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Abstract- In this paper is analyzed a fuel cell Hybrid
Power Source (HPS) topology that can operate at
maximum power point of fuel cell stack. The HPS power
topology and its control are simulated in Matlab -
Simulink ® environment. The models for all used blocks
are given and some control aspects are analyzed and
discussed here.
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I. INTRODUCTION

As it is known, the fuel cell current dynamic must be
limited in hybrid power source (HPS), especially when
the Fuel Cell with Proton Exchange Membrane (PEMFC)
is the main energy source of it. In the commercial
PEMFC data sheet are mentioned some limitations for the
level of PEMFC current regarding the ripple and slopes.
These parameters are the main factors responsible for
lower energy efficiency and reduced life cycle of PEMFC
[1-6]. The level for the low frequency (LF) harmonics of
PEMFC current set the PEMFC stack performances by
hysteretic losses and more fuel consumption. Data sheet
restrictions of the PEMFC ripple are specified on the
frequencies bands and used in designing of the fuel cell
HPS. The LF harmonics contributes with up to 10%
reduction in the rated output power of PEMFC [7,8], so
different solutions are proposed to mitigate of its [9-12]:
increasing of the passive filter rated capacity, adding of
active filters, implementing of an active control at the
level of inverter system, using of interleaved converters,
etc. For mono-phase inverter system powered by fuel cell
HPS, the LF harmonics appear on high DC voltage bus at
even multiples of twice of the grid frequency. For three-
phase case, the LF harmonics appear at multiples of triple
of grid frequency. These LF harmonics are propagated
back through boost DC-DC converter on the HPS DC
voltage bus. A HPS topology combines two or more
energy sources and energy storage devices (ESD) that
work together to supply the inverter system or store
energy in ESD (such as stack of batteries and/or
ultracapacitors) [13-16]. The HPS output port is a
regulated DC voltage port [17]. The main control
objective for the HPS wvehicle applications is short
respond to high energy demands [18-21]. When load
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require more power than is currently available from the
PEMFC'’s stack, the bidirectional converter drains energy
from those ESD in order to make up the lack (see Figure
1 adapted from [21]).
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Figure 1. Hybrid power source topology

For high energy efficiency, in fuel cell HPS the
PEMFC stack must operates in the region close to
maximum power point (MPP) at rated fuel flow [22-25].
The fuel flow level is changed by fuel cell current if ESD
state of charge (SOC) is in the admissible range. The
PEMFC stack (Prc) and ESD stack (Pgsp) assure the
power flow on LV DC bus via the MPP boost converter
(P1) and bidirectional converter (P,), respectively. The
power balance is Pj,.,=Pi+P,, and the power
management is assures by the MPP controller and LV DC
bus controller. The fuel cell MPP current (Iypp) is
tracked in an adaptive feedback loop by injecting the
probing current [26, 27]. The power ripple becomes
lowest when the operation point gets closer to MPP [28].
Also, using of ultracapacitors as ESD in fuel cell-based
vehicles permits reduction of the hydrogen consumption
and a reliable PEMFC operating under sharp power
pulses [29, 30, 31].

In this paper, the modelling analysis will be focused
on operating control of the fuel cell HPS at MPP of
PEMFC stack. The remainder of the paper is organized as
follows. The analyzed HPS topology is shown in Section
2. Section 3 presents the proposed modelling of fuel cell
HPS topology in the Matlab-Simulink® environment.
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Section 4 shows the appropriate control of both HPS
controllers: hysteretic current controller and MPP
tracking controller. Section 5 shown representative
simulation results and last section concludes the paper.

Il. ANALYZED FUEL CELL HPS TOPOLOGY

In Figure 2 is shown the HPS topology that will be
analyzed in this paper. Note that ESD are directly
connected to the LV DC bus. Consequently, the voltage
on LV DC bus will have a slow variation in order to
assure the balance of power flows when the MPP is
changed. This choice does not affect the MPP tracking
process. In this case the power balance is Py, =P1+Pkgsp,
where PESD:Pbatt+PUL'ap-

The MPP boost converter is an appropriate solution to
assure a low PEMFC current ripple. A hysteretic current
controller is used to generate the switching command.
The current error, Iypp-Ipevrc, 1S Used to turn the switch
on and off, resulting in free-running operation.
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Figure 2. The MPP sequence for the 1.2 kW PEMFC stack

The load dynamic is simulated by the load sequence.
The fuel flow controller is replaced with a MPP sequence
that simulates the MPP changing in time as in Figure 3.

The dynamic of MPP in time must be tracked by MPP
tracking controller in the adaptive feedback loop based on
extremum seeking control (Figure 4). The probing signal
is a sine wave, which is superimposed over the start
current sequence (and this may be correlated with the
start-up of PEMFC stack).

The parameters for Ballard Nexa PEMFC are shown
in Table 1 at nominal fuel flow rate (12.2 Ipm) [32],
where Vpgyrco 1S output voltage from no-load, Vypp -
output voltage, I,,ppp - OUtpUt current, Pypp - power, and

Zypp = VipplLypp.

