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1. Abbreviations
ASW
BoP
BSW
DoE
FCS
FCCU
PRBS
PWM

Application SW
Balance of Plant
Basic Software
Design of Experiments
Fuel Cell System
Fuel Cell Control Unit
Pseudo Random Binary Signal
Pulse Width Modulation

2. Introduction
One of the major tasks in the INN-BALANCE project was the development of the control and
diagnosis hardware as well as software. In several work packages of the project the subsystem
modules and their control are developed and tested locally by different project partners.
Beside the BoP component control, several other SW modules are required to fulfil the power
demand of the vehicle, which is the main function of the FCCU. In Figure 1 you can see the ASW
architecture related to their respective tasks and work packages in the project, as well as the
provided functionality.

Figure 1: Architecture of the ASW

Within work package 2 the observer, the FCS diagnosis and the set point generator for the control
modules are developed. Further, all SW modules are integrated into a SW System.
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3. Control
3.1 Observer
This section covers public results of the design and validation of state estimators for the
sensorization system optimization. The objective is to reduce costs, maintenance and redundancy of
the final sensor array. In this context, the observer theory is a well-stablished discipline that permits
to produce estimations of system’s variables based on a mathematical model of its dynamics.
Conventionally, the purpose of the observer is to estimate variables for which there are not sensors
attached due to the prohibitive costs of dedicated sensors or the impossibility to place them at
specific locations in the systems. In this project, the observer theory has been applied to develop
dynamic observers for some system’s variables in order to replace the sensors in charge of measuring
these variables, thus reducing costs.
The observer design and validation process has followed four steps:
a. Preliminary analysis of the fully sensorized fuel cell system: the feasibility of creating
observers in each subsystem of the fuel cell plant is studied based on the Piping and
Instrumentation Diagram (P&ID) and the MATLAB/Simulink system model designed in the
project.
b. State-observer oriented system modelling: a mathematical model of the system is developed
with an adequate structure for observation purposes.
c. Observability analysis: prior to the observer design, it is mandatory to carry out an
observability analysis to identify the potentially observable variables.
d. Observer design and validation: based on previous observability analysis, state observers are
created and validated through simulation. The result is the observer software module to be
integrated in the fuel cell control unit (FCCU).
Regarding the preliminary analysis, the P&ID and the Simulink model of the anode, cathode and
thermal modules developed in this project have been analysed individually in order to identify
possible limitations in the observer development. Three general requirements must be
accomplished: to be able to develop a mathematical model of the considered system, the model’s
parameters have to be known or experimentally calibratable, and a minimum number of sensors are
required in order to fully estimate the system states. Under previous considerations, only the
cathode module presents the required qualities for state estimation and sensor reduction.

The observer design process requires the formulation of a representative mathematical model of the
system under study. In this case, a model of the cathode module has been derived based on the P&ID
designed by the partners and following the general thermodynamic and fluid principles. Due to the
complexity and high nonlinearities of the system, several simplifications was applied in order to
reduce the system order and derive smooth and differentiable nonlinear functions. The result is the
nonlinear equation system in (1), where the state variables are the supply manifold pressure, the
pressure of oxygen and nitrogen in the fuel cell’s cathode, and the return manifold pressure
; the input signals are the compressor mass flow of air and the valves
control actions

; the stack current is considered as a measurable disturbance

variable
; and the output signals, i.e. the measurable variables, are
.
and h are differentiable and smooth functions that define the relationship between the previous
signals based on the system dynamic and its parameters.
© INN-BALANCE consortium
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(1)
To evaluate the sensors that could be replaced by state estimators, it is mandatory to execute an
observability analysis over the previous model. The results of this analysis will provide information of
which system’s variables can be potentially estimated through the observer theory, and the number
of inputs (measurable variables) that are necessary to reconstruct the system’s state. Considering the
nonlinear nature of equations in (1), a double check strategy was followed by applying two different
observability methodologies: linear observability analysis based on a linearization of the system’s
equations, and nonlinear observability analysis based on complex Lie Derivatives. In both
methodologies, the analysis is done over a set of operational points inside the cathode module
operating range.
In view of the results obtained from the observability analyses, it was confirmed that the variables of
the cathode module can be estimated considering only one output (measured) signal, the supply
manifold pressure. This conclusion leads to the possibility of eliminating the sensor that measures
the other output signal, the return manifold pressure sensor, reducing the sensorization system cost.
However, the system model is mathematically ill-conditioned, and the observer design could be
hindered by round-off errors and model disturbances and inaccuracies. In other words, the
robustness of the observer could be compromised.
To alleviate the ill-conditioned situation, which has been barely covered in the literature, a wellconditioned Luenberger observer has been proposed in this project for the robust observation of the
system’s variables. The proposal, completely new in the field of PEMFC systems, is based on the
conventional Luenberger observer formulation. However, a pre-conditioned technique is applied
prior to the design of the Luenberger matrix in order to reduce the high condition number of the
system and increase the robustness of the observer to round-off errors and other modelling
uncertainties. This pre-conditioning process consists in applying several transformations over the
observer equations using the eigenvector matrix as scaling matrix and looking for a skew-symmetrical
form of the observer matrix. Then, an adequate pole/zero placement is done to reduce the condition
number of the observer to the minimum.
The effectiveness of the proposed observer has been proved using the integrated MATLAB/Simulink
simulator of the FC system developed in the project, where the well-conditioned Luenberger
observer was included. Then, the estimation done by the observer and the values of the system
variables provided by the simulator are compared. Figure 2 shows the comparison when a variable
load current is demanded (Figure 2e). The proposed observer can accurately estimate all system
variables in the considered operational range of the cathode module.

a)

b)
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c)

d)

e)
Figure 2: Simulation results of the observer performance under a variable load current

The main concern in Luenberger observer is its high dependence on the model’s parameters and that
its performance can be deteriorated by measurement noise. The influence of these two aspects in
the proposed observer was analysed providing satisfactory results. On the one hand, white noise was
introduced in the simulator’s signals in order to reproduce a more realistic scenario during the
observation process. Figure 3 shows the output variables estimation after the application of the
noise and the same load current profile than before. It is stated that the well-conditioned Luenberger
observer is capable of accurately estimate the variables under measurement noise situations.

Figure 3: Simulation results of the observer performance under a variable load current and measurement noise

© INN-BALANCE consortium
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On the other hand, a sensitivity analysis to parameter mismatch was carried out. In this case, each
parameter of the system’s model (1) was increased and decreased progressively, thus introducing an
error with respect to its correct value. The study suggested that the estimation errors derived from
the parameter mismatch are, in general, small in all considered scenarios, being insignificant for the
case of the supply manifold estimation. Only the parameters related to the valves’ dynamic could
influence the observer performance, so especial attention to these parameters must be put during
the calibration of the observer in the real test bench.
In summary, a well-conditioned Luenberger observer for the cathode module variables estimation
has been proposed considering that only one system state can be measured, i.e. the supply manifold
pressure. It permits to mitigate the ill-conditioning of the system model thanks to a preconditioning
stage of the observer matrices, providing accurate estimations of the system pressures and with
enough robustness to modelling uncertainties and measurement noise. As result, the sensor for the
return manifold pressure measurement can be eliminated from the original P&ID scheme proposed
in the project, being this measurement replaced by the observer estimation and reducing the overall
sensorization system cost. The proposal was integrated in the FCCU software as an individual block
that receives the sensor signals and control actions from the real system. Finally, although the
simulation validation has provided satisfactory results, experimental calibration of the model and the
observer will be necessary through experimental data.

© INN-BALANCE consortium
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3.2 Supervisory Control and optimum setpoint generator
The fuel cell system supervisory controller architecture automatically supervises the lower control layers to
manage all parts and events in various modes of operation of a fuel cell system. The proposed supervisory
controller in presence of vehicle control unit, subsystem controllers, and other auxiliary subsystems is shown in
Figure 4.
Figure 4 shows that the fuel cell hybrid electric car’s overall system architecture includes different
components and subsystems. The lowest level comprises the following elements:
• Traction components
• DC/AC inverter
• Fuel cell stack
• DC/DC converter and battery system
• Cathode subsystem (CSSC) that supplies oxygen
• Anode subsystem (AnSSC) that supplies fuel(H2)
• Thermal subsystem (TSSC), which removes the generated heats and other ancillary components.

Figure 4: Fuel cell supervisory Controller in presence of other subsystems

The fuel cell system’ supervisory controller includes three main parts:
• State-machine (SM)
• Optimal set-point generator (OPSG)
• Power limit calculator (PLC)
The supervisor controller receives all the information from the input wrapper, including relevant user actions
and commands from the vehicle control unit (VCU), diagnosis system, the sensors, estimations, and
observations of the subsystems. This supervisory controller’s main purpose is to manage the initiation
procedure to start up and shut down the fuel cell system and produce local controller’s set-points in the Run
mode.

3.2.1

Optimal setpoint generator

To maximize the efficiency of a fuel cell system and thereby minimize its operating cost, it is essential that it
operates near its optimal operating conditions. This can be usually achieved by performing operation
optimization techniques based on mathematical models.
© INN-BALANCE consortium
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The set-point generator is a task executed during the RUN mode and based on the requested power from the
vehicle side, generates the auxiliary subsystems’ operating condition set-points. The auxiliary subsystems have
local controllers that are in charge of the set-point achievement. The objectives of the operating conditions
optimization are two:
• Maximizing efficiency
• Minimizing degradation
PEMFC efficiency, which is defined as the ratio of the net generated power to the enthalpy of reaction of the
fed hydrogen, is defined as follows:

Where nH2 is the fuel out of the tank, and the HHV the higher heating value of the fuel. IVfc is the gross
electrical power generated by the fuel cell and Ps is the electrical power consumed by the subsystems which
include compressor power consumption which depends the mass flow rate and pressure and a constant power

consumption for another auxiliary subsystem.
In the cathode subsystem, there are three set-points:
• Mass flow into the cathode channel inlet (g/s)
• Humidity ratio: mass of vapor over mass of dry air ratio into the cathode inlet
• Pressure at the stack cathode inlet (bar)
In the anode subsystem, there is one set-point.
• The over pressure at the stack anode inlet relative to cathode inlet pressure (Pa)
In the thermal subsystem, there are two set-points:
• The inlet coolant temperature (°C)
• Coolant temperature increase (°C), defined as the coolant outlet temperature minus the
coolant inlet temperature.

© INN-BALANCE consortium
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Figure 5: Four set-points versus the demanded load current

Figure 6: Polarization curve, net produced power and efficiency

3.2.2

Power Limit calculator

One of the duties of the fuel cell system supervisory controller (FCSSC) is to give information about the
available range of power that the fuel cell stack can deliver. The Power Limit Calculator (PLC) unit inside the
fuel cell system supervisory controller has to provide this information and send it to the vehicle control unit’s
energy management system. The energy management system uses this information to manage the requested
power from the traction components between the fuel cell stack system and battery.
The information that the fuel cell system supervisory controller delivers to the energy management system is:
• Maximum Power
• DC-DC set-point current
• Power ramp-up rate
• Maximum instant power
© INN-BALANCE consortium
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3.3 Diagnosis
The tasks of the diagnosis in the FCCU is to prevent damage to the FCS and the environment. This is
done by monitoring of two main aspects, on the one side the actual physical conditions in the fuel
cell system, and on the other side the status feedbacks of the individual BoP components.
3.3.1

Condition monitoring

In the mechanical layout of the FCS there is a classification of the sensors done in following sections:
• Control sensors
• Diagnosis sensors
• Lab system sensors
The control sensors are relevant for the anode, cathode and thermal controllers to ensure a stable
operation of the fuel cell system.
The lab system sensors are only used on the testbed, not in the vehicle. Their purpose is the
characterization and extended monitoring of the FCS. These sensors are directly connected to the
testbed system and sensor values are not available in the FCCU.
Finally, the diagnosis sensors are used to monitor the most critical physical quantities in the FCS such
as the temperatures and pressures as well as the hydrogen concentration in the exhaust and the cell
voltage.
A two-level monitoring is implemented to allow a proper reaction according to the actual status.
So, if e.g., the temperature at the coolant stack inlet exceeds a first limit (see upper plot of Figure 7)
a warning flag is set (see lower plot of Figure 7), which triggers in this case a normal shutdown of the
FCS. If this temperature exceeds a second limit an error flag is set, which triggers an emergency
shutdown. Similar procedure is implemented for several pressure and temperature measurements.
Initial calibration of the limits areis based on BoP component datasheets, such as the stack
temperature limits, and further refined during FCS commissioning.

© INN-BALANCE consortium
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Figure 7: top: coolant temperature at stack inlet,
bottom: flags set as reaction to limit violation of coolant stack inlet temperature
(both plots were created at SW testing to verify the function)

The monitoring of the hydrogen concentration follows the same approach with an additional
function.
© INN-BALANCE consortium
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High hydrogen peaks should trigger an immediate action, whereas for medium hydrogen
concentrations an average value over time is considered.
In difference to upper mentioned checks, which are performed all the time when theas FCCU is
active, the cell voltage check is only performed at certain relevant FCS states. Because the minimum
cell voltage check cannot be properly done during FCS start, as at the beginning of this procedure the
cell voltage is 0 mV and hence lower than a plausible limit to check during run mode. Same applies
for the end of the shutdown process, where the cell voltages should be also below a relevant limit for
detection.

3.3.2

BoP components and CAN diagnosis

The “intelligent” BoP components such as the FC DC/DC converter and the hydrogen sensors have
their own diagnostics implemented and sending error codes via CAN bus, which are evaluated by the
FCCU. Based on the importance of these devices, an active error code results in an emergency
shutdown.
For all BoP components connected via CAN a check for a valid CAN communication is implemented in
the FCCU. If the communication between the FCCU and following components is interrupted, also an
emergency shutdown will be triggered:
•
•
•
•
•
•
•

CVM
VCU
FC DC/DC
Hhydrogen sSensor
Cathode compressor
Cathode TRICAN sensor 1 and 2
THDA

© INN-BALANCE consortium
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3.4 Cathode Controller
Among the three control requirements for the cathode module, the regulation of the mass
flow is considered the most crucial. Not supplying a sufficient flow rate would severely
compromise the efficiency of the stack and lead to very high voltage losses due to oxygen
starvation. To cope with high load current variations, the convergence time requirement was
set to be lower than 1.5 s for step changes in the reference mass flow. The convergence
time requirement for the pressure was set higher at 3 s. Since the humidity is generally
associated with very slow dynamics and as such, was given a high convergence time
requirement of 15 s.
Table 1: Cathode subsystem requirements

Mass flow
Pressure
Humidity

3.4.1

Cathode Subsystem Requirements
Range
0 g/s to 123 g/s
1 bar to 2.2 bar
0% to 50%

Convergence Time
< 1.5 s
<3s
< 15 s

Overall Control Architecture (mf, P, rH)

Associated with the cathode module are a set of 5 valves and a high-speed turbo
compressor. These are manipulated to achieve the desired setpoints for mass flow, pressure
and humidity set by the supervisor controller.

Compressor Control
The control of the mass flow is done through the manipulation of the turbo compressor’s
rotational speed. Motor control is done handled locally by the compressor’s electronics and is
not considered part of the cathode subsystem controller (CSSC).
A reference setpoint signal is sent to the compressor electronics which then drives the
compressor’s motor. A minimum speed is required to ensure that the compressor gas
bearings are capable of rejecting shocks of 10g. Furthermore, a maximum acceleration and
maximum deceleration rate are imposed by the software to avoid a high temperature
differential between the motor’s rotor and stator in addition to reducing the risk of surge.

Valve Control
There is a total of five valves in the cathode module all of which are actuated by means of
DC-motors. Position of the valves is measured and sent as analog signal. Control of the
position is then done using PI-controller with a variable structure anti-windup. The reference
position is conditioned such that the flap of the valve does not strike the mechanical limits (at
0% or 100%) with a speed higher than a particular set valve. To keep the valves fully open or
fully closed, a predefined current is used such that a small torque is continuously exerted to
counteract the valve retraction springs.
a. Cathode Bypass Valve (CBV)
© INN-BALANCE consortium
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In the event of a power blackout, the cathode bypass valve, being a normally open valve,
prevents the build up of pressure while the turbo compressor continues rotating due to its
inertia. By creating a path from the compressor outlet to the ambient air, potential damage to
the turbo compressor can be avoided. The CBV is also actively opened in the event the
pressure downstream of the compressor becomes high enough to lead to compressor surge.
b. Stack Control Valve (SCV)
Integrated onto the pod which houses the fuel cell stack is a pair of normally closed valves
which serve to isolate the stack. Both these valves operate in unison to either allow or stop
the air flow through the cathode module. Under normal operating conditions, the valves are
either fully open or fully closed.
c. Air Control Valve (ACV)
To control the pressure and humidity of air flowing into the cathode, a pair of valves are used
downstream of the pod. Opening one and closing the other allows for full flow of humid gas
from the stack into the wet-side of a passive membrane humidifier where the humidity is
recycled and is transferred to the air which enters the fuel cell stack. Humidity control is
achieved by varying the division of mass flow rate through these two valves. Furthermore,
the stack operating pressure is regulated through closing or opening both valves
simultaneously. Controlling both pressure and humidity using the pair of ACVs therefore
requires synchronous regular

© INN-BALANCE consortium
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3.4.2

Cathode Protocol/State

To achieve proper function of the fuel cell system, six states have been defined for the
cathode subsystem. Table 2 presents a quick description of all the states defined.
Table 2: States of cathode subsystem

Protocol
Number

Name

Description

0

Off-State

The compressor is switched off and all valves are
de-energized. This isolates the fuel cell stack.

1

Humidifier
Bypass

The compressor is on and specified compressor
mass flow running at a specified speed while the
SCVs are open and the CBV is closed allow for air
flow into the stack.

The humidifier is completely bypassed.

2

Stack-bypass

The compressor is on and rotating at certain
minimum speed. The minimum speed required to
ensure that the compressor gas bearings are
capable of rejecting shocks of 10g.

In this state, the stack is bypassed and isolated.

3

4

Cathode MinFlow

The compressor is on and operated at minimum
speed. The SCVs are opened while the CBV is
closed to allow air to flow through the cathode of
the fuel cell stack.

Mf-P-rH Control

At is state, air flows through the cathode. The mass
flowrate, pressure and humidity are all regulated
through manipulating the compressor speed and
the ACV pair downstream of the cathode.
Air is allowed to flow through the stack while the
humidifier is completely bypassed. The compressor
speed is manipulated to control the mass flow.

5

Dry-out
This particular state is required to dry-out the fuel
cell stack.

3.4.3

Error Diagnosis and Reporting

Faults are detected and reported by the cathode subsystem controller to the upper-layer
supervisory controller. Faults a response,
© INN-BALANCE consortium
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The cathode subsystem controller constantly monitors the health of the actuators; namely,
the compressor and valves. The compressor faults are detected by the compressor
electronics. These are summarized and described in Table 3. Upon the detection of a
compressor fault, the compressor is stopped and a fast shutdown request is sent to the
supervisory controller.
Table 3: Error list of turbo-compressor

Fault
Stall
Overspeed
Heatsink Overtemperature
Motor Overtemperature
Error STO Active
DCDC Current Trip
Inverter Current Trip
Phase (U/V/W) Missing

Description
Compressor motor has stalled
Rotational speed of the compressor is
above the maximum set
Temperature of compressor electronics is
too high
Temperature of the compressor motor is too
high
External safety circuit
DC current has exceeded the set limit
Motor phase current has exceeded the set
limit
Open circuit in phase (U/V/W) detected

Diagnosis of all five valves in the cathode subsystem is done in two ways. These are detailed
in Table 4. Upon the detection of a fault in the valves, a fast shutdown request is sent to the
supervisory controller.
Table 4: Cathode valves error list

Fault
Sensor Failure

Valve Control Failure

Description
Triggered when the measurement of
position is out-of-range expected voltage
range.
Triggered when the valve reference position
is not reached for a predetermined time.

During the fast shutdown procedure, the compressor is stopped while the CBV is opened to
provide a clear passage to the exhaust and the SCVs are closed to isolate the fuel cell stack.

© INN-BALANCE consortium
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3.5 Anode Controller
The task of the anode controller is to control the hydrogen pressure at the anode side of the stack, as
well as to manage the nitrogen and water content in the anode. Additionally, the anode shutoff valve
between the anode injector and the hydrogen tank system is controlled and error monitoring is
performed.
3.5.1

Hydrogen pressure control

The pressure on the anode side of the stack is controlled with an injector-ejector system. The high
pressure in the tank system is scaled down to a medium pressure of 10 bar, which is the input of the
injector. The injector gets a PWM control signal, so during the “on” times, fresh hydrogen is supplied
to the anode module.
The control approach is derived byfrom the stack supplier’s requirements. The anode pressure at the
stack inlet should be higher for a certain value than the cathode pressure at stack inlet. This pressure
following concept is implemented in SW with a pre-control and a PID part. The pre-control is based
on the actual stack current, by which the actual hydrogen consumption and therefore the opening
time of the injector can be calculated. The PID part of the control is compensating the purge losses as
well as any further disturbances, like temperature depending influences.
In Figure 8 below, an example of the anode pressure control is shown. The anode pressure
(measurement on top in red) is controlled to follow the cathode pressure, which is again a function
of the stack current (measurement on the bottom in dark blue). The brown curve shows the
differential pressure of anode and cathode. From second 475 to 515 the stack current is reduced,
and therefore also the stack supply pressure. The anode control follows this operation within a
certain pressure band.

Figure 8: Anode pressure measurement in dependency of stack current

© INN-BALANCE consortium

19

D 2.5 – Public results of Diagnosis, control and sensorization
Version 1

3.5.2

Purge valve control

The task of the purge valve is to release the anode module gas mixture to the exhaust due to
accumulated nitrogen, which is diffusiones through the FC stack membrane due to partial pressure
difference.
During start up and shutdown, a fixed amountnumber of purges are performed to have a controlled
amount of gas released. Especially during start up this is important as the initial gas mixture before
starting is unknown, respectively in dependency of the time duration since last shutdown.
During the run operation, the purge valve opening time and opening cycle duration is in dependency
of the actual stack current. AVL set up a detailed calibration guideline for the purge strategy, so an
optimum between hydrogen losses and performance can be achieved.
In the following diagram (Figure 9) the purge operations for a certain operation point are shown.
Stack current is constant (measurement at the bottom in blue), which leads to a constant purge
interval (measurement in the middle in red), with minor impact on the anode pressure at stack inlet
(measurement on top in red). By enhancing the injector control and refining the pressure pre-control
in the process of the FCS optimization, this slight pressure drop during purge events will disappear.

Figure 9: Anode module measurements showing purge valve status

3.5.3

Drain valve control

The produced water on the cathode side of the stack is diffusing to the anode due to partial pressure
differences. While the water at the cathode is blown out of the stack with the higher stoichiometry
of supplied air, this approach will not work at the anode due to the closed recirculation loop.
Part of tThe anode module is a specifically designed to deal with this. A water separator with
attached tank to separate the gaseous water part of the anode gas mixture is included.
To empty this tank, two strategies are combined. First there is a similar approach like at the purge
valve. Based on the actual stack current the drain valve opens cyclically to release the water into the
exhaust pipe. Additionally, there is a water level sensor at the bottom of the tank, whoich can detect
the presence of water. So, if for any reasons like specific ambient or operating conditions there is less
water separated than normal, this sensor will trigger the closing of the drain valve earlier than the
firstprimary strategy will do to avoid a release of gas through it.
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In the following diagram (Figure 10) the drain operations for a certain operatingion point are shown.
SThe stack current is constant (measurement at the bottom in blue), which leads to a constant purge
interval (measurement in the middle in blue), with minor impact on the anode pressure
(measurement on top in red).

Figure 10: Anode module measurements showing drain valve status

3.5.4

Shutoff valve control

The anode shutoff valve seals the anode module from the hydrogen supply line, as the injector is not
gas tight by design. The control of this valve is based on the actual state of the FCS. If there is the
demand for starting up the FCS, the valve will open and will close after the shutdown procedure.
3.5.5

Error monitoring

There is a plausibility check for the anode drain tank level sensor implemented. If the drain valve is
open longer than a plausible limit, a module issue is assumed and a normal shutdown triggered.
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3.6 Thermal LT Controller
The thermal LT subsystem is dedicated to achieve two functions; namely:
•

•

3.6.1

Cooling the auxiliaries of the fuel cell system. This includes the DC-DC converter, the
compressor’s motor and power electronics. Insufficient cooling of these components
would lead to damage due to overheating.
Cooling of the air which enters the cathode volume. High temperatures of air could
lead to irreversible damage to the membrane layer of the fuel cell stack.

Control architecture

There are three actuators in the Thermal LT subsystem. The subsystem is on when the fuel
cell system is active, at which point, a coolant pump is either operated at full load. The pump
is fully off otherwise. A three-way diverter valve is used to manipulate the flow of coolant to
the intercooler; thereby, controlling the amount of cooling and ultimately the temperature of
air which enters the stack. Another three-way diverter is used to control the temperature of
the coolant.

3.6.2

Error Listing and Reporting

Five temperature measurements are constantly monitored to ensure the LT subsystem
achieves its required cooling functions. These signals are:
•
•
•
•
•

Coolant temperature pre-cooling
Compressor motor temperature
Compressor electronics temperature
DC-DC converter temperature
Cathode inlet air temperature

If one or more of the following temperatures exceeds a predefined maximum for a certain
amount of time, a fast shutdown request is sent to the supervisory controller.
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3.7 Thermal HT Controller
The Thermal HT subsystem is devoted to provide an adequate temperature condition to the Stack. In
normal operation, it discharges heat from the stack through the car front radiator and keep a
regulated temperature at the Stack inlet. During cold start of the Stack, the Thermal HT subsystem
uses a short circuit to control the temperature. Optionally an electric heating device is used during
active cold start to provide active heating.
3.7.1

Short circuit modes

This mode is used to warm up the Stack during cold starts. The mode has a passive mode and an
active mode. The controller activates the short circuit and activates also the electric heater if the
active cold start is required (when the Stack temperature is below a limit). The radiator and the
radiator by-pass are closed to minimize the heat loses.
3.7.2

Normal mode

The normal mode controls the inlet temperature of the stack and temperature difference between
inlet and outlet. The Stack heat is rejected in the front radiator. When the radiator is not able to
reject all the heat, the main radiator fan is also used. The hydrogen preheating and cabin heating use
residual heat from the Stack.

Figure 11: Stack coolant temperatures during a test operation. The graph also shows the operation mode of the subsystem

3.7.3

Error detection

The subsystem checks the values of temperatures and pressures of the cooling circuit to assure a safe
operation of the system. The subsystem protects the stack from overtemperatures, overpressures
and low coolant flow. A fast shut down is triggered when the errors are detected.
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4. THDA Diagnosis
4.1 Testing
Target

Method

•Avoiding harmful conditions of the stack like
starvation, flooding or dry-out during operating
•Estimating the “state of health” of the stack in inuse conditions with available on-board sensors
--> Measurement of current and voltage
•Improving the operating strategy by providing
additional feedback loops for adaptive control
functions

•The impedance at different frequencies changes
as function of stoichiometry and membrane
humidity.
•The impedance at different frequencies can be
determined by exciting the current with a
Pseudo Random Binary Signal (PRBS) and
measuring the voltage response.
•By driving the stack into starvation, flooding and
dry-out at a testbed, the relation between “state
of health” and “impedance” can be established.

Testing

Data Analysis

• Automated variation of membrane humidity as
well as fuel and
air stoichiometry set up in AVL CAMEO™
•Excitation of a Pseudo Random Binary Signal
(PRBS)
with a bandwidth of 0,1 – 10‘000 Hz
•High-frequency measurement of voltage and
current with AVL X-Ion and Indicom™ software.

• Evaluation of impedances during postprocessing
via complex wavelet transform (CWT) using AVL
Concerto 5™
•For every measurement, a new impedance
spectrum is received showing effects of
operating condition variation
•CAMEO is used to model the relation between
“state of health” and “impedance”

Table 5: Brief Description of target, method, testing and data analysis

4.1.1

Test Set Up

The Powercell Prototype S3 PEM Fuel Cell 120 cell short stack was used for the following tests. It was
installed at a Greenlight G500 testbed, which is designed for up to 12 kW power.
To allow for the excitation of a broadband signal the AVL E-Gen Spectrolyzer was used for the testing.
The different elements include a X-Ion for the measurement of voltage and current. The excitation
was implemented as an AC current offset to the test bed load current.
For the automated variation of operating parameters as well as the trigger for the excitation, AVL
CAMEO was used.
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Figure 12: Test set up description

4.1.2

Test Plan

To identify the failure modes low hydrogen, low air and dry out the anode stoichiometry, cathode
stoichiometry and relative humidity at the inlet of anode and cathode were varied. The test plan
included around 210 variations. For each of these points an impedance spectrum was analysed.
Each impedance measurement was made at steady state with a stabilization time of 300 seconds.
Testing was only done at steady state at normal conditions.
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Figure 13: Test plan with variation of relative stack inlet humidity, load point (stack current), cathode stoichiometry and
anode stoichiometry

The Design of Experiments (DoE) is set up to allow for multiple input factor variation and to
determine their effect on the impedance. By manipulating multiple inputs at the same time, the DoE
can identify important interactions that may be missed when experimenting with one factor at a
time. Repetition points are included in the test plan. Due to the slow response of temperature
control on the test bed the variated set points were sorted by relative humidity. Thereby, testing
time could be reduced.
The following parameters were varied at two load points (310 and 440 A):
• The anode stoichiometry was varied between 1,4 and 1,8.
• The cathode stoichiometry was varied between 1,4 and 1,9.
• The relative humidity at the cathode and anode inlet was varied simultaneously between 10
and 80 %.
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Figure 14: Design of Experiments with steady state variations

4.2 Results
From the measured voltage and current the impedance is calculated with complex wavelet
transform. Impedances for frequencies between 0,1 and 10’000 Hz were analyzed. All 310 A points
are shown in Figure 15.
The CAMEO model uses these calculated impedances as an input. The goal is to identify dominantly
changing frequencies to specific fault conditions. In cases where this is not possible, an additional
input e.g. by physics-based models is required.

Figure 15: All EIS measurements at 310 A. They are used as input to CAMEO model
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4.2.1

Low Air

For the Low Air indicator a strong correlation between cathode stoic and the imaginary part of the
impedance at low frequencies. Generally, higher frequencies are preferred as they allow a shorter
measurement time and therefore faster detection of faults.
The completely data-based model (see Figure 16) is showing a clear correlation between impedance
and cathode stoic. With that alone no diagnostic function can be implemented as current, anode
stoic, cathode stoic and relative humidity are used as an input to the model. The blue dots show the
measured points and the pink line shows the modelled impedance based on the inputs.
The fact that the relationship can be modelled shows that the impedance is a function of load, anode
and cathode stoichiometry and relative humidity. Other influences like pressure have not been
varied and are therefore not considered.
The Y-Axis in Figure 16 shows the variation/result of
▪ Load
▪ Cathode stoichiometry
▪ Stack imaginary part 5,5 Hzat frequency 1
▪ Stack imaginary part 11 Hzat frequency 2

Figure 16: Correlation of data-based model to imaginary part of impedance at low frequencies

Figure 17 shows the effect of operating parameter variation (x-axis) on the pre-selected impedances
at 5,5 and 11 Hztwo different low frequencies (y-axis). The pink line shows the model prediction and
the green band shows the confidence area. It is desired to have a steep curve for the cathode stoic
variation while having flat curves for the anode stoic and the relative humidity. Flat curves can be
neglected in an online diagnostic function. It is therefore advantageous that the influence of the
anode stoic and relative humidity is low. The influence of the current is less relevant as the current is
known and can therefore be used as an input to the diagnostic function. The relative humidity may
also be used as an input by using the high frequency resistance (HFR) measurement. The relevant
results for a humidity indicator are shown in chapter 4.2.3.
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Figure 17: Sensitivity to variations of imaginary part at 5,5 Hz and at 11 Hz2 low frequencies

4.2.2

Low Hydrogen

The Low Hydrogen indicator is considerably more difficult to build. Best results were found at mid
frequencies, where mass transfer limitations at the cathode are hardly visible anymore. Variations
have only been done between stoichiometries of 1,4 and 1,8. A lower stoichiometry would have had
a high risk of severe damage to the stack and was therefore not included in the test plan. This fact is
also the biggest limitation in the results. No considerable under supply was reached. Therefore, no
high effect in the impedance is to be expected either.
The reaction of the 509 Hz impedance of f3 at dry conditions is shown in Figure 18. The current and
the relative humidity would have to be accounted in a diagnostic function. The cathode
stoichiometry can be neglected. The correlation with the anode stoic of f3, however, disappears with
higher humiditfies and lower currents.

© INN-BALANCE consortium

29

D 2.5 – Public results of Diagnosis, control and sensorization
Version 1

Figure 18: Sensitivity to variations of impedance at 509 Hz at dry conditions

The major restrictions, as already introduced in this chapter, have been on the one hand the limited
stoichiometry variation, which was not visible in the voltage. On the other hand, the load limitation
might be a result of only limited measurement points at low loads during the tests.
4.2.3

Dry Membrane

The High Frequency Resistance (HFR) is the real part of the impedance at 1000 Hz. It represents
Ohm’s resistance of the stack, which is well known to correlate with the hydration state of the
membrane. This can also be seen in Figure 19. Inlet relative humidity (rH) refers to the average of the
inlet rH at anode and cathode. Flat curves show the not relevant influence of the anode and cathode
stoichiometry. It must be noted, that on a system test bed the cathode stoichiometry will have an
influence on the HFR. This, however, is due to the dehydration of the membrane at higher flow rates
and therefore is still an irrelevant input to the indicator’s model.

Figure 19: Sensitivity to variations of real part of the impedance at 1000 Hz

It is also well known that the water production rises linearly with increased current. Therefore, the
hydration should be higher for higher currents resulting in a lower HFR. As Figure 20 shows the
results show a different correlation. For higher currents a higher HFR is measured. The reasons are
not fully understood with the data available but are likely caused by a secondary impact of product
water on short stacks. Other causes may be that the break in was not fully completed or test bed
control caused issues.
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Figure 20: Current-based HFR over rH

4.3 Conclusions
The complete frequency band was analysed towards the defined fault condition to extract the ideal
frequency for each. For the defined fault conditions Low Air, Low Hydrogen and Dry Membrane a
dominantly changing frequency could be defined. These frequencies may be used in a vehicle
environment although hardware to excite a sinusoidal signal and analyse the current and voltage
response is required.
Possible effects of a stack test bed vs. system test bed and short stack vs. full size stack are not fully
investigated. It is advised to perform additional measurements on a system test bed with a full-size
stack before implementing the mentioned diagnostic functions in the software.
As tests were performed with a multi-input variation, cross-sensitivities were analysed in detail. They
remain a limitation in solely impedance-based diagnostics. It is therefore advised to strengthen the
indicator’s robustness by combining the data-based approach with physics-based models for future
investigations. By doing so, the risk of overseeing important influences is also minimized.

5. FCCU Hardware and Basic Software
5.1 FCCU Hardware Selection
The interface between the control SW mentioned in the previous chapters and the fuel cell
subsystems developed in tasks 3 to 5 is the FCCU. Its task is to read the physical sensor values,
provide the measurements to the control SW, process them and further to forward the control
response to the actuators and other BoP components.
The FCCU has to fulfil several requirements. As the target was a vehicle implementation of the FCS, it
should cover automotive specific demands like robustness, support of common physical interfaces as
well as flexibility. Last property is quite important in the prototype development, as changes and
updates in hardware interfaces and SW are probably. Also, the developed SW modules had to be
integrated easily in the FCCU.
Based on these requirements, it was decided to use the AVL RPEMS prototyping controller (see
Figure 21) as FCCU in the project.
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Figure 21: AVL RPEMS used as FCCU

There is a long yearhistory of experience in automotive applications with this controller, which was
also proven as FCCU at several AVL-internal projects.
In strong alignment with the subsystem developers for the anode, cathode and thermal module, the
physical interfaces were defined. The AVL RPEMS offers a wide range of communication protocols,
like several CAN busses, SENT protocol, analogue and digital inputs (including frequency inputs) as
well as analogue and digital outputs in several power stages.
One of the major benefits is the possibility to directly control the anode injector without the need of
a separate power device.

5.2 Basic SW
The FCCU HW includes the physical part of the controller as well as the basic drivers. These drivers
are the same for all AVL RPEMS devices and provide the data from CAN to the developed application
SW or convert the voltage at an analogue input to a digital value.
Further signal processing was done by an intermediate SW layer (see Figure 22), the Basic SW.

RPEMS HW
Basic SW
Application SW

Figure 22: FCCU HW and SW layers

Its task was to forward the signals to the ASW, including signal filtering and limitation as well as
signal preparation. It e.g., converts the in frequency coded signal of sensors to respective physical
values and evaluates the signals transmitted via the SENT protocol from the HFM-8 at the air intake.
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The BSW is also responsible for complex actuator control, like the anode injector. The ASW calculates
a frequency and duty cycle value of the PWM control signal, which is further processed by the BSW
to output the component specific currents and voltages.

5.3 ASW integration
In the project AVL provided a guideline for the ASW development process in MATLAB/Simulink, so
that the integrated ASW with all developed SW components by different project partners can be
compiled to a machine-readable code and flashed with common tools on the FCCU.
This guideline was also necessary for the readability of the models, which was beneficial during
commissioning phase for the colleagues on the testbed to review certain functions and eventually
detect SW bugs.
We established an issue handling process along the commissioning phase of the project to ensure a
fast response to findings on the testbed. This included a reporting of issues and improvements in a
pre-developed list on the Sharepoint, where the responsible partner could check for their open tasks
with a detailed description of the finding. Once a SW module was updated and published, AVL did
the integration, a basic testing and provided a new flash able SW to the colleagues on testbed, which
could then continue the commissioning and testing.
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