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Abstract: This paper presents a Modeling approach to control the PEM fuel cell auxiliaries and the design of control
laws. In a second time, we present the structure specification of an electrical power train with fuel cell for high power
transport applications. This work shows that we can characterize and adjust the system control on an operating cycle
with the simulation tools. Copyright © 2003 LEEI INPT, UMR 5828, CNRS.
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1- INTRODUCTION.

The use of fuel cell is now envisaged to supply
electric energy in high power rail transport applications.
So we realize a study to control the structure of the fuel
cell system and the electrical chopper which composed
the electric power train.

In afirst time, we present the fuel cell model and its
auxiliaries used to design the controllers. Then we
explain the control strategy of these auxiliaries, only for
air compressor and valve pressure.

In a second time, we detail the power train structure
as well as the control scheme of each electrical chopper
and first results of energy management.

2- GLOSSARY.
Fi Molar flow.
N Number of cells bystack.
F Faradays constant 96485 C/mol.
| Currentin A.
I Hydration rate of the membrane.

X Molar fraction of O, inair =21%

StO, | Stochiometry rate of oxygen.

R Molar gas constant. 8.13 JK/mol.
Vean | Cathodic Volume in n?

Tt Temperature in Kelvin.

P Pressurein Pascal.

Cyl | Compressor capacity in nt.

w Rotation speed in rad/s.

g Polytropic exponent, for air g=1.4.

M Molar masse of air.

3 FUEL CELL SYSTEM.

The fuel cell system is composed by the fuel cell
core associated with all the necessary auxiliaries for an
embedded fuel cell system.

This schema represents all the functions present in a
fuel cell system:

Electric

loading
Al h i
tmospher Compressor |-’| dampajrblowe(l |I | R%J\(/:leng -] Hy?;:gm

H
= 8 T
Water ,
: reclamation
: Thermal
| control )

Pressure
regulation.

Purge

Atmosphere
— Air, dampsteam  —— Cathode.
=== Hydrogen. Anode.
Liquid water. Membrane.
+=*= Cooling. electric Circuit.

Fig 1. : Fuel cell system.

The Modeling process consists in writing the
variations of the species concentrations, then in
calculating the pressure in each compartment. After this
step we use a quasi-static model to establish the voltage
variation of the fuel cell [1] [2].

The nominal point of the systemis:

P.q=110°Pa; P, =1610°Pa;T, =353.15°K ;

outlet inlet
StO, =1.6; Power _nom=400kW;Unom,,, =375V

4- FUEL CELL MODELING.
4.1- Cathodic species schedule.

These equations describe the variations of the
gaseous species concentrations in the cathodic
compartment.

The balance of oxygen and nitrogen allows us to
write the following equation:

i

I anZ = OZlFln - F02c - on Fvalve

|

| I = 079F, - X, Fa @)
i

7 d X

: h = Fin - XvavaaIve

a1 X,

Where:p _ Nl =Pl X, = R

® TR P

cath

With :



- Fininlet molar flow of the compressor.
- FRaveoutlet molar flow of the valve.
- Xi molar fraction of i species.
- Fopc 0xygen molar flow consumed by the fuel cell.
4.2- Anodic species schedule.

In the anodic compartment, we can write the same
type of balance.

O F Fe P i @

With :
- Fuin inlet molar flow of the Reducing valve.
- Fuac hydrogen molar flow consumed by the fuel cell.
- Fyovave outlet molar flow of the valve.
4.3- Pressure calculation.

We use the perfect law gases hypothesisto calculate
the pressure:

Rch
Pcath = _(no2 + nH2 + nvap) (3)
cath
The dynamic model of the pressure variationis:
RT, 12 Koo (Poahs T e 0
Pcath: fc 19(1"’ vap( cath f) ) o Fd: (4)
Vcaxh pg 1- Xvap(Pcatthfc) 7]
With:F, = Fozeons + Fuave

We can also calculate the partial pressures:

R-I—fc _ R-I—fc
Poz = noz PHz __nHz (5)
Vcath

cath
4.4- Voltage calculation.

The voltage variations of the fuel cell are computed
with a quasi-static model, because the chemical reaction
dynamic is faster than the system dynamics.

