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Future fuel cell (FC) systems for automotive applications will significantly depend on the
development and realization of efficient and reliable components. The screw compressor
for charging of the FC stack constitutes one important component in the system. In the
European project NFCCPP (Numerical Fuel Cell Component Performance Prediction
tool) within the EC 5" FP, a modular simulation environment has been developed which
allows virtual testing of components of fuel cell systems. The objective of this
development was to create a useful tool for automotive component suppliers to test their
component or subsystem models for performance prediction in a realistic FC system
environment, for relevant driving cycles. MATLAB/Simulink, being well established in
industry, was chosen as software platform for the modelling. The system model structure,
interface definitions and data flows, as well as different approaches to the modelling of
screw compressors, will be presented in this paper. Component models of different
degree of detail will be possible to plug into the system model. A standard reference
model is based on simplified component models. In particular, there have been two main

issues for the development of this system:

Lumped models or characteristics approach. Simplified component models will be

required to allow for acceptable computing time for system simulation. This is even more

important if the system should be used with hardware in the loop, i.e. for real time simulation.

Code protection. Preventing access to confidential information and data of other

component suppliers was considered necessary. Even competitors can then test their

components together in such an environment. Three different approaches have been taken
to this:

e Centralised simulation with remote user control.
e Localised simulation with simulation-time model usage control.

e Parallel distributed simulation.
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Compressor models. The complete screw compressor unit, also including electric motor
and control system for capacity (speed) control has been modelled in NFCCPP. For a simple
compressor model, empirical test data in the form of screw compressor maps for one specific
machine type and size could be used. To generalize, screw compressor maps could be
transformed by means of similarity laws for scaling. A more detailed screw compressor
model should be based on the lumped approach according to the since long well established
model structure; a number of compression chambers connected by leakage paths. Building a
lumped screw compressor model in Simulink has been tested. Compressor flow field models
of CFD element type are however not considered realistic as component models for the
complex FC system simulation.

In some FC systems, screw expanders are also used, for energy recovery. The FC system
model can be configured to include also an expander. The commercialisation of this program

system is being planned for.

1 Fuel Cells, background
After the fuel cell’s first appearance in space industry to power satellites and spacecraft,
fuel cells for stationary power generation and for automotive application were identified
as a potential saviour from the ever increasing debate around reduction of green-house
gases and thus protection of the earth’'s atmosphere. Using fuel cells in the automotive
industry for replacing the internal combustion engine as prime mover by a fuel cell
system is however quite challenging as far as reliability, cost, safety and Europe-wide

operability are concerned.

Fuel cell systems for automotive applications are complex power systems consisting of

different component groups as shown in Table 1.
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Component Group Definition
Group Components
Air Management Compressor/expander, humidifier, filter, mass flow sensor, water
separator
Auxiliaries Pumps, piping, valves, pressure regulator
Control Supervisor, anode, cathode, thermal, power electronics

Driveline Model

Motor, transmission, vehicle

Fuel Processing

Reformer (partial oxidation, steam, autothermal, ammonia

cracker), reformate cleaning (shift reactor, preferential oxidation)

Fuel Storage

Liquid fuel tank, compressed H,, electrolyte storage

Material Properties

Fuels, mixtures, thermodynamic equations and data

Power Management

DC/DC converter/inverter, battery

Stacks

PEM, AFC

Thermal

Management

HEX, radiator, start-up burner, off-gas burner, cooling fan

These components interact closely together and influence the entire system behaviour.
The general challenges in the development of components for fuel cell systems for
different fuel cell applications are:

¢ Understanding and defining development goals (i.e. component specification)

e Improvement of system efficiencies

e Reduction of production costs

e Improvements of availability and reliability

¢ Reduction of weight and required space

e Optimisation of dynamic behaviour (incl. start/stop strategies and charging

system)

e Further component optimisation (e.g. noise reduction)

2 NFCCPP Simulation program for automotive Fuel Cell systems

In order to develop and optimise single components it is necessary to understand the

interaction between the system and the component under development. Thus a

"Numerical Fuel Cell Component Performance Prediction Model - NFCCPP" [1] has been

developed as a project within the EC 5™ FP, to fulfil the particular needs of component

manufacturers for a fast and effective simulation tool to evaluate component performance

within the fuel cell system. This model is going to be used as a "Reference Model" for fuel
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cell systems. This reference model contains all known components and sub-systems to
date which have been modelled with non-confidential information and modelling know-

how, featuring
e High degree of modularisation for fast and easy access to the components

e Standardised 1/O signals for the components to enable the use of each simulation

block at different positions (if physically possible)

e A graphical user interface to allow a wide range of experts to interact, even if one

is not a specialist in the specific software environment

e Easy changes to the system parameters (e.g. model and control parameters)

2.1 Using a visual programming environment

MATLAB/Simulink, being well established in industry, was chosen as a feasible software
platform for the modelling. For solving systems of differential equations, using the Simulink
visual programming environment is easy compared to conventional programming languages,
since the program automatically sorts out the integration order and dependencies. It is easy
to get started and to get results quickly. The drawback of using Simulink is that it is not as
flexible as an object oriented programming language. For complex models, many function
blocks and lines have to be connected in the graphical user interface, and many complex
equations have to be entered. The overview can then somehow be lost when too many

blocks are interconnected.

2.2 Standardisation of simulation modules and interfaces

To enable ease of component connection and interchange, a standard connection
methodology was devised. The basic premise of this was to use generic connections in the
form of mechanical, electrical and fluid connections (Table 2). Since Simulink is a casual
simulation system the inputs and outputs to each component have to be strictly defined, as
opposed to other simulation packages which calculate their own causes and effects from
given equations (e.g. Flowmaster, Hopsan) [2]. A component-based approach was used, i.e.
the components were modelled the way component manufacturers were used to model
them.

The mechanical and electrical connections both work the same way: If the Speed/Voltage is

selected as an input, Torque/Current is used as an output and vice versa. In all components
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the most convenient input and output were selected to guarantee a proper cause and effect
action/reaction for the system [3]. For the fluid connection, the Pressure and Mass flow have
about the same functions as Torque/Speed. In addition, the Temperature and Mass fractions
are included in this connection to calculate the fluid properties, including density, heat
capacity, and more, inside each component. The Temperature and Mass flow information are
both assumed to always be in the same direction as the main flow direction. The requested
mass flow always should be used as an input together with the downstream pressure. Using
this method for all the fluid connections, all components will have the same input and output,
and can then be connected in any order.

In addition to the Mechanical, Electrical and Fluid connections, there are also control signals,
e.g. “requested torque” or “measured mass flow” (electric control signals, e.g. 0-10V, in a real

system). They can be used only as input or only as output from the system.

Table 2: Generic Component Connections
Mechanical Electrical Fluid 1 Fluid 2
Torque (Nm)/ Current (A)/ | Temperature (K) Pressure (Pa)

Speed (rad/s) Voltage (V) Total mass flow (kg/s)

Mass fraction , element 1

Mass fraction, element 2,

Mass fraction, element n

Through use of the connection scheme of Table 2, a component may be defined as shown in

Figure 1.
Downstream fluid Pressure to upstream
—_— |
Fluid connection in Fluid connection
—_—
Electrical connection Electrical connection
—_— |

Component .
Mechanical connection

Mechanical copnection in )|
@éntrol signal out

Control signal in

Fig. 1: Component connections
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Such a modularised system model enables the user to remove his component module
within the existing system model (Reference model), and to put a very detailed, self-
developed module into the system model and generate information about the component
behaviour in the complete system. There will be a growing acceptance of the results if
component manufacturers and their customers use the same reference model for their

performance predictions.

It is assumed that especially smaller and medium sized companies will profit from such a
standard tool since they presumably have little interest in developing a complete fuel cell
system model with their own internal resources, but would profit from the ability to assess

the performance of their components in the system.

3 Code protection

The Reference Model can be further improved by exchanging standard modules with
enhanced models provided by the different component manufacturers on a voluntary basis.
The system model quality will be improved by using detailed component models based on
proprietary company information. Such models would thus be provided only if the protection
of this confidential information included in the different component modules can be

guaranteed.

One objective within the NFCCPP project was then to devise a scheme of IP protection for
the NFCCPP model components and a software system to demonstrate concepts for code
protection and their feasibility. This was driven by the industrial need of enabling cross-
enterprise model exchanges and integrations, which was considered as a key factor for
continuous evolution of the NFCCPP reference model and for the maturing of a fuel cell

component market.

The task was to identify the potential security risks and basic requirements, and to explore
the solution space in a systematic way. The following three possible solution alternatives

have been identified:

Centralized Simulation with Remote User Control: All simulation and evaluation
works are performed at a centralized site run by a neutral “governing body” with
remote control interfaces offered to the users for remote control. This follows the

concept as in X-terminal architectures.



VDI-Berichte Nr. 1932, 2006 A9 223

II.  Localized Simulation with Simulation-Time Model Usage Control: All simulations
and evaluation works are performed locally by users who obtain or buy external

model components of third-parties.

lll. Parallel Distributed Simulation: All simulations and evaluation works are performed
locally by component users, supported by communication and synchronization
services that connect to external model components of third-parties running on their

producers’ site. This follows the concept of co-simulation.

Based on three conceptual demonstrators built for proof-of-concept, alternative “II” was
selected as the most promising one based on the consensus of the NFCCPP partners.
Based on the solution concept, this task proposes a cost effective software based
component protection approach where some fundamental cryptography mechanisms such
as hash and digital signature are employed. To prove the concept of the developed

component protection scheme, a demonstrator implementation has been provided.

The protection system is based on C++ S-function and embedded within a standard
NFCCPP component by means of code-level integration. Activated at the initialization phase
of simulation, the system prevents illegal acts of component interrogation by restricting the
component observability and controllability in the simulation environment. The control is
performed based on the hash value of a predefined set of configurational information that
provides a unique “fingerprint” of the allowed component usage context. The configurational
information of concern includes for example how the in/outputs, subsystems, and scopes are
connected. To allow component users to combine their own solutions, the protection system
distinguishes between the areas of a configuration that are of different concern for
component IP-protection in terms of protected area and slots. Settings within the protection
area are visible for the component users, but changes will not be allowed. Settings within the
slot area are totally open and can be freely tuned or defined by the users. During simulations,
the system works transparently without affecting the behavior, performance, or usability of
the original components. To hide proprietary component information as well as to prohibit
illegal acts of software hacking, a binary encryption technique, referred to as code
obfuscation, is adopted. An overview of the adopted protection mechanisms is provided in
table 3.
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The code protection task was carried out with close collaboration between industrial and
academic project participants. The subtasks concerning requirements and evaluations were
mainly driven by the industrial participants in order to embrace the end-users’ demands and
to ensure the industrial significance of solutions. The academic participant (KTH) conducted
the systems design work while taking state-of-the-art concepts and technologies into
consideration.

Table 3: An overview of adopted component protection mechanisms

Risk Protection Roles of Protection
Mechanism Mechanism
Direct revealing of sensitive component | Compilation Model encryption
information Code Obfuscation Binary encryption
lllegal acts of component interrogation Hash Algorithm Run-time component usage verification.
Unauthorized component usage Dedicated component . g o
usage control key Usage- and user-authenticity control
o . Encryption and authentication for both
Cracking of component usage key Pl Signdidne hash value and its verification keys.
Content Shuffling Encryption of key information
Cracking of component software Code Obfuscation Binary encryption

It was shown by the demonstrator, that the component embedded protection mechanisms
can effectively detect and prevent illegal acts of component interrogation without affecting the
performance, integrity or availability. It is believed that this software-based scheme provides
a cost effective solution for promoting cross-enterprise exchanges and integrations of
NFCCPP components. On the other hand, no security solution is absolutely secure if the
crackers have enough time and resources. Because of the adopted strong cryptography
algorithms and binary encryption technique, attacks could be performed by identifying
potential vulnerabilities in the simulation and system environments, or in the usage control
key. If such vulnerabilities are found in the future, updates of the security solution will be

necessary.

4 Screw compressor models

For charging of fuel cells, the helical screw compressor is preferred due to its ability to
produce large pressure ratio at low volume flow (compared to the turbo compressor) [4].
Compressed air is supplied at the cathode in PEM (Proton Exchange Membrane, or

sometimes called Polymer Electrolyte Membrane) fuel cells, to increase the stack pressure to
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reduce stack weight and dimensions. Also, an expander of twin-screw type can be used for
recovery of mechanical energy.

Fluid systems, e.g. compressors, can be modeled at different degree of detail. CFD can be
used to calculate flow fields, but such detailed flow field calculations are time consuming, in

particular for non-stationary and transient behaviour.

4.1 Simulink model of a screw compressor

This paper shows how a one dimensional lumped model of a screw compressor, for non-
steady-state operation, can be developed relatively easily using a visual programming
environment, allowing for fast analysis/synthesis of concepts. A typical application in system
design and product development is when different configurations or layouts are to be

examined, as well as parametric studies e.g. for sensitivity analysis and optimisation.

The main difference of a twin-screw compression process, as compared to an ideal
isentropic compression process, is internal leakage in clearances between the compressor
chambers, and different forms of heat exchange [7]. Kauder et al [5] suggest a generic
method on how rotary displacement machines should be modelled in computer software.
This is an object-oriented approach where the configuration of the machine easily can be
changed and phenomena like heat exchange can be included or excluded at will. Instead of
using C++ like [7], Simulink has been used in this project, which has called for slight

modifications in the model.

The following assumptions have been made: The state of the fluid inside a chamber is
approximated as homogeneous, i.e. state variation over a working chamber volume is
neglected. Dry air, where the perfect gas law is valid is used as working medium, is
assumed. Two-phase flow for an oil flooded or water injected compressor could be modelled
by introducing the corresponding more complex relationships. In order to get the right cause
and effect for this system, the compressor model has been systemised using bond graphs
[6]. The chambers are idealised as “flow storage” elements, i.e. their compressibility is
modelled, but not their pressure drop due to internal viscosity. Between the chambers, so-
called flow resistance blocks are modelled, for the leakage flow. Conservation laws have

been set up for mass, energy and momentum.
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4.1.1 Chamber model

The chambers are, like said above, modelled as compliance objects. The idea of a fluid
compliance object is to model the pressure as a function of the net mass flow [6]. In this
example perfect gas is assumed. These equations can be expanded or replaced to model
real gases or two phase flow, the important thing is to get the pressure as a function of the
net mass flow (and other factors like time, phase angle etc.) using conservation laws.

The conservation law for non-stationary systems [7] is used:

I 2
dr - j{m(h+w7+gz)} dr +
J |

0= T{nh(h +W72+ gz)
! " (1)

out

2 B 2
+{m(u+w7+ gz)} - m(u+w7+gz)} +E,
11 1

The process is considered as adiabatic:

0=0

The velocity components and potential energy terms are also neglected in the chambers.

When this equation is differentiated, it leads to equation (2):

* .
M = me hm - Zmout h()ut - Et (2)
dt
Since it is a perfect gas, the internal energy and enthalpy are functions of the temperature
only. The absolute values of these quantities are not used in these formulas, so T=0 can be

chosen as reference point in equation (3) to simplify the expressions.

. dv
{“ =cTh=c,T.E = W} ¥
dT Td
mcv + cv " = mec mT;‘n _Zmoutc outTaut _pd_V
| dr ’ ’ dt

dT 1 c,Tdm dv *)
— = En./linc in]:'n - 2n./luutc outTout - - p_
dt mc, g ! dt dt

The perfect gas law, differentiated by time:
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pV =mRT
5
dt dt dt d

Equations (4) and (5) together give:

Td,
d_p:£ d_mT+ 1 En'/linc inTin _Emoutc outTout - c" n _pd_V m _d_V£=
dt V\ dt me, ? P dt dt

=£ L En‘/linc inT'in _Emoutc outTout _pd_V _d_VE
Vie ? i dt ) dt R

v

Since the chamber is assumed to have a uniform temperature, the outgoing temperature
equals the temperature in the chamber. It is calculated by equation (4), which can be

rewritten as

d_T = L(Z’/hmcpin];n - Zmoutcl)outT - mech + ZmOMCVT B pd_Vj (7)
i dt

4.1.2 Leakage equations
The leakage paths have been modelled as resistance objects, where the mass flow is a
function of the pressure difference. The equation for one dimensional compressible

isentropic nozzle flow of a perfect gas has been used [7].

\
Po
m = oA
v RT,
m=2~
Po
2K L > ®
w(Il) = —H“[l—n K J
k-1

H :pcrit:( 2 j“ j

crit po K+ 1

In this equation o is the flow contraction factor, which depends on the geometry of the
clearance. Above the critical pressure ratio, the mass flow is independent of the pressure

ratio.
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At the inlet and outlet, the pressure drop is estimated from the simplified expression:
2 . -2 RT -2
Ap=c, e :Cf%:{pzi :Cf—T
T2 PA 24°p RT T 24°p
oA (9)
m=A | P
chT

¢ is a friction constant which has to be empirically determined.

4.1.3 Screw compressor model

All geometry data according to Figure 2 should be generated separately and imported to the
Simulink model.

Profile generation program

e

Blowhole area M&F lobe tip Rotor - rotor Volume curve Inlet port area Outlet port area
program sealing line sealing line program prog prog
length program length program gt
]Am ]ngm ’ngm legth K ] gt
Rot. angle Rot. angle Rot. angle Rot. angle Rot. angle Rot. angle

W

Performance simulation
program

Fig. 2: Geometry input data to the performance simulation program [8]

To describe the modelling approach the volume curve is displayed below together with the
leakage between the chambers. Note that there also exists other leakage paths (see Figure
3), but they are not included in these illustrations, in order to make them more readable.
They are however modelled in an analogous way.
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L || Phase Lok Calculate | | Check

shift leakage convergence

P Sm————

Fig. 3: Leakage calculation according to Jonsson [8] and Platell [9]

In the first generation of calculation software, one chamber is investigated at a time. For
leakage between chambers, the curve is phase shifted and an iteration loop is set up [8], [9].
This is illustrated in Figure 4.

Kauder et al [5] suggest setting up the chambers as objects in a queue, with leakage paths in
between them. A unified phase angle o is used. a is the angle when a new chamber is
created. In the screw compressor case, o equals 360° divided by the male lobe number. The
chamber vanishes at a certain angle B, when it has completed one cycle (at the end of the
volume curve). If B is not a perfect multiple of a, the number of chambers vary by the closest
multiple and one more. Example: If f=700° and o=90°, the number of chambers will be 7 or 8
depending on the rotational angle.

A B - C D

o—0 o—a ¢—>a o—
At p=au:
new(A) A(B) B(C) 2
o >
a N
o—a o—a o—a p—>a

Fig. 4: Leakage calculation according to Kauder et al [5]. This compressor example has

only four working chambers
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4.1.4 Implementation in Simulink

In Simulink, the maximum possible chambers (8 in the example above) are distributed with
leakage paths in between them. At angles that are multiples of o, all thermodynamic data
(pressure, temperature and mass) are transferred one cell ahead. In practice, this is used by
applying the MOD-function on the rotational angle to create a saw tooth like function with
periodicity o. MOD is the standard mathematical modulus function. This signal triggers the
external reset on the integration blocks, and the integration starts over, with external initial
conditions from the preceding blocks. The phase angle is phase shifted o, 20, 3o etc. up to
the minimum number of chambers (7o in the example above) and used as input to the
following block.

In the last cell, all the data is bypassed at angles where it does not exist. A switch and

another modulus function are used to achieve this.

4.1.5 Simulink compressor model - results and conclusions

At the time of writing this paper, simulations based on real machine data have not been
verified so far, due to lack of proper geometry curves (see Figure 2). The model has however
been tested using approximate geometry curves, and checked for energy conservation over
the working cycle [10].

One complexity in modelling this kind of problem is to set up the equations, due to couplings
and strong interdependencies. The pressure in the volumes is dependent on the leakage
between them, which in turn is dependent on the pressure. The dependencies are also
mostly non-linear and time dependent. This calculation has to be performed at every time
step, and the preceeding values have to be used as input to the next time step. All this is
taken care of by Simulink, the dependencies are taken care of by drawing lines in between
the objects, and then the program automatically solves the problem using its own solution
method. The drawback was the method that had to be used for modelling of the queue.
Instead of adding and removing volumes in the model, as it is done in C++, a workaround
solution had to be made.

The equations derived in this paper for the chamber are well suited for generic lumped fluid
problems with perfect gases and have also been used in the NFCCPP project for modelling
of pipe flow and filling/emptying of tanks. This approach is also feasible for modelling of
leakage in clearances, other displacement compressor types and more. The Simulink blocks
can be reused with a little modification in such types of simulations. In product development,

this approach can be used in the concept phase, when the geometry still is unknown, and



VDI-Berichte Nr. 1932, 2006 A9 231

quick results are of importance. The queue concept should also be applicable when
modelling analogous technical problems in MATLAB/Simulink.

The visual programming environment is well suitable for solving these kinds of problems. The
main advantage is the drawing of differential equations with lots of dependencies, and the
program itself can sort out the integration order. This is in other words a good implementation
of the visual programming concept. The drawback is flexibility; it was by no means obvious

how to get the objects to move in a queue.

4.2 Scaling of measured screw compressor characteristics

For the first version of the NFCCPP system model, just the compressor measured capacity —

pressure ratio — speed characteristic V(H,n) and the isentropic efficiency curves

77 (IT,n) were used, as look-up tables for a specific compressor size and design, Figure 5.

Pressure ratio I1

\ Shaﬂt speed n

v

Volume flow ¥
Fig. 5: Compressor characteristic, empirical data

Characteristic curves (tables) for a representative supercharger compressor were used in the
reference model. A further development of this very simple approach would be to utilise the

laws of similarity for scaling to compressors of different size [11], for parametric studies:
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VZHVOZ.V.nzln (V/D%)MDZ (10)

vol
For moderate changes of compressor size D and shaft speed n, assuming a geometrically
similar machine, compressor capacity J and shaft speed could be approximated as follows,

for a rotor size (male diameter D) modification:

2

)]
ey (11)

D ref

My (12)

n=
iD/Dnﬂ

with reference parameter values and data taken from look-up tables for the reference
machine, and assuming the same rotor profile, L/D ratio, specific displacement V/D?, built-in

pressure ratio II; and male rotor peripheral speed u. For minor rotor diameter changes,

volumetric efficiency mn., and isentropic efficiency 77‘(H,n) could be approximated as

unchanged from the reference case.

If also the rotor tip speed u is changed, the corresponding expressions will be:

2

Vo V. D || u (13)
. Dref Uref
N, u
n= : (14)
ety

The isentropic efficiency is primarily dependent on the tip speed, so it should then also be

modified, based on a polynomial fit to the empirical data 7 (ILu), Figure 6, for the reference

machine, at the actual operating pressure ratio IT1 , where the tip speed — shaft speed

relation is:
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u=mn-Dn (15)

Isentropic

efficiencv n.

external

70 pressure ratio TI

65

60

55

50

Male rotor
45

tio speed u

Fig. 6: Isentropic efficiency, empirical data and polynomial fit.

The polynomial fit, at a constant operating pressure ratio I1, could be approximated [11] as:

St B ULy SOTh (16)

s

where k; = 1 accounts for the polytropic exponent deviation from the isentropic exponent
(due to heat transfer), the second term (constant k, ) represents the internal leakage loss and
the third term (constant k; ) represents the throttling losses in inlet and outlet ports.
Coefficients k4(IT), ko(IT), and k3(IT) are determined by polynomial fit to measured efficiencies,
for different values of operating pressure ratio Il. However, the polynomial constant k, as
well as the volumetric efficiency m,, are also dependent on the clearances, hence for more
substantial changes of machine size, also the variation in specific clearance o6/ D with rotor
diameter, should be accounted for [11].

This scaling approach was not implemented in the NFCCPP project and has so far not been
tested or verified. However, this approach should represent a faster and simpler way to use a
limited set of empirical data (measured compressor characteristics) for extrapolation and

parametric studies.
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5 Conclusions

Within the European NFCCPP project, it has been demonstrated different approaches to

modelling of a screw compressor, included as a major component in an automotive fuel cell

system. For such a complex system model, for fuel cell simulation and performance

prediction at transient operating conditions, simplified compressor models are needed.

Compressor models of three different levels of detail have been demonstrated:

Machine specific performance map, as look-up table
Scaling of performance maps, by similarity laws

Lumped screw compressor model implemented in the visual programming
environment MATLAB/Simulink
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