White Paper on a Gasoline Powered PEMFC
APU System Control Strategy
ABSTRACT
Fuel cell based Auxiliary Power Units (APU) present an intricate system consisting of different subsystems, components
and low-level controllers. A sophisticated supervisory control is needed, particularly in the case of gasoline-fueled
systems, to manage the sequential control and to achieve a fault tolerant and fail-safe operation.
A concept of a state machine-based APU control concept is presented in this paper, which offers a transparent and
modular structure. The superior control system (top level supervisor) manages the overall strategies and the interaction of
all subsystems. In addition, each subsystem is equipped with its own subsystem control (second level supervisor). The
second level supervisor controller is responsible for all subsystem specific issues. The control concept for the APU was
implemented using Matlab®/Simulink® and applied on a rapid prototyping controller unit. A description of the subsystem
level controller that is utilized on a reformer system along with the subsequent experimental test bench results are
highlighted in this document.

INTRODUCTION
A fuel cell-based APU becomes a promising alternative to conventional power generation (electrical energy produced via
ICE and an alternator in combination with battery storage), because of the increased demand for electrical power in
passenger vehicles, stringent fuel consumption requirements and environmental sustainability. It becomes obvious that
the on board storage of fuel has to be used for the fuel cell system and has to be reformed on board. On board reforming
makes the APU a complex integrated system consisting of a stack, air supply, fuel processor, electrics as well as heat and
water management.
Operation of the APU will be conducted in various modes, such as preheating and start-up phases, stop or emergencystop mode and an operation mode, which realizes load steps. A control system is required for the APU, in order to
guarantee fail-safe operation in these modes. The control system that was developed includes low-level controls, such as
a closed loop control for the injectors and also sequential controls to realize a start-up sequence. In addition to being
essential for system operation, the control concept can be designed with particular focus on several requirements, such as
short start-up time and low energy consumption. The aggregation of only the low-level controls is not compulsory,
whereas the additional sequential controls require a supervisory control concept that is based on a state machine. Finally,
this enables sophisticated control strategies to be implemented, with a particular focus on fast start-up behavior.

APU SYSTEM
A fuel cell-based APU that supplies energy to a vehicle’s electrical system can be developed using either a Polymer
Electrolyte Fuel Cell (PEFC) or a Solid Oxide Fuel Cell (SOFC). Fuel sources for the APU can vary from gasoline, diesel,
methanol, ethanol, natural gas, liquid petroleum gas to hydrogen. Direct hydrogen is utilized in several PEFC systems.
Use of a direct hydrogen process is suitable for applications in hydrogen-fueled engines or in trucks, where a more
complicated refueling process is viable. APU applications in passenger vehicles should use the same fuel for the APU as
for the propulsion system. Customers should not be expected to refill the vehicle with a two separate fuels. One of the
most advanced gasoline fueled systems is based on a SOFC. However, faster start-ups and a better thermo cycle provide
some compelling advantages for PEFC based APUs in mobile applications. VKA/FEV presented a concept such as this,
using autothermal gasoline reforming in combination with a PEFC. This system is the basis for the control concept
presented in this paper.
The primary boundary conditions for passenger vehicle APUs are small size, weight and low cost. A water-cooled metal
bipolar plated stack can realize those requirements. The basic APU system has a power output of 2.5 kW and supplies
energy to the vehicle’s electrical and air conditioning systems.
The fuel cell system is connected to the conventional battery through a DC/DC converter. The system operates at a
pressure level of around 1.5 bar. Based on the low overall power of the system, the ratio of active cell area to inactive
volume is comparably low. A significant reduction to the stack and size of the system cannot be accomplished by
increasing the pressure level of the system. However, atmospheric operation would cause very large reactors in the
reformer. In addition, it is not possible to realize a closed water management system. Humidification of the cathode air
partially occurs within the stack and additionally supports a water permeation membrane.
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Figure 1: VKA/ FEV APU System
Processing of the fuel is based on an autothermal reformer with a two-stage water gas shift and selective oxidation that
cleans the CO content of the reformate down to 100 ppm. The residual hydrogen from the fuel cell anode is converted in
an offgas burner. The reformer concept is discussed in detail in a later section that highlights the reformer control as an
example of an APU subsystem controller.

STATE MACHINE-BASED APU SUPERVISORY CONTROL
A Finite State Machine (FSM) is defined as an event-driven (reactive) system and consists of a finite number of states that
are linked by state transition functions, a set of input events and a set of actions or output events. Starting from an initial
state, a transition to another connected (prescribed) state takes place once the transition condition is true (respectively the
requested transition event has occurred).
Design of the FEV/VKA state machine-based APU supervisory control was performed using Stateflow® from
TheMathworks. Stateflow uses a variant of the finite state machine notation established by Harel. Stateflow creates
diagrams that are graphical representations of a finite state machine, where states and transitions form the basic building
blocks of the system.
Sequential control and system monitoring are two different tasks that are performed by the APU supervisory controller.
SEQUENTIAL CONTROL
One of the main tasks of the APU supervisor is the APU’s sequential operation. The APU system’s primary operating
modes (superstates) are start-up, stand-by, operation, shutdown, stopped, emergency stop and error. Transition from one
state to another is initiated by an input event (e.g. ignition key turned on/off), an error event (e.g. reformer temperature out
of valid range) or by execution of a transition condition (e.g. time triggered). The start-up and shut-down superstates
represent underlying state-based sequential controls. All states contain actions (e.g. open/close valves, setpoint setting for
low-level controller, etc.), which are performed on state entry, state exit or when the state is active. In addition to a
sequential controller that manages the interaction of all subsystems, every subsystem is provided with its own specific
control sequence.
SYSTEM MONITORING
System monitoring is identical to sequential control in that both of them are compulsory. The complex nature of error
control in combination with error strategies to guarantee fail-safe operation is not to be underestimated. All relevant errors
are to be detected and appropriate error strategies are to be carried out, independent from the running superstate and the
currently active state. It is possible for different errors to appear at the same time, so prioritization of errors is essential.
The highest priority errors are security relevant, followed by errors indicating a hazard to system components, particularly
the stack. System performance or efficiency loss errors are ranked at the third priority level. All that are not critical in
terms of security, system damage or performance/efficiency loss are ranked with the lowest priority. Error strategies are
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designed to ensure a fail-safe and fault tolerant operation of the APU and take corrective action.
detection and the corresponding error strategy are activated instantaneously.

Therefore, error

CONTROL SYSTEM ARCHITECTURE
A complex system consisting of different subsystems and low-level controllers comprise the APU; therefore, control of the
APU is divided into different levels. In addition to a superior control system (top level supervisor) that manages the overall
strategies and the interaction of all subsystems, each subsystem is equipped with its own subsystem control (secondary
level supervisor). The controller supplies the attached subsystem’s low-level controller (third level) with setpoints to
supervise the subsystem and to communicate with the superior control system.
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Figure 2: Control System Architecture
APU controller subdivisions do not necessarily mean that all subsystem and low-level controllers run on their own
hardware. Actually, a common control unit is recommended in order to diminish complexity, wiring effort and a tendency
for errors.
The previously described state machine tasks are relevant for both supervisor levels. The top level supervisor addresses
overlapping subsystem control issues. For example, during start-up the top level sequential controller coordinates the
order in which the subsystems are launched, the different subsystem operating states and the setpoints. The subsystem
controller operates the corresponding subsystem components, such as valves and pumps, in order to reach the operating
states specified by the primary system controller. A given system setpoint (e.g. a desired H2 mass flow) is transferred by
the subsystem controller (e.g. fuel processor control) into corresponding low-level setpoints (e.g. air, gasoline and water
mass flow) to be adjusted by the associated subsystem’s low-level controllers. Simultaneously, the subsystem controller is
responsible to ensure appropriate boundary conditions (e.g. temperatures on several stages of the reformer line).
SYSTEM SUPERVISORY CONTROL (TOP LEVEL)
The top level supervisor takes care of overlapping subsystem control issues:
•

Sequential control: specification of the system operating mode and corresponding subsystem management

•

Setpoint setting: specification of battery power demand, specification of media supply (air, hydrogen) in
combination with the energy management strategy

•

System monitoring: error control and top level fail-safe operational strategies
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Figure 3:Primary Controller (Simplified)
SUBSYSTEM SUPERVISORY CONTROLLER
The subsystem controllers are responsible to manage all subsystem specific issues:
•

Sequential control: specification of the subsystem operating mode and corresponding component management

•

Setpoint setting: specification of all subsystem relevant setpoints

•

System monitoring: subsystem error control and subsystem level fail-safe operational strategies

Subsystem supervisors are designed for air supply control, stack control, fuel processor control and power electronics.

Figure 4: Signal Flow between Control Levels
The control concept’s modular structure, allows for a transparent and flexible control of the APU. For example, if the
system is reconfigured using a roots-type blower instead of a turbo compressor, the control can easily be adapted by
simply replacing the controller for the air supply supervisory control. Standardization of the I/O for this subsystem
controller is mandatory. Conversely, a specific (e.g. performance-related pressure) strategy to increase system efficiency
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has to be implemented in only the top level supervisor only. In addition, the transparent structure significantly eases the
handling the control of the APU.
LOW-LEVEL CONTROLLER
All of the APU subsystems are equipped with a number of low-level controllers, which are mostly realized as Proportional
Integral Derivative (PID) in combination with (expert –knowledge-based) feed forward control. The application of modelbased and adaptive control algorithms has also been completed. The selection for the design of the control is dependant
upon the complexity of the control loop, the requirements on its dynamic behavior, the tolerable deviation and the stability
of the closed loop. The dynamic response requirements of such items as media supply, increase significantly, if no
additional electrical storage system is used. At the same time, sufficient system stability has to be guaranteed.
Optimization of the system’s efficiency implicates extended control effort and complexity as well as a tightening of the
tolerable deviation. In these instances an enhanced (model-based) control design is often needed to meet the ambitious
control requirements. In order to develop a capable controller design, it is essential to have detailed knowledge of the
dynamics and the nonlinearities of each subsystem.

RAPID CONTROLLER PROTOTYPING
Numerical simulation and hardware-in-the-loop testing accompanied the development of the APU controller at FEV.
Collaboration between FEV Motorentechnik and the Institute for Combustion Engines (VKA), led to the development of a
comprehensive modular simulation tool for fuel cell and hybrid systems (based on Matlab®/Simulink®). The modular
simulation tool is constantly being extended and optimized (Figure 5).
The development of an extensive library, releases a wide selection of components covering the entire fuel cell system. It
is possible to arrange subsystems as well as entire systems for different applications at low costs, through the data stored
in the library. Dynamic behavior was consistently considered in this approach to simulation approach, which makes this
simulation tool valuable for the design of complex control systems.

Figure 5: VKA/ FEV Fuel Cell Simulation Database
Consequently, the low-level controller and the state machine-based supervisory control were tested and pre-optimized in a
model-in-the-loop simulation. The simulation model of the APU system was applied to a hardware-in-the-loop (HIL)
system, while the APU controller was applied on a rapid prototyping controller unit, in order to test the real-time
performance of the control design. Both simulations use Matlab® RTW auto code generation. The controller unit applied
to the test bench after the HiL simulation is completed.
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Figure 6: Controller Rapid Prototyping

SUBSYSTEM CONTROL - REFORMER EXAMPLE
The subsystem level control concept was developed based on a reformer system. Gasoline in this reformer design is
injected into an air/steam flow. Following evaporation, it forms a homogenous mixture that is catalytically converted in an
Auto-Thermal Reforming reactor (ATR). The hydrogen and carbon monoxide rich gas is processed in a water gas shift
stage. It catalytically converts carbon monoxide with water into hydrogen and carbon dioxide. Finally, residual carbon
monoxide is selectively burned in a Preferential Oxidation reactor (PrOx) with oxygen. Residual hydrogen, after passing
the fuel cell, is converted in a catalytic burner.
Initiating the fuel conversion at the highest temperature of the ATR (at approximately 700°C), the reformate is
subsequently cooled down upstream within each reactor stage. The reformate temperatures recorded upstream are:
§
§
§
§