This voltage depends on the current density in the
fuel cell, the partial pressures (of hydrogen and oxygen),
the temperature of the reaction, and the hydration of the
membrane. Ufc = f (I, PO,,PH,,T

Hypothesis of the model:
- Insignificant Anodic activation voltage.
- Uniform current density.
- Uniform temperature.

Thevoltage expressionis:

fc’l HZO)

e o
- Rmem J- ]gc_: (6)

max @

Ufc = E - ﬂ Inaelg

Nernst 2a F é jo B
With;

- a=symmetry factor (0,5).

- jo = current exchange.jo=[10"'A/cn?; 10°A/cn].

- Rmer=f(Tt,! H20) membrane resistance (0,162

Wicene).
- jmac2.5A/cm? maximum current.
- ¢=0.471 coefficient due to simplification.

) 05 1 15 2

Fig 2.: Polarisation curve.

In the polarisation curve, we can see three zones.
Cathodic activation (zone one) : RT
2F g&j,p
Ohmic loss (zone two) :Rmem]j-
Diffusion limitation (zonethree): j(cj/j, _)°.
The Nernst law is valid on al the voltage range.

This law represents the voltage of the oxidation-reduction
reaction :

_p® RT, @R, ¢
............ + oo N e e (7)
2F 8710 10°

5 COMPRESSOR MODELING.

After Modeling the PEM core, we must study the
air supply process to obtain the dynamics of the voltage
developed by the fuel cell.

The air supply system of the fuel cell is composed
by a screw type compressor. We choose this type of
compressor to avoid the flow oscillations and the
lubrication. The rotation is made by a synchronous drives
with permanent magnets.

NB: we work here on alow-pressure fuel cell system.
5.1- Outlet flow compressor.
Theoutlet flow isdetailed in [3] and is:

P w
qmo o = Loutlet Cy| ......... h v o
l I:z-l—outlet 2p ( )

The volumetric efficiency h  allows us to include

several phenomenain the model:

= Thetotal mechanical clearances between rotor and
compressor casing .

= Compression rate.

= Rotor peripheral speed.

=  Flow density.

The volumetric efficiency depends on the rotor
speed and compressor rate ( 1y = Pt ) asseenonfig 3.

inlet

N

p

Q 1000 2000 3000 4000 _ 5000 6000 7000 8000 9000
speed inrpm

Fig 3. : Volumetric efficiency.
5.2- Flow simplification modeling.

The association of the synchronous machine (with
speed control) and the compressor can be represented by
the following diagram:

Wﬂb Ms+ control -—Wb
Pcath —

Fig 4. : Synchronous machine and compressor.

Compressor  i=—p-Fcomp

From this functional diagram we can write the
evolution law of the compressing flow ‘Fcomp’. We
place upstream speed reference an inverse model of the
compressor in order to have a linear relation between the
variable of entry 'e¢" and the flow of the compressor
'Fcomp'.



The inverse model is representing by the following

maps on Matlab:
/y/ 7
o0 b
== ;? =
v A BmmE Ay
fon // / S=unn
/7,/7’
./

) 02 0.4 12 14

Uogm molaire (On%o\/s)
Fig 5. : compressor inverse model.
Therefore, we can write the following diagram:
eyt T3 wref § w Feom|
T f oo (W, Poan) $ Ms+ control  i—> Compressor _>p
Pcath ==
Fig 6. : flow modeling.

The synchronous engine and its controller are
equivalent to afirst order system. So the exit flow of the
compressor is represented by:

lda 1 0
F = e (e e- - Foo - 9
o pgt t "y ©)

6- VALVESMODELING.

