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AN INNOVATIVE ALGORITHM FOR A HYBRID FC/BATTERY SYSTEM ENERGY
MANAGEMENT

Purpose. This paper targets to manage the energy of a hybrid fuel-cell (FC)/battery power system using an innovative algorithm.
The hybrid FC/Battery power system is based on four stacks PEM FCs and a NiMH battery, boost and buck DC choppers for
controlling the FC and the battery input currents respectively and a developed algorithm both for managing the power system
energies and for delivering the FC and the battery reference output voltages compulsory for the DC/DC converters control
circuits. The study is verified by means of computer simulations using MATLAB/Simulink where several cases of the battery SOC
and the power demand levels were taken into account. The results demonstrate a good functioning of the proposed hybrid
FC/Battery power system managing algorithm. References 25, tables 4, figures 17.
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Mema. Cmammsa cnpamoeana Ha ynpasiinHa eHepeiclo 2iopuonoi cucmemu HeueieHHsA 6i0 NAIUEGHO20 eleMeHMA/AKYMYAAmopa 3a
0onomozoio innosayiinozo anzopummy. I'iopuona cucmema s#cuenenna nANUGHUIL eemeHm/aKymMyaamop 3acCHO6ana Ha YOMupsLox
bamapeax nanUGHUX eleMeHmie 3 NPOMOHOOOMIiHHUMU Mmembpanamu ma NiMH akymynamopi, niocunioeauax i nocnaonioeauax
ROCMITINO20 cmpymy O YRpaeilinHA RATUGHUM €1eMEHmOM Mma 6XIOHUMU cmpymamu oamapei 6ionogiono ma po3poodneHomy
aneopummi AK 0N YNPAGIIHHA eHepP2icl0 eHepzocucmemu, mak i 011 nooaui HA NATUGHUILL e1eMEeHMm | aAKyMynamop Guxionoi
Hanpyzu, 0006'13K0601 0114 cxem YnpasiinHA nepemeoprosauamu nocmiiinozo cmpymy. /locnioxyicenna nepegipeno 3a 00noMoz0i0
Komn’tomepnozo mooentoeanna 3 euxopucmannam MATLAB/Simulink, oe 6yno epaxoeano Kineka eunaodkie pieHa 3apaody
AKyMynamopa ma pienie cnoxcuseanns enepeii. Pezynomamu 0emoncmpyioms 000pe (hyHKYioHy8annsa 3anponoHoeanozo 2iopuonozo
AZ0OpUMMY YRPAGTIIHHA CUCHEMOIO HCUBICHHA 610 NANUGHO20 eflemenma/akymynamopa. bion. 25, Tabmn. 4, puc. 17.

Kniouoei cnosa: ribpuHa cucTeMa NAJTUBHUN eJleMEeHT/aKyMYJIATOpP, NAJUBHUI eJleMeHT 3 IPOTOHOOOMiHHUMH MeMOpaHaMH,

NiMH akymyasiTop, miacuaoBadi Ta nepeTBoproBayi NOCTiHHOTO CTPyMy, iHHOBalifiHUI aJITOPUTM yHpaBJIiHHS.

Introduction. Fuel cell (FC) technology is known
as the most cleaned converter of hydrogen into electrical
energy which constitutes an advantageous alternative to
polluting fossil fuel sources of electrical energy [1-4].
Moreover, FCs are highly efficient, modular and low
cost with less weight and volume if compared to
conventional power generation sources [5, 6]. Various
technologies of FCs are commercialized but the low
temperature proton exchange membrane (PEM) fuel cell
is the most popular [7, 8].

However the PEMFCs response time is considerable
which involves assistance of energy storage equipment to
convey the energy to the loads which power demand
varies rapidly [7], [9]. The hybridization of FCs is
generally performed with batteries or super-capacitors or
both of them [10, 11].

Particularly, when it is question of a hybrid
FC/battery system, an energy management unit is
primordial for achieving the optimal performances since
both FCs and batteries face many challenges during the
operational mode which influences on their lifetime and
reliability [12].

Hybrid FC/battery systems can be found in diverse
applications including but not limited to portable power
generation, power transportation and stationary power
generation [13].

In this paper, an innovative algorithm is presented
for managing the energy of a hybrid FC/battery power
system. The adopted FC is a PEM type whereas the
battery is from NiMH technology. The energy
management is based on controlling the FC and the
battery input currents through DC/DC boost and buck

converters. Simulation tests on a resistive load were
performed on a wide range of voltages.

System description. The considered system is
depicted in Fig. 1. The system contains four stacks fuel-
cell system, a battery, a unidirectional boost DC/DC
converter, a bidirectional boost/buck DC/DC converter,
and an energy management algorithm. Further details are
reported in the following sections.

Model of the hybrid fuel-cell/battery system. FCs
have the benefits of high efficiency since they transform
fuel energy directly into electrical energy without any
internal combustion. Nevertheless, they are heavy and
bulky systems with long start-up and response times [14].
Hybridization of the FC with a battery, which is a peaking
power source is an effective way to overcome the FC
drawbacks. This is why the hybrid FC/battery system is
considered in this contribution. The model of the fuel-
cell/battery hybrid system is based on fuel cell and battery
blocs available in the SimPowerSystem (SPS) library
browser of MATLAB/Simulink.

1. Fuel cell model. Fuel cells are electrochemical
devices organized in stacks that transform chemical energy
from an electrolytic reaction to electrical energy, evacuating
heat and water. Nevertheless, FCs remain incapable to
supply a regulated DC voltage although they are a spotless
source of energy. FCs found their utility in many
applications such as power generation and co-generation
plants, main power sources in remote locations (spacecrafts,
weather station and so on), automotive appliances (cars,
buses, motorcycles, bicycles, airplanes, forklifts, submarines
and so on), and others (distributed generation, emergency
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power systems, UPS’s, notebook computers, small heating
systems and so on). Many kinds of FCs exist namely:
alkaline (AFC), proton exchanges membrane (PEMFC),
phosphoric acid (PAFC), molten carbonates (MCFC), and
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solid oxides (SOFC) [15]. PEMFCs are the most widespread
fuel cells because of their low operating temperature
compared to the other kinds (60-100 °C) [16].
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Fig. 1. Description of system

1.1. Modeling of the PEMFC. The SPS FC model
is the approach proposed in [17]. The model of the FC
stack implemented in SPS is shown in Fig. 2.
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Fig. 2. Fuel cell stack model

e Transient state. This model is selected for this

paper and the main equations are as follows [17]. The
controlled voltage source (Ey.) is expressed as:
Ep= NAl(fc];, (1)

Ta 4y
3

where E,. — open circuit voltage, V; N — number of cells;
A — Tafel slope, V; iy — exchange current, A; 7, — the
response time, s; ir, — fuel cell current, A.

The first order transfer function appearing in (1)
represents the FC activation losses due to slowness in
chemical reactions occurring in the electrodes surfaces.

These losses can be electrically modeled by a parallel RC
circuit. Then 7, can be taken as 3 times the time constant
7 = RC. Thus the FC voltage considering both electrodes
and electrolyte losses is determined from (2) :

Vie=Egp-Rp-ig, (2)
where Ry — internal resistance of the FC, Q; V. — fuel cell
voltage, V; E,., iy, A are as follows:

EOC - NC E}’l ’ (3)
-AG

X _Z'F'k(PH2+P02) W

o = e M 4)
R-h
R-T

A= , 5
z-a F ©)

where R = 8.3145 J/(mol-K); F = 96485 A-s/mol; z —
number of moving electrons (z = 2); E, — Nernst voltage,
V; a — charge transfer coefficient; PH2 — partial pressure

of hydrogen inside the stack, atm; P , partial pressure
of oxygen inside the stack, atm; PHZO — partial pressure of
water vapor, atm; w — percentage of water vapor in the
oxidant, %; k — Boltzmann’s constant (1.38-10 ’ J/K);

34
h — Planck’s constant (6.626-10  J-s); AG — activation
energy barrier, J; T — temperature of operation, K;
K. —voltage constant at nominal condition of operation.

~4443 R-T :
1229+(1+298)- 22+~ (pH Po/)
T <100 °C;
En= %Y ©
— . Py -Py /2
1229+ (7 +208). =343 [ RT | 7 70,7 |
z-F z-F PH20
T>100°C;
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Py =(-Upm ) x-Pho: (7)

Fo, Z(l—Ufo2 )y Py s (®)
PHZOZ(WJFZ'J’"UfOZ)'Pair; )
UfH _ 60000~R~T-N~ifc : (10)
T2 FPhor V fier X
g, = SOOI Ny o
2 2z F By Vo y

where Py, — absolute supply pressure of fuel, atm; Py, —
absolute supply pressure of air, atm; V., — fuel flow rate,
l/min; V,, — air flow rate, I/min; x — percentage of
hydrogen in the fuel, %; y — percentage of oxygen in the
oxidant, %.

The air compressor has a delay that results are a lack
of oxygen inside the fuel cell. Consequently the
utilization of the cell exceeds the nominal values which
influence the Nerst voltage. This influence can be
expressed as [17]:

(12)

where Kj. — voltage undershoots constant; Ug, == -

Ep(modified) = £n — K g (Ufoz a UfOZ nom);

nominal oxygen utilization, %.

e Steady state. The modeling of the steady state
consists to consider the previous equations with their
given values (nominal values) and to suppress the transfer

function.
Vi = Ege =N-4-Infig)-Ry.; (13)

1
Vnom:Eoc_N'A'ln(%j_Rfc'Inom; (14)
0

1
Vinin = Eoc —N-A~11’1( TaXJ_Rﬁ: “Trnax » (15)
0

where V), Viem and Vi, are voltages corresponding to
currents 1 A, I, and I, respectively.

_N-RT,

= 16
z-F-N-A (16)
i
AG:_R'Tnom'h{Ki]j; (17)
- 2'F'k'(PH2(nom) +P02(nom)) . as)
b h-R :
PHz (nom) Xnom * (1= Usz (nom)) “Phiel(nom) 3 (19)
POZ (nom) Ynom - (1= Ufoz (nom)) “Fuir(nom) 3 (20)
s T A0
fHZ(nom) 2-F -Viyom
UfO = 60000 R - Thom N - Inom (22)
Smom) 2.z F Fuir(mom)  Vair(nom) * Ynom
K.= Eoc ; (23)
En(nom)

Entmom) = En|Un, =U oy V10220102 oy @4
v,
Ky “ ; (25)

KC (U/ 0, (max) B Uf 0, (nom))
_ ("1 =Vaom) * Umax =D =" =Vain) - Unom =1 ;(26)
1n(lnom) : (Imax - 1) - ln(lmax) : (Inom - 1)

Vl _Vnom _N'A'ln(lnom) .

R, = 27
fc Inom 1 ( )
Vl - Eoc + Rfc

ip =exp| ——— ™ |. 28

0 p[ oA (28)

Equations (16), (17), (23) and (25) determine the FC
parameters.

1.2. Polarization curve of the considered

(PEMFC). The polarization curves are V-I and P-I
characteristics specified by two distinguished regions: the
activation region and the ohmic region. In the V-I
polarization curve, four particulars voltages are showed:
the open circuit voltage E,., the voltage V| corresponding
to 1 A, Viem and Vi, corresponding to ip.g. In the P-I
polarization curve, three main powers can be observed:
P,y which is the power relating to 1 A, Pyom and Py A
typical polarization curves is depicted in Fig. 3.
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Fig. 3. Typical polarization curves

1.3. Validation of the Detailed Model. The dialog
box of the FC SPS block allows to plot the ideal
characteristics of one stack voltage and power vs. the
stack current as shown in Fig. 4. These characteristics
describe specific points corresponding to the nominal and
the maximum currents which values are respectively
45V, 37 V (which corresponds to the values mentioned in
Table 1), 5.9985 kW, 8.325 kW. In this contribution, four
stacks of PEMFCs are considered and which
specifications are reported in Table 1 [17].
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Fig. 4. Polarization curves of the considered stack
Table 1
Parameters of the preset 6 kW/45 V. fuel cell stack model
Parameter Value
[Epes V11,V [65, 63]
[Looms Viomls A, V [133.3, 45]
Umax> Vininls A, V [225,37]
N 65
Hnoms 70 55
Thom» °C 65
V girnoms 1/min 300
[Pficetmoms Pairnom], bar [1.5,1]
z 2
[Xnom> Ynoms Wnoml], %0 [99.95, 21, 1]
Ty s 1

2. Battery model. A battery is a device composed of
one or more electrochemical cells that convert electrical
energy into chemical energy during charging and the
inverse during discharging where the electrolytes are able
to move as ions within allowing the chemical reactions to
be completed. Batteries have virtues of fast response speed,
high ramp rates, easily sited, modular and good energy
efficiency [18]. There are three main sorts of batteries: lead
acid, nickel-based, and lithium-based [19]. The battery
considered in this paper is of type Nickel-Metal-Hydride
(Ni-MH) as they have proven to exhibit high energy
density and efficiency, low prices and safety [20].

2.1. Modeling of the Ni-MH battery. The SPS
battery model is the approach proposed in [21] and which
is shown in Fig. 5. This model is selected for this paper
and the main equations are as follows [22, 23]. The
battery voltage either in charge or discharge modes is
expressed by:

Voat = Ebat = Rpan *1» (29)

where

R (it+i")+ Exp(1)

—in discharge mode; (30)
Epon = 0 0 .

Eo — Kpan ﬂ’i'f*Kban ml + Exp(t)

—in charge mode;

Exp(t) = Vbatt|i : t| (- Exp(t)+ Apan - ”(t)) > (1)

where V,, — battery voltage, V; E, — battery constant

voltage, V; Kpu polarization constant, V/A-h;
O - battery capacity, Ah; iz = [idt — actual battery
charge, A-h; 4,,, — exponential zone amplitude, V; Bp,; —
exponential zone time constant inverse (A-h)’;
Ry, — internal resistance of the battery, Q; i — battery
current, A; i — filtered current, A; Exp(f) — exponential
zone voltage, V; i(f) — battery current, A; u(¢) — charge or
discharge mode
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Fig. 5. Ni-MH battery model
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2.2. Discharge and charge curves. Typical
discharge and charge characteristics are illustrated in
Fig. 6.
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Fig. 6. Typical discharge and charge characteristics:
discharge curve (@) and charge curve (b)

The discharge curve of battery voltage vs. capacity
contains three zones (Fig. 6,a): the first zone (exponential
area) where the voltage drops exponentially when the
battery is charged; the second zone (nominal area)
illustrating the charge that can be extracted from the
battery until the voltage drops below the nominal value;
the third part (discharge) which shows the total discharge
of the battery when the voltage diminishes rapidly.

The charge curve of battery voltage vs. the State-Of-
Charge (SOC) is depicted in Fig. 7. It describes four
zones:

38 ISSN 2074-272X. Electrical Engineering & Electromechanics. 2020. no.6



e zone I: 5 % < SOC < 20 %, where the voltage
increases rapidly;

e zone II: 20 % < SOC < 80 %, where the voltage
increases very slowly;

e zone III: 80 % < SOC < 100 %, where the voltage
starts to increase exponentially;

e zone [V: SOC > 100 % , a new cycle of exponential
discharge begins.

2.3. Validation of the model. The parameters
required by the model are illustrated in Table 2 extracted
from Panasonic NIMH-HHR650D battery data sheet. The
simulated discharge curves of the considered battery are
shown in Fig. 7. The upper curve concerns the discharge
for the nominal current where the three zones are clearly
highlighted. The lower curves display the discharge
characteristic for different currents (70 A, 90 A, 117 A). It
is obvious that more the current is bigger more the
discharge is faster.

Table 2
Battery model input parameters
Parameter Value
Vbutmoms v 180
Qn0m5 Ah 585
Qmaxa Ah 630
Vbattmaxa \4 212
Idisnom A 117
R,Q 0.0030769
[Vbattexps Qexp]a V, Ah [19525 117]
Initial SOC, % 85
t, s 30
= Discharge curve [ |Nominalarea[ __|E i 'area‘
a0k T T T T
~ 200
2180
> 60| h
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Fig. 7. Discharge curves of the considered battery

DC/DC converters models and control circuits. In
this section models and control circuits of DC/DC
converters used as interface between the hybrid
FC/battery and the active power filter DC buses are
presented. The considered DC/DC converters are
operating in unidirectional boost mode for the FC and in
bidirectional boost/buck modes for the battery (boost
mode for discharging and buck mode for charging).

1. Models of DC/DC converters power circuits. In
this part the average model is adopted since it is less time-
consuming as the switches are substituted by controlled
voltage and current sources [24].

Figure 8 shows the average models of the DC/DC
converters. Figure 8,a concerns the buck mode whereas

Fig. 8,b illustrates the boost mode, where o5, Gpuck are
duty cycles of boost and buck modes respectively;
n — efficiency, %; V;, V, are input and output measured
voltages, V; I, I, are input and output measured currents,
A; L — smoothing inductance, H; C — filtering capacity, F.

<+ Switch Model

=

Vi=@*Buck*Vo

Io=0*Buck*Ti/Y|Buck

a

Switch Model

4>._> L
—

Lo=NMBoost* (1-OL*Boost) *Ti

Q>0+

Vi=(1-&*Boost)*Vo
b
Fig. 8. DC/DC Power circuit buck mode (a) and boost mode (b)

2. Control circuits. The principle of the control
circuit is to provide both the FC and the battery with their
respective input reference currents (I*fc, I*,,a,,) as
mentioned in Fig. 1. For that, the control approach is
organized in two steps: generating at first the output
reference voltages (V*Ofc, V*DBM,) and then the input
reference currents (I*iﬂ., I*igan). The first step is carried-out
from the algorithm of energy management. The second
step is performed in the block of input reference current
on-line identification.

2.1. Energy management algorithm. The idea of
this algorithm was inspired from [19] related to hybrid
electric vehicle system. The algorithm receives data about
the demand power measured at the DC/DC converters
terminals (P,,,) and the battery state of charge (SOC),
then it realizes energy management in such a way to
express reference FC and battery powers (Pﬁ}c, P*ba,,)
depending on the SOC rate. The algorithm inputs also
values of FC idle, low and high powers (Py. iz, Pt iow» and
Pi ign) and battery maximum power (Ppyy max). AS
resumed in Fig. 9, different situations can be considered
according to the demand power rate (high, medium, low)
and the state of charge of battery (discharged — SOC < 40
%, little charged — SOC > 40 %, high charged — SOC <
80 %, and completely charged — SOC > 80 %).

High demand power Pfc high < Pdem < Pfc high + Phat max-

o [f SOC < 40 %. The battery can’t provide power to
satisfy the high demand. Then, the FC can just feed the
DC bus and can’t ensure power to charge the battery:

P = Paems Py = 0.

o [f SOC > 40 %. The battery can contribute to satisfy
P dem-

o If Pdem is very hlgh Pdem > Pfc high + Pbat max- The
battery and the FC work together for feeding the DC bus
(hybl'ld pOWGI’il’lg): P*fc = Pdem - Pbatta P*batt = Pbatmax'

o If Pdem is hlgh Pfc high < Pdem < Pfc high + Pbat max- The
battery continues to help the FC to feed the DC bus
(hybrid powering): P*fc = Plenigh, P*bat, = P*fc —Puop.
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Medium demand power Py, < Py < Pp jigh-

e If SOC < 80 %. Since the demand power is less high
and the battery is not completely charged. Thus, the FC
power can simultaneously satisfy Py, and charge the
battery:Pfc Pfchtgh:P batt — Pfc Pdem-

o If SOC > 80%. In this case, the battery is completely
charged. So, there is no need to share the FC power
between the DC bus and the battery: P*fc =Pioms P*,,m, =0.

Inputs:
Pdem , SOC, Pfeidle,
Pichigh, Pfelow, Phatmax

/ /

Low demand power P, < Py < Py,

¢ If SOC <80 %. The battery lacks of little amount of
charge Then it needs to be charged from the FC even P’ f
1s low. Accordlngly P fe w111 be shared between P,,,, and
P batt- P fc‘_PfclowaP batt— P fe— Pdem

e If SOC > 80 %. The major amount of power needed
from the DC bus comes from the completely charged
battery, the FC bemg at jts weakest power
Pfc idle- P fe P/‘c idles P batt — Pdcm p fee

Pdem : demand power ; P*k : power of the fucl cell system

Picidie : the minimum net design power output of FC ; SOC : state of charge

Prchigh : FC power at high operating point ; Pfelow : FC power ai low operating point
Phatt : power of the battery ; Pbutmax : peak power that battery can produce

;/\

Pdem>Pfchigh > Preidle<Pdem<Pfclow ™ end
N
[ Nt

Yes Yes

SOC<40% SOC<80%

S0C>80%
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Fig. 9. Energy management algorithm

Once the FC and battery reference powers are
carried-out from algorithm. Reference voltage can be
easily deduced from:

v Py
Vo =2 (32)
Iojc
* P,
Vobart = [l;att . (33)
obatt

To determine Py igie, Pre iow» and Py jign, ONE can use
the characteristics showed in Fig. 10 representing one cell
voltage, one stack net power density and one stack
efficiency vs. one cell current. Py, is the power
corresponding to 1 A. Py 4, and Py j,, are the powers
around 50 % of the efficiency curve (in it rising and
falling regions respectively) obtained at 50 % of the
nominal current.

Considering a 24 FC of 4 series connected stacks
kW (each stack is rated at 6 kW, 45 V). Then, Py e, Pr
tows and Py 10, can be deduced by multiplying the stack
specific powers extracted from Fig. 11 by 4.

To obtain Py max, one can use the following
formula:
(34)

nominal

Frattmax = Voattmax L disnom »
where V., max — fully charged voltage, V; Ljmom —
discharge current, A.

2.2. Input reference current on-line identification.
The DC/DC converter input current can be subtracted
from the efficiency formula given by:

Po Io'Vo
=0 _20 "0 35
=7 7 (35)

1
For the reference input current, one can substitute /;
by I'; and V, by V', this latter is provided by the
algorithm which justifies the on-line aspect in this
identification:

* 1

*

I; = LoV , boost mode ; (36)
Vi Mhoost
. 1,V
I; :M,buck mode. 37)

i

40
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Fig. 10. Typical operating characteristics of a fuel cell system
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Fig. 11. Operating characteristics of the considered stack

To obtain the efficiency (77), a two dimensional
mapping data (Fig. 12) provided by the manufacturer
BRUSA BDC546 DC/DC converter is adopted [25]. The
data was implemented in 2-D look-up tables having in
their entries the duty cycle a of the considered mode and
the output current /,. The duty cycles of boost and buck
modes are respectively given by:

%
_1_"o.
Cpoost =1 V. B (38)
i
v
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Cpuck = % . (39)
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Fig. 12. Power DC/DC efficiency map [25]

The block schemes of the on-line reference input
current identification in both modes boost and buck are
depicted in Fig. 13.

The unidirectional DC/DC converter operates only
in the boost mode during powering mode for delivering

the power required by the load while the bidirectional
DC/DC converter operates both in boost and buck modes
during powering and charging modes.
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Fig. 13. DC/DC control circuit buck mode (@) and boost mode (b)

Simulation results discussion. In this section
simulation works about the previous study are presented.
They were carried out using MATLAB/Simulink software
and considering the parameters reported in Table 3.

Table 3
Simulation parameters
Parameter Value
Plonom 24 kW
Phamax 21 kW
Py iae 3162 W
Priow 1.6452 kW
Prenigh 13.348 kW
Ofehoost [0.45,0.51, 0.81, 0.81, 0.9, 0.7, 0.58]
Opattboost [0.5,0,0.83,0,0.88,0, 0]
Obattbuck [0,0.38, 0,0, 0, 0.29, 0]
SOC [85, 70, 50, 35, 50, 70, 85] (%)

The principle of the simulations studies consists to
impose time varying duty cycles (Gpoosts Obartboos: and
Oparuck) and SOC then to extract the corresponding input
and output DC/DC converters voltages, reference powers
(P*dem, P*fc, P*bm) and measured powers (Pgem, Pry Ppan)-
Finally, the measured powers are compared to the
reference powers.

Figure 14 represents the imposed duty cycles and
SOCs. In some time intervals one can observe that o.up00s:
takes the value 0, this occurs when the battery is incapable
to help the FC to satisfy Py, (case of SOC < 40 % and
Pem > Ppenign) or when P, is not high, then the FC has no
need to the battery help (case of SOC > 80 % and
Piom < Ppiow), or when Py, is very low and the battery
SOC is little inferior to 80 % (case of SOC < 80 % and
Piem < Prow), or when Py, is quite low and SOC is also
little inferior to 80 % (case of SOC < 80 % and
Piem > Ppriow). The same observation can be pointed out
with apaumuer Which values are different to 0 only when the
battery is charging from the FC (case SOC < 80 % and
Piem < Prion or SOC < 80 % and Pge > Preion), Otherwise,
it is takes the value 0. Consequently, the battery
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converters do not work all time. They work only when the
battery power is required to help the FC to satisfy Pg,,
provided that the SOC is comprised between 40 % and 80
% or when the battery is in charging mode (the SOC is
little inferior to 80 % and P, < Pp).

%cboost “battboost “battbuck
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02r
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gBO
G 60
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0 2 4 6 ys) 8 10 12 14
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Fig. 14. Duty cycles of DC/DC FC and battery converters (@)
and state of charge (SOC) (b)

Figure 15 shows the obtained output voltages of
DC/DC FC and battery boost converters and DC/DC
battery buck converter. It is obvious that the FC boost
converter works all time since its output voltage V. is
continuously greater than its input voltage Vi as
illustrated in Fig. 15,a. However, the battery DC/DC
boost converter operates only when the FC is incapable to
fulfill Py, alone and when SOC is grater than 40 % or 80
%. As shown in Fig. 15,b, from the beginning to 5 s, the
FC power is very low (Pr = Ppge) Wwhereas
Prigie < Pyem < Ppiow then, the battery is switched on to
compensate the lack of power. Similarly, it is switched on
once again between 10 s and 15 s when Py, is high
(Pdem > Pienign), then the FC can not feed the DC bus alone
which involves the help of the battery in order to satisfy
P Finally, the battery is once more switched on when
Pom is very high (Pyew > Prnigh + Pharmax) from 20 to 25 s.
All these situations result in the battery boost voltage
presented in Fig. 15,c where Vo, is sometimes equal to
Vieart When the battery is switched off (ctpuupoos: = 0),
otherwise it is always greater than Vj,,,;; when the battery
is switched on (@pumpoos: # 0). Now, when P, is low
(Preidie < Paem < Preiow) and quite 1ow (Priow < Paem < Penigh)
and SOC is little inferior to 80 %, the DC/DC buck
converter is operational to charge the battery; this occurs
between 5 s and 10 s and between 25 s and 30 s as
depicted in Fig. 15,c. Finally, Fig. 15,d shows the
obtained demand voltage V., which is all time equal to
Voges Vobat and Vipayo since the outputs of the FC and the
battery boost converters are connