

part of the fuel is oxidized, and consequently the heating power
and temperature increase. However, by changing only the air-
flow rate and not accommodating for fuel and water-flow rates,
the flow rate of produced hydrogen changes, which is not ac-
ceptable from the point of fuel cell operation. In [27], it was
shown that the catalyst temperature can be controlled by chang-
ing the OCR instead of the air-flow rate directly. This way the
temperature control can be decoupled to have no influence on
the flow rate of produced hydrogen. To obtain the best possi-
ble control over the ATR catalyst temperature for all operating
points as well as during the load change, the OCR is defined
as a combination of nominal value, lookup table addition, and
temperature controller

OCR = OCRNom + OCRMap + OCRCl (4)

where OCRNom is the nominal OCR value, OCRMap is the
mapped correction based on the reformer load, and OCRCl

is the ATR-temperature controller correction, enabling precise
temperature tracking. The examples of controlled and noncon-
trolled ATR temperature response to load change are shown in
the left and right charts of Fig. 8, respectively.

4) CAB Temperature Control: The catalytic afterburner
reactor is used to burn combustible content in reformate before
leaving gases into exhaust. In the presented configuration, it
serves two purposes and operates in two significantly different
regimes. Most of the time, in operation mode, it is used to burn
the residual H2 in the fuel cell anode off-gas and, using the
generated heat, prepares steam for the ATR. In this operation
mode, the air is supplied with a stoichiometric ratio (λ) slightly
above 1.0, i.e., just sufficient to burn combustible contents. The
other regime is used in the bypass mode, where the total amount
of generated reformate is combusted. In this case, the air is sup-
plied at λ ≈ 4. In this regime, the water flow is not sufficient for
cooling. Therefore, a large surplus of air is added for additional
cooling.

Fig. 9. CAB reaction temperature control in the presence of fuel cell
current change as disturbance, with constant fuel processor load. The
charts present fuel processor and fuel cell load (top chart), CAB temper-
ature (second chart), λ factors (third chart), and CAB air flows (bottom
chart).

The challenge originates from momentary events, such as
switching between operation and bypass, or even more diffi-
cult, when a large electric load is (dis)connected. The switching
from/to bypass is normally a deliberate event, and the blower
supplying air is given a “heads-up” to prepare sufficient flow.
On the other hand, in the case of fuel cell load change, the stack
current value is the fastest indication of altered conditions. To
cope with this, several feed-forward inputs are used for the CAB
air-flow set-point [28]: the reformer load, the stack current, and
the desired λ (depending on operating mode). They define the
estimated H2 flow to CAB and λFF. Finally, the temperature
controller adds the feedback corrected λFB

φCABa i r = 0.5/0.21φCABH 2 e s t
(λFF + λFB) (5)

where 0.21 is the air O2 content, 0.5 is the molar oxygen-to-
hydrogen ratio in H2O, the φCABH 2 e s t

is the model-estimated H2
flow coming out of the stack, λFF is the mapped feedforward,
and λFB the feedback defined value of the stoichiometric ratio
λ. This way the air flow is guaranteed to have a fast and precise
response. Thus, the temperature spikes are effectively reduced.
An example of effective temperature control in the presence of
fuel cell current variation is shown in Fig. 9.

5) Cooling Loops: The cleanup reactors require cooling,
which is provided by water pumps for DS and PrOx, and an air
blower for WGS. The cooling loops were tuned predominantly
to maintain the output reformate CO concentration below the
required 25 ppm at all times. Since small integrable CO sensors
do not exist, the CO concentration was measured only during
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tuning using Fourier transform infrared spectroscopy, to define
the precise temperature operating ranges of the reactors.

From the control aspect, there are two challenges: 1) the re-
actor structures impose high-order dynamics, often combined
with long lag times, and 2) the reaction (catalyst) temperature
measurements are very noisy due to turbulent reactions. There-
fore, to achieve quality control, the cooling loops require a slow
response. However, this is not beneficial for successful com-
pensation of load set-point changes that require a fast response.
To counter that, a feedforward extended proportional-integral-
derivative (PID) controller [43] is used

u = kf f Iload + kpErr +
kp

τi

∫
Err dt + kpTd

dErr

dt
(6)

where Iload defines the process operating point and kff is the
experimentally tuned feedforward gain, and the rest are general
PID controller parameters. If required, the feedforward signal
may be treated also with a lookup table to achieve the desired
response.

IV. POWER ELECTRONIC HARDWARE SOLUTIONS FOR

ENSURING RELIABLE AND DURABLE OPERATION

Electronic components that were specifically designed for
the APU system include a step-down dc–dc converter, a power
distribution board, and an ECU. Preventing possible operation
faults and ensuring smooth operation were the main guidelines
during the development of the components. The ECU is de-
scribed in Section II-B and shown in Fig. 4, whereas the dc–dc
converter and the power distribution board and their protection
functionalities are presented in the following.

A. DC–DC Converter

In systems with fuel cells, a dc–dc converter is required for
power conditioning [44]–[48]. It connects the stack to the elec-
tric power system of the vehicle. Its main function is to adjust
the varying (nonregulated) output voltage of the fuel cell stack
to the voltage level of the vehicle’s power system. In addition,
it is an essential building block of the power management sys-
tem, providing the means for efficient power management of the
APU-battery-vehicle-user arrangement.

The output voltage of the APU fuel cell stack depends on
the load current varying between 33 and 47 V. The electrical
power system of the vehicle has a nominal operation voltage of
24 V and is predominantly defined by the main lead-acid battery,
whose voltage ranges from 21 to 28.8 V. As a result of these
constraints, the dc–dc converter is designed based on a step-
down (buck) topology. The step-down power stage is controlled
by an embedded microcontroller. The microcontroller provides
the set-point for the current through its D/A converter. Yet, the
power stage is designed as a self-sufficient block, which needs
no microcontroller intervention to oscillate and to control the
output current. Consequently, the safety of the power conversion
control is not affected by any software errors or strong exter-
nal transients, which may cause the microcontroller to operate
temporally in an undefined state.

Fig. 10. Control scheme of the dc–dc converter.

The dc–dc converter built for the APU is an enhanced ver-
sion of the dc–dc converter presented in [23]. Among others,
the enhancements concern thermal protection and voltage limit-
ing capabilities, which add to the reliability of the overall APU
system. The control of the converter is designed such that the
output (inductor) current is under primary control (the inner
control loop from the scheme is provided in Fig. 10). Therefore,
the only way to affect the operation of the converter is through
adjustment of the set-point for the inner control loop. In this
manner, both of the protection functionalities are designed. The
request for the amount of output current is sent to the converter’s
microcontroller via the CAN interface. If there are no damag-
ing conditions (i.e., too high temperature or output voltage),
the request is transferred unchanged to the inner control loop.
Otherwise, the current set-point for the control loop is adjusted
(decreased) by the corresponding thermal protection or voltage
limiting controller.

The power metal-oxide-semiconductor field-effect transistor
(MOSFET) of the converter are exposed to substantial thermal
stress. In order to prevent the MOSFET from deterioration and
failures, their temperature is supervised by the microcontroller.
The microcontroller acquires the temperature over a negative
temperature coefficient thermistor and adjusts (i.e., decreases)
the electric current set-point if the temperature is above the
temperature threshold. The set-point lowering strategy is imple-
mented as a proportional-integral control algorithm.

Since the dc–dc converter is installed between the fuel cell
stack and the vehicle’s battery, its output voltage is determined
by the battery’s voltage. In order to protect the battery from
overcharging and overvoltage, the dc–dc converter has to be
able to limit the output voltage. This is the task of the voltage
limiting controller. Similar to the thermal protection, the voltage
limiting controller steps-in only when the voltage reaches the
preset limit (the limit is passed to the converter’s microcontroller
via the CAN interface). Essentially, the output voltage is limited
by decreasing the electric current set-point signal for further dc–
dc control circuitry (i.e., inner current control loop). A simplified
scheme of dc–dc converter control loops is shown in Fig. 10.

Since the converter’s current is under primary control, the
voltage (limiting) control steps-in only when the voltage reaches
the preset limit. Essentially, the voltage is limited by affecting
the electric current reference signal for further dc–dc control cir-
cuitry. A scheme of the dc–dc converter control loops is shown
in Fig. 10.
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Fig. 11. Power-loss breakdown of the dc–dc converter measured at
input power of 2027 W.

Fig. 12. Power distribution board.

The efficiency of the dc–dc converter varies with current and
voltage and is no less than 95%. Measurements of power losses
on individual components obtained at a load of 2027 W are
given in Fig. 11. As can be seen in the pie chart, the losses that
increases as the square of the current account for approximately
one half of all losses, meaning higher efficiency at a lower
current. Moreover, the 95% efficiency accounts as well for the
losses of the input protection Schottky diode that prevents the
current from flowing into the fuel cell stack. This would occur
in case of unpredictable circumstances when the voltage at the
output of the converter would be higher than the fuel cell stack’s
voltage.

B. Power Distribution

Power demand is ever increasing in vehicular power systems,
hence more sophisticated power distribution infrastructure is
favored [49]. As explained in Section II, the APU comprises
a vast number of sensors and actuators of various types. The
electronics of these devices require a variety of power supply
types (different voltage levels, pulse-width modulation (PWM)
operation, etc.) Moreover, they have to be protected against
possible electrical disturbances. In order to keep costs low, the
power distribution was designed in a centralized manner as a
compact board (as shown in Fig. 12).

The board provides a power supply with overvoltage
protection for powering the sensitive electronics of the lambda
sensor, mass flow meters, level sensors, etc. The power supply
is designed as a step-down dc–dc converter based on Texas
Instruments LM5085 switching controller. The switching

controller provides instantaneous overvoltage protection of the
output. Thus, the possibility of malfunction of the powered
sensor is substantially reduced. Furthermore, the design can
operate at 100% duty cycle resulting in a low dropout voltage,
which is especially convenient in case of an unpredicted drop
in the supply voltage below the intended output voltage. In
this case, the output remains active with a voltage of just a
few millivolt below the input voltage.

The APU consists of a high number of sensors and actuators.
When these components are connected to the vehicle power sup-
ply, their input capacitors have to be charged resulting in a very
high inrush current. This current would have an undesired effect
on the main battery and other electronic parts of the vehicle. To
avoid high inrush current, the power distribution board encom-
passes precharge circuitry. In its essence the precharge circuitry
limits the charging current by passing it through a power re-
sistor. When the voltage settles, the resistor is bypassed by a
relay thus eliminating the power resistor losses during normal
operation.

When the vehicle battery is unintentionally disconnected
(e.g., loose terminal clamp at the battery together with vibra-
tions), the alternator temporarily raises up the system voltage.
This effect is known as load dump [50], [51]. According to the
ISO 16750-2:2010(E) Standard, for 24-V vehicle power sys-
tems, the voltage may raise up to 202 V for a few hundred
milliseconds [52]. However, in modern trucks, a centralized
load dump suppression is implemented as a part of the alter-
nator’s rectifier (i.e., Zener transient voltage suppressor). When
such a suppressor is present, the voltage surge is limited to
65 V. Since the APU power system is connected to the vehicle’s
power system, the load dump protection for it is necessary and
is implemented as a part of the power distribution board.

The power distribution board has three separated load dump
protection channels. The protection is designed using a Liner
Technology LT4363 surge stopper and a power MOSFET. The cir-
cuitry protects against input voltage surge in accordance with the
ISO 16750-2:2010(E) Standard and against overcurrent. When
a voltage surge occurs at the input, or the current is above the
threshold, the gate of the MOSFET is controlled in order to regu-
late the output voltage. The excess energy is dissipated as heat on
the MOSFET, thus the output voltage remains within the tolerable
levels.