High Temperature Shift (HTS) occurs around 400°C
Low Temperature Shift (LTS) occurs at approximately 250°C
Selective oxidation is performed at 200°C
The gas is finally cooled down to the 80°C fuel cell temperature

Accordingly, multiple heat exchangers are used to cool the reformate between each of the two stages and at the same
time preheat air and generate steam for the ATR process.
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Figure 7: Proposed Reformer Concept
The state machine of the reformer system has three main functions as previously derived. It sequentially switches
between different potential operating states for the system, monitors errors if they occur and also provides setpoints for the
reformer’s low-level control. A simplified state chart of this reformer control system is shown in Figure 8. The supervisory
control uses identical basic architecture. In this portion of the application a sequential control is utilized, which consists of
the same six states as the supervisory and all other subsystem controllers. Beginning with the state off, while the system
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is not running and may be cold, the state start-up will initiate automatic preheating and the start-up procedure. The start of
the system has to be initiated by the supervisory control. After the start-up has been initiated, the next step leads to the
state of operate. A sequence for shut down is executed by the state stop and is followed by the state shut down, which is
also activated by the primary system controller. In order to achieve a rapid restart of the system, it is advisable to use the
stand by state. In this state, a minimum amount of hydrogen is produced and delivered to the fuel cell. In the stand by
state, the fuel cell only converts as much hydrogen as necessary to keep system-integrated auxiliaries running, like air
supply, pumps and injectors. This state allows the system to skip the preheating phase and enables an immediate switch
to the operation phase. Quick restarts in reformer systems are a key issue, as they require reforming temperatures that
are very high and it takes a considerable amount of energy and time to preheat the system.
Potential system failures can occur during the various states (e.g. during the operation mode, temperatures could fall
below or rise above an allowed limit, system pressures can move out of range or the reformate CO content at the fuel cell
inlet could reach critically high values). System damage could occur as a result of some of these failures. For example,
the high reactor temperatures can deteriorate the catalyst coating or CO could poison the fuel cell. The system should
activate an appropriate fail-safe operation strategy, depending on the current system state when the failure occurs, which
might lead to shut-down or e-stop. System function and error monitoring is organized in parallel executed states.
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Figure 8: Reformer Subsystem State Machine
Subsystem controllers are analogous to the overall architecture of the APU system controller (e.g. the reformer controller,
is organized in a hierarchy of states): The superstates outlined in Figure 8 can contain several substates, which again are
connected by transitions. Figure 9 shows the substate start-up. Beginning with the initialization state, where all actuators
and low-level control setpoints are set to predefined values, the preheating device will be turned on. In order to carry the
preheating energy into the system, a certain amount of air flow is turned on. The heating device can be monitored for
potential failure by analyzing the reformer temperature gradient.
When a given threshold temperature is reached, fuel will be injected. A positive ATR temperature gradient shows catalyst
light-off and subsequently other reactors (e.g., the catalyst burner should light off as well). Once the temperatures in the
steam generators are high enough, water can be injected and the reforming process moves from partial oxidation into
autothermal reforming. Lastly, all low-level control loops necessary for (transient) system operations are set to active and
the superstate migrates from cold start to operation.
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Figure 9: Simplified Flow Diagram of Substate Start-up

The reformer subsystem control was developed within the scope of VKA/ FEV’s fuel processor program. Implementation
and testing of the reformer subsystem control was performed on a fuel processor prototype, consisting of an autothermal
reformer, high temperature shift and catalytic burner. The start-up sequence of this system using the subsystem controller
is described in Figure 10.
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Figure 10: Start-up Behavior of the Reformer System
st

Inlet and outlet temperatures of the ATR increase with an expected delay of the 1 order, during the preheating phase.
Directly after fuel injection, the partial oxidation lights off. Shortly thereafter, the hydrogen that it produces is converted in
the catalyst burner and is followed by a rapid rise in temperature. The heat exchangers at this point are being supplied
with enough thermal energy from the ATR and the catalyst burner to produce steam. At this point, autothermal reforming
can be started and the water gas shift stage begins to work, while the reformate hydrogen content steadily increases.