The molar flow of the valves is expressed in
function of the opening section, the temperature, and the
outlet and inlet pressures [4]:

z PR

=s 2Pm|et2 ___9____§aaouuetg _ ?‘Poutletg 9 (10)

opew‘-._:.-gi MRT,o O - 15 Poet B ngIet 2

This valve models is linearized around the nominal
point. Sothenew model is: F =S K

valve open “valve

Fval ve

7- AUXILIARY CONTROL STRATEGY

7.1- Steady state modeling.
Therefore, the modelisation of the fuel cell system
result in atwo states model [2][5]where:

X =[Pcath Fcomp]'

é X,o(PopT,) . RT,10°0 & RT,10° U
' (-iO (1 + vap( cath fc) fc " & fJ—O 0 l]éFd o
X =@ 1o X P Tie)” Voun Uux +é Veath Ua
go 1 u & 4 _lagegq
€ t l.uJ 8 tH

In this modelisation the pressureisin bar.
The nonlinear model is linearized around the
nominal point. So we can write:

é X RT 1050 & 50

O ety g S oge

X = é = vap, V‘?a‘h l:lX +é Vcath l:lé a (11)
& 1 i & , . lieq
& t i & tH

7.2- Feedback Control Design.

The system controller is implemented in digital so
we numerize the steady state. The sampling frequency is
equal to: fe =166 Hz

The new steady stateis:

X(k +1) = A, X(K) + Byu(k) andy (k) = C, X (k)

The control structure schemais:

O

Fig 7. : Pressure and flow control.

In order to create uncoupling of the two states
variables we write:
u(k) =D*v(k) - DD, X (k) (12
With:D=B,and D, = A,
with this steady state feedback the new system is
simplifiedas: P, =z'v, and F, =Z"V,.

comp

After uncoupling the system we implement RST
regulator in order to control the two variables with
different dynamics.

Theregulator structureis:

Fig 8. : Pressure and flow regulator.
Where:
S(zY)=1-z% R@EZYH=r+rz" T=RD (13
The polynomial regulator coefficients are cal cul ated

by the pole placement. The chosen -characteristic
polynomial of the closeloopis.

P(z})=1+pzl+p, z?=(1- z exp(-wTd))? (14)
with:
w =15rad;s for pressure loop.
w =50rad;s for flow compressor loop.

We obtain:

r, =p, +landr, = p, (15

The flow reference is calculated with the Faradays
law:
NI S
F e, 02,
ref 4F on (16)

7.3- Smulation results.

This simulation represents the evolution of pressure
and flow when power is requested on fuel cell. It is
realized with avery complete model on simulink.

x 10°

o b

Pressure (Pa)
= T
w

=== Input fuel cell
—— Output fuel cell

N 2 N N N N : N N N
5 10 15 20 25 30 35 40 45 50
times (mol/s)

Fig 9. : Cathodic pressure.
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Fig 10. : Compressor flow
As we can see on this simulation the pressure is
remained constant despite the compressor flow variation.
We can also see that the compressor flow tracks the flow
reference.

8 TRACTION CHAIN.

8.1- Architecture.

The fuel cell is now, connected to the DC link with
an electronic chopper. The existing fuel cell sub-system
has to be designed for high power and does not exist for
the moment. That is why an Energy Storage System
(ESS) must be associated with the fuel cell. In addition
the ESS is able to absorb the braking energy of the
vehicle. The ESS technology chosen is supercaps. This
ESS is connected to the DC link by another electronic
chopper.

Both sources must give the power demand by the
propulsion motor and the auxiliaries of the vehicle. The
electrical choppers are connected by parallel structure as
shown on fig 11.

DC Link

FC Boost Chopper Propulsion Power ref

— motor I;_H
4
Switch control Energy managemen|
Full Chopper 9 =2

Voltage control I T Wch control Current ref
A 4

A

Energy Storagg

Svstem Current control I

Fig 11. : Power Train and control structure.

The fuel cell chopper is a Boost because in the high
power rail transport applications the voltage of the Dc
link is high. This chopper is controlled for the DC link
voltage regulation. So aloop voltage regulation is used.

The supercaps full chopper is a Buck/Boost because
this chopper must be reversible in current. This chopper
is in current regulation control mode to manage the
charge and discharge of the ESS. The current referenceis
computed in function of the ESS power reference which
is obtained by an energy strategy.

8.2- Boost Mggeling ﬁnd Control

Voltage ref

\{

Fig 12. : Boost principle schema.
{L1=0.95mH and Cf =3.2mF}

The power switch is control by PWM with a duty
cycle. The constant frequency is fd=1/Td .With the PWM

control. Chopper is described by the following average
model.

}Vfc:deiW(l a)vdc

i 1
PiL(- a)=cf V4 14 an
I

This chopper is controlled for the DC link voltage
regulation. In the aim to have good control of the voltage
we have realized two regulation loops : one on the current
and an other one on the voltage[6]. To obtain suitable
transfer function for control purpose, we reaized a
linearization by an inverse model. So we write:

:VL‘-\/TC+1 18
Vdc (18)
With this linearization the current model is:
_l(p) _ 1
T(p)= ——% =— 19
W) Lp (19)

To implement a digital controller we numerize the
transfer function, the sampling frequency is equal to the

switch frequency.
B(z') _ Td z?!

H (Z'l) = =
ANz?) L (@-z7)
Finally we establish a classical sampled regulation
structure ( Fig. 13) with an RST regulator with these
polynomials corresponding to proportional and integrator
controller:

S(zh=1-z%

(20)

RizY)=r,+rz*; T=RQ1) (21
Vfc

CO—pvac alpha—»@

Vdc — u
Limitation BO(p) modulator

B ~> S(Z) ——{vL

linearisation

e
Fig 13.: Boost current loop.

The regulation coefficients are calculates by the
pole placement. The characteristic polynomials of the
closed loopis.

P(zY)=1+pzt+p, z2=(1- z exp(-wTd))?> (22
with: w = 2pfd/10=3142rad/s.

We obtain:

':'ro = Ll (p1+2)
i
i L

Ir == -
T (p- 9
In order to avoid windup we have implemented an

anti-wi ndup structure in the regulation loop.

Iref
D ) )
U apha —P?lhj
alpha
4&.4— e B0()
linearisation

delta_alpha |« J
delta_uik-1)
.4- delta u Ut {3 ufc
<

2] vde

(23

g
m@ linearisation INV

Fig 14. : Boost current loop implementation.

In the same way, to add a voltage control loop, we
realised alinearisation by an inverse model with:
Iref —\\%C(Iref "+1dc) 24)

So we can write the voltage model:

_Vde(p) _ 1
T.(p) Iref'(p) Cf p (29




We have here the same type of transfer than in the
voltage loop so we made the same digital controller with
also an anti-windup.

The structure of this controller isshow in fig 15:

Vref I “’er_ﬁlfb Vd C
Vfc Iref

rol ¢—G& @idc
Vdc

Fig 15. : Boost voltage loop.
The coefficient of the regulation are.
i, -—(pl +2)
ke (26)
%r T_e(pz - 1)
Here we have the same characteristic polynomials
with: w = 2pfd/100 = 314rad/s.
8.3- Buck/Boost Modeling and Control.

L2 Isc
Rsc
Vct—u—

Fig 16. : Buck/Boost principle schema.
{L2=0.94mH ;Cf =3.2mF ; rsc=55mW;Csc = 47F }
This chopper is described by the following average

model which allows us to establish the equation in the

two working phases[7].
Differentials equationsin Buck case:

dl_SC_in al-E|Sc-V_C d%_ﬂ (27)
da L, L, L, dt Csc
Differentials equationsin Boost case:

disc Vdc(l a,)- Elsc-ﬁand%—ﬁ (28)

at L, L L dt Csc

In order to simulate this chopper we write:
Vpwm =a, Vdc Buck / Boost + (1- a,) Vdc Buck/ Boost  (29)

Where Buck/Boost binary variable represents the
type of the chopper operation. This chopper control is of
course a current regulation to manage the charge and
discharge of the ESS. In order to have one model and one
regulator we write that the control in the boost mode is
the complement of the control in the Buck mode. In this
case the Boost model can be wrote as a Buck model. But
in the control loop we must compute the complement
value of the rate cycle when the Boost operation is
activated. The current transfer functionis:

T(p)——— CscVdc p _
a 1+RscCscp+L,Cscp

The DC link voltage is constant because this
voltageis control by the Boost chopper.

To implement a digital controller we numerize the
transfer function, the sampling frequency is equal to the
switch frequency.

H(zY) = B(Zi) _ blz'l-(f_- 2'1)-2
ANz") 1+az +a,z

We establish a sampled regulation structure as on
fig 17. We compute an RST regulator with these
polynomials:

(30)

31

S(z') =1- zHR(zY) =1, +rzhy - AD+BRQY) 32)

b
o>
BucfBoost BO()
[Fo}-o-
Fig 17.: Buck/Boost current loop.