V. CONCLUSION

Control strategies and electronic hardware solutions for in-
creasing the reliability and extending the life-time of a diesel-
powered fuel cell APU system were presented in this paper.
The two main modules of the system were an ATR-based diesel
reformer and a PEM fuel cell stack. The harmful phenomena
affecting the reliability of the APU were described, and the cor-
responding mitigation control strategies were thoroughly dis-
cussed. In addition, the developed electric hardware modules
with protection functionalities were presented. The effective-
ness of the proposed solutions was shown on validation data
obtained on a 3-kW net electric power APU system, primarily
designed for truck on-board applications.
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Ljubljana, Slovenia, and since then he has been
working in the Department of Systems and Con-
trol. He is currently an R&D advisor, and is work-
ing on EU’s FP7 Projects, concerning the ap-
plication of fuel cell-based power systems. His
main activities are in the fields of process con-

trol engineering, process control algorithms, industrial diagnostics, sig-
nal acquisition, and electronic design. He works mainly on research and
development projects for industry and is responsible for the hardware
support of basic research activities of the department. He led the de-
sign of several industrial diagnostic systems for vacuum cleaner and EC
motors for the Domel company, and participated in the design of BLDC-
driven valve actuators for the Danfoss Trata company.



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Algerian
    /Arial-Black
    /Arial-BlackItalic
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BaskOldFace
    /Batang
    /Bauhaus93
    /BellMT
    /BellMTBold
    /BellMTItalic
    /BerlinSansFB-Bold
    /BerlinSansFBDemi-Bold
    /BerlinSansFB-Reg
    /BernardMT-Condensed
    /BodoniMTPosterCompressed
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /BritannicBold
    /Broadway
    /BrushScriptMT
    /CalifornianFB-Bold
    /CalifornianFB-Italic
    /CalifornianFB-Reg
    /Centaur
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /Chiller-Regular
    /ColonnaMT
    /ComicSansMS
    /ComicSansMS-Bold
    /CooperBlack
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FootlightMTLight
    /FreestyleScript-Regular
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /HarlowSolid
    /Harrington
    /HighTowerText-Italic
    /HighTowerText-Reg
    /Impact
    /InformalRoman-Regular
    /Jokerman-Regular
    /JuiceITC-Regular
    /KristenITC-Regular
    /KuenstlerScript-Black
    /KuenstlerScript-Medium
    /KuenstlerScript-TwoBold
    /KunstlerScript
    /LatinWide
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaBright
    /LucidaBright-Demi
    /LucidaBright-DemiItalic
    /LucidaBright-Italic
    /LucidaCalligraphy-Italic
    /LucidaConsole
    /LucidaFax
    /LucidaFax-Demi
    /LucidaFax-DemiItalic
    /LucidaFax-Italic
    /LucidaHandwriting-Italic
    /LucidaSansUnicode
    /Magneto-Bold
    /MaturaMTScriptCapitals
    /MediciScriptLTStd
    /MicrosoftSansSerif
    /Mistral
    /Modern-Regular
    /MonotypeCorsiva
    /MS-Mincho
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /NiagaraEngraved-Reg
    /NiagaraSolid-Reg
    /NuptialScript
    /OldEnglishTextMT
    /Onyx
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Parchment-Regular
    /Playbill
    /PMingLiU
    /PoorRichard-Regular
    /Ravie
    /ShowcardGothic-Reg
    /SimSun
    /SnapITC-Regular
    /Stencil
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TempusSansITC
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanMTStd
    /TimesNewRomanMTStd-Bold
    /TimesNewRomanMTStd-BoldCond
    /TimesNewRomanMTStd-BoldIt
    /TimesNewRomanMTStd-Cond
    /TimesNewRomanMTStd-CondIt
    /TimesNewRomanMTStd-Italic
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Times-Roman
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /VinerHandITC
    /Vivaldii
    /VladimirScript
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZapfChanceryStd-Demi
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Suggested"  settings for PDF Specification 4.0)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