LOW-LEVEL CONTROL - REFORMER EXAMPLE
Essential low-level controls for this system are air-flow (based on a power demand feed forward signal), fuel, reactor
temperature, CO-concentration at fuel cell inlet and catalyst burner exhaust gas temperature. The last two controls listed
are realized by setting the air supply to the preferential oxidation and catalyst burner.
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The reformer’s main setpoint for the low-level controller is a desired hydrogen output. The output can also be expressed
as corresponding air flow for the ATR process at a nominal air/fuel-ratio and estimated reformer efficiency. Thus, the first
control loop only has to adjust the correct flow from the reformer air supply, which can be either a separate blower or a
valve that branches air from a central APU compressor. The loop uses a hot film mass flow meter to sense the actual flow
and then activates the blower or valve.
The supply of fuel is actuated in a second loop using the air mass flow as a feed forward signal to preset the relative
air/fuel ratio to a desired value, which varies depending on system load. Loss of heat is relatively higher during partial load
compared to full load, so that operation at a constant air ratio leads to lower reactor temperatures. This has a negative
impact on HC conversion and overall efficiency. Utilizing slightly higher relative air/fuel ratios to increase temperatures can
partially compensate for this behavior.
Efficiency-optimized air/fuel ratio partial load strategies lead to a preset operation temperature profile over the system load.
Accordingly, the fed forward relative air/fuel ratio can be combined with a closed loop temperature control. The ATR
temperature during a load step from full load at 9 kW thermal to partial load at 3 kW thermal and back to full load is shown in
Figure 11. A load step of this magnitude corresponds approximately to turning a 2 kW air conditioning system on and off.
Inlet temperature of the HTS reactor as an example for reactor temperature control is also shown in the figure. The
temperature changes very slowly because of a relatively high heat capacity upstream. Therefore, no partial load strategy
is intended and inlet HTS temperature will be kept constant over the complete load range.

Figure 11: Transient operation

TESTING
Testing the complete control system using software-in-the-loop based on an APU Matlab/ Simulink model was performed.
Major components of the control concept, including complete subsystem controllers, have also been tested in a hardware
configuration. Implementation of the reformer control was completed on a fuel processor prototype for APU applications,
whereas the slightly modified controller for air supply has been tested in a drivetrain application. The stack subsystem
controller is currently being applied to operate the FEV stack test bench. The design build-up of a complete APU system
is included within the scope of VKA/ FEV’s APU development. The control concept will be tested on this hardware using a
rapid prototype controller.

SUMMARY
The concept being considered for controlling the APU system includes a metal bipolar plated water-cooled stack and a
gasoline reformer consisting of low-level controllers and a state machine. Three different tasks are fulfilled by the system,
sequential control, setpoint setting for low-level controllers and system monitoring (e.g. error control). Organization of the
control system is accomplished by creating different levels. A top level supervisor deals with overall system strategies and
controls the interaction of the subsystems. Four subsystem controllers are used for the reformer, air supply, stack and
power electronics to sequentially operate their corresponding subsystem. They also feed setpoints to the low-level
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controllers, which are organized in the lowest level of the control concept architecture. All subsystems contain the same
basic superstates and are connected to the same modular structure as the supervisor.
The concept’s transparent and modular structure eases the handling of the supervisory controller and enables a flexible
system, which simplifies the adoption of different hardware layouts. In addition, a strict separation of sequential control
and system monitoring, organized at the system and subsystem level, increases the transparency and manageability.
The APU control system including low-level controls was tested in soft-ware-in-the loop, whereas major parts were
implemented on a rapid prototype controller and tested in a hardware configuration. Performance of the control concept
was shown with a fuel processor, which converts gasoline by an ATR, two water gas shift stages and a selective oxidation
to hydrogen.

ABBREVIATIONS
APU

Auxiliary Power Unit

ATR

Autothermal Reformer

CB

Catalytic Burner

HTS

High Temperature Shift

LTS

Low Temperature Shift

PEFC Polymer Electrolyte Fuel Cell
PrOx

Preferential Oxidation

SOFC Solid Oxide Fuel Cell
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