The function in the f(u) bloc is the implemented
function to calculate the complement value of the a rate
cycle when the Boost operation is activated. So we write:

alpha = u Buck / Boost + (1- u)Buck / Boost (33

The type of the chopper operation variable
(Buck/Boost) is calculated by:

1 ABuck/Boost

-

A \ 4
Power_ref

PR

0
Fig 18. : Buck/Boost operation.

Thisis simulated by arelay because the zeros value
of the current must be in the two modes because the
chopper can make a current with a zero average value. So
we have:

Buck mode when Buck/Boost=1.

Boost mode when Buck/Boost=0.

The balance point of this converter is for the
average current equal to zero. When the chopper isin one
mode we have an intermittent flow for little value of the
current. The first solution in order to control the chopper
is to hold the mode to the last active mode and to filter
the current. The second solution is to switch between the
both mode when we have zero current. We have decided
to implement the first solution so we filter the supercaps
current by a numerical Butterworth (5 orders)
filter F(z") . The regulation coefficient are calculated by

the pole placement.

1o =(p- a,)/b,
I N _(pz - az)/bl
The characteristic polynomialsis:
P(zY)=1+pz'+p, z?=(1- z exp(-wTd))?> (39
Where: w =w, /10 =1500rad/s and w g is the
angular frequency cutting of thefilter.
Due to current overshoot when the chopper
operation changed, we must initialised the duty cycle at

each changed to set the current to zero.
Theinitialised valueis: a,, =Vsc/Vdc

The implementation structure of the loop regulation
with initialisation and anti-windup iS‘

(€,
Emn T et
initialisation
L<—
-rD,le‘ 4—-F(Z) «—D
Filter s

Fig 19. : Current regulation implementation.

The initialization is computed by the structure seen
onfig 16:

(34




Switch
—>
Vdc

»L»
Z

Abs Ic s

—1

G

u

Fig 20. : Initialization computed.

The initialization structure detect the mode
modification and put the control variable to theinit value.
The current reference is calculated in function of the ESS
power reference and the loses estimation of the chopper.
The power referenceis provided by an energy strategy.

In Buck case:

ESS power ref (k) = Power ref (k)- Losses(k-1)  (36)

In Boost case:

ESS power ref (k) = Power ref (k) + Losses(k - 1) (37)

Power_ref ESS_power_ref

Chopper losses

@
Buck/Boost

—»CD

Inverse Isc rel

convention
“ Vsc

Fig 21. : Current reference.

The current reference is also managed by a logical
function in order to limit the supercaps voltage (in max
and min value). The losses of the chopper are estimated
in average value by avalue plant[8][9].

8.4- Simulation results.

The aim of this simulation in average value is to
view some responses of the main system variables. Data
used for the power reference are taken from ADVISOR
(NREL software) simulation.

650] \ DC link VOltaJe i
Fc Voltage

~
3
S

VoltageinV

10 20 30 0 50 60
timesin second

Fig 22.: DClink and Fc voltage

We can see that the first converter has a voltage
regulation and this voltage remained constant despite the
power request on the DC link.

1000

500

Current reference
Sc current

Currentin A

o 10 20 30 40 50 60
timesin second

Fig 23. : Desired and real current

The simulation shows also that the second chopper
has a current regulation and the current in the supercaps
tracks the current reference. We can also see that this
chopper isreversiblein current.

o0 <4—DC link power
Sc power
Fc power

8 8

8

Power in kW

o

&
5]
S

Vi

o 10 20 30 40 E) 60
timesin second

Fig 24. : power traction on an operating cycle.

As we can see on this simulation, the power of the
propulsion motor and auxiliaries is separated between the
fuel cell and the supercaps following the energy
management chosen. The quasi-static model seems to be
sufficient for the power train simulation but, we are now
testing if we must develop a dynamic model of the fuel
cell.

9- CONCLUSION.

In order to control the fuel cell system we develop
the fuel cell model, the air compressor model, and the
valves model. We have only developed in this paper the
control structure of the air supply system and pressure
valves. But in the fuel cell system, there are other
auxiliaries to control, like the cooling system. So we must
continue the study on the control structure.
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