Table 1. Base parameters for Ballard Nexa PEMFC

PEMFC stack Veemrco Vvirp Tvpp Puypp Zvpp
[\ I\ [A] W] []
Ballard Nexa 42,2 26,6 45 1200 0,59

The rated load power is Pj,.;=nPypp coOnsidering
P,=0. For 7,=90% (where 7, is the MPP boost converter
efficiency) results the rated load power of P,,,,=1080W=
Viveus*Lioad- For eXampIe, if ]Iuad=10 A, then VLVquElOSV.
These levels are used in choosing of the proper ESD to
assure the power balance.
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Figure 3. The tracking of the MPP sequence for 1.2 kW PEMFC stack

111. MODELLING OF FUEL CELL HPS
In this section, the used models for PEMFC stack,
ESD stack and boost converter are briefly explained.

A. Model of PEMFC Stack

Many improvements have been made to fuel cell
model in recent years [33, 34, 35]. The variation of the
PEMFC temperature (7) in time (¢) depends by fuel cell
current (Ix¢) and can be calculated as:

T=213+T,+(T, - T, +T, -1 ,..)- [1— exp(— tTI“B 1)
where the parameters are mentioned in [36,37]. The
hydrogen partial pressure can be obtained with:

%HZ i N V e

— in _2 I , ¢ — anode (2)
P2 141,,-5 (o AFU Feh tua R-T;p %,

where 5, is hydrogen time constant (s). Similarly, oxygen
partial pressure can be obtained:

P

1+t,,-s

where:
- 102 IS 0Xygen time constant (s);
- Veathode - VOlume of the cathode (m?);

- Q- Oxygen input flow (kmol st or I/min);

- koo - Oxygen valve molar constant [kmol (atm s)™];
Usually, the hydrogen and oxygen input flows are

inputs for PEMFC model. The fuel flow rate is chosen as

input parameter in this paper.

V
N I[-‘c): t()z — catode (3)

(Qin
R : Top : k()Z

92 AFU

Po2 =
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Figure 4. Analyzed fuel cell HPS topology (adapted from [21])

The Nernst’s voltage is implemented as:

Epy =1.229-85-10"* - (T —298) +
4
+4.308-10°° -T-In(PHZ +P0%) 4)
The activation voltage loss can be written as:
Eact:§1+§z'T+§3'T'In(]ﬂ:)+§4'In(coz) (5)

where Cy, represents the dissolved oxygen concentration
in the interface of the cathode catalyst and the &
parameters, i=1-4, are mentioned in references [33, 35,
36].

Coz = For 6
5.08-10° -exp(~ 498/ ) ©)

The ohmic voltage loss is implemented as:
Eopmic=JIrc * Rohmic )

JFczlpc/A,' Rohmic = Rm + RC;,' Rm:rm . tm/A
where:

R,mic 1S the ohmic resistance (Q2);

Jrc - Current density (Alcm?);

R, - Echivalent membrane resistance (Q);
R. - Contact resistance between membrane and electrodes
();

t,- membrane thickness [cm];

A - Activation aria (cm?);

1. - Resistivity of Nafion membrane (Qcm?m™):

181.6-[1+ 0.03-J,, +0.062-(/,, )** -(%03)1
8

" [4,-00634-3-J,.]-expl4.18-(r 303/ )
where A, represent the water content of the membrane
and it is a input of PEMFC model set to 2.

The concentration voltage loss is implemented in the
subsystem 5 and can be written as:

conc
where B is a modeling constant (V) and J,,. represents
the maximum current density (A/cm?).
The PEMFC output voltage can be calculated as:
VFC =N- (ENerst_E - Vd)

ohmic

(10)
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where V, is voltage over R, resistance and R, is

equivalent resistance representing the sum of activation

and concentration resistances:
V, E.,+E

R, =4
IFC [FC
The PEMFC dynamic related to the R, resistance in
parallel with double layer capacitor (C) is implemented
as:

(11)

|4 d
Ipc :R—"+C-$Vd =V, =

a

where t-c=C-R, represents the fuel cell time constant.

R

IFC ]

trers+1 (12)

B. Model of Mixed ESD Stack

The used battery model in this paper is well known
[38]. The exponential zone dynamics is modeled by:
Eexp (q) =4- exp(_B . Q)
where:
g=ipart 1S CUrrent battery capacity (Ah);
ira; = Battery current (A);
A = Exponential voltage (V);
B = Exponential capacity (Ah)™.
Battery operating mode is modeled by S signal, which is
the output of a comparison block that compare the low-
pass filtered battery current, i;pm.. With zero reference.
Consequently, S = 0 during battery discharge (i;prpar >0)
and S =1 during battery charging (i, prpa: <0). Finally, the
battery voltage, Ez.., is given by charge (f.) or discharge
() function as:

(13)

Y

fd (t) :EW _Krﬁ'iu’ﬁmﬂ _Kcﬂ‘q"'Eexp
(14)
o . Y
()=E, -K —=%—. K, -2 4+E
ﬁ() w r q+Q/10 lLPFImlt c Q_q q exp
where:

E,, is a constant — the working battery voltage (V);
K. = Polarization constant V/(Ah);
K, = Polarization resistance (Q);
irprvan = LOW frequency battery current dynamics (A);
0 = Maximum battery capacity (Ah).
Battery state of charge, SOC,,, is computed as:
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[t
o

The parameters for used 160V/38Ah battery are:
A4 =15V, B = 0.375(Ah)?, K. = 0.03 V/(Ah), K, = 0.03Q,
E, =163V, and Q = 43Ah. Internal resistance, 7y, is set
of 0.04 Q and the battery output voltage, Vi, is
computed as:

Vhatt = Ehmt - r}mtt : lhatt (16)

For the used 100F/160V ultracapacitors stack is used a
first order model [35,36] with the series, R, and parallel,

R, resistances set at 0.01 Q and 1 kQ, respectively.

SOC

batt

~100-|1- (15)

C. Model of Boost Converter

The boost converter model is well known, so only the
used parameters are given below. In on-state both IGBT
and FW-Diode models have a R,, internal resistance and
a L,, inductance of 0.01Q2 and 1uH, respectively, but the
forward voltage, Vr, is set different to 1V and 0.8V,
respectively. Also, the fall time, T} and tail time, 7, is set
different to 1us and 2us, respectively. Both IGBT and
FW-Diode models use a series RC snubber circuit with
Conubve=0.1uH and Ry,,u.- = 100Q. The boost inductance,
Lioos, 15 Set to 10mH value and its series resistance, r;, at
10mQ.

IV. CONTROL OF FUEL CELL HPS
In this section, the HPS control is analyzed and
briefly explained.

A. Hysteretic Current Controller

Switching command for boost converter is obtained
using a hysteretic current controller (see Figure 5). The
input current is the difference between the fuel cell
current, i, and the current output of the MPP tracking
controller that estimate the MPP fuel cell current in an
adaptive loop (see Figure 6).
The operating relationships of boost converter are

. di
vFC = (rL + le) : lFC + (Lbuost + Lan) £ + VF
dt
i a7
. 1
VFC = (rL + Ron) : ZFC + (Lboo.vt + Lon) dI;C + VF + vLthx

for IGBT on-state and FW-Diode on-state, respectively.

For example, at rated load and fuel cells stack
operating at MPP (Vi = Vypp = 26.6V, Irc= Iypp = 45A)
with a ripple factor of fuel cell current of about RFrc =
5%, if Vipp,s = 100V, Ly, = 10mH, and neglecting the
resistive effect in relationships (11), then switching
period is 7= 1kHz (see relation 18):

1 1
T= (Lboo.rt +Lon) .RFFC .IMPP [

MPP VL Vbus — VMPP

D

Switching_command

Figure 5. Hysteretic current controller of the boost converter

] (18)
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B. MPP Tracking Controller

The adaptive MPP feedback loop using a high-pass
filter is explained in [26]. The advantages of using a
band-pass filter centred on the sine frequency are shown
in [39, 40]. After normalization of PEMFC power, Py,
with & gain (=1/Area), the probing power signal is filtered
and demodulated by multiplication with 1 Hz sine dither.
After that, it is integrated and amplified by k; gain and,
finally, is superimposed on it the amplified dither
(koSinwt) (Figure 5). Some power spectrums are shown in
next section. It is shown that only first three harmonics of
probing power signal are important in the MPP tracking.

T
shh st

Gain

Band-pass I_MPF

Filter

s

Sine wawve

Froduct |ntegrater  Gaint

o
[/

Fain2

Figure 6. MPP tracking controller (adapted from [39])

V. SIMULATION RESULTS

The time for MMP tracking is around of hundreds of
seconds when the start current is zero (Figure 3). In
Figure 7 and 8 are shown the process of MPP tracking
when the PEMFC operation (close of MPP) is perturbed
by a pulse in the fuel flow rate (that gives AP = 500W). It
can be observed that the time for MMP tracking is less of
ten second. The PEMFC behaviour in the tracking of the
MPP sequence shown in Figure 3 is presented in Figure
9. Without the bidirectional converter and its controller
(see Figures 1 and 2), the voltage on the LV DC bus,
Vivbus, 18 around the ESD nominal voltage value to assure
the power balance (see Figure 10).
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Figure 7. The MPP tracking in the P-I phase plane
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Figure 8. The MPP tracking in the U-1 phase plane
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Figure 9. The PEMFC behaviour in the tracking of the MPP sequence
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Figure 10. The HPS behaviour under a set load sequence

VI. CONCLUSIONS

In this paper, the control objective for the fuel cell
HPS is to operate at the MPP of PEMFC for any dynamic
of load. The proposed HPS architecture was modelled in
Matlab-Simulink® environment. The simulation results
have successfully shown that this operation of HPS is
possible by using an adaptive MPP tracking control. The
power balance is assured by the ESD stack.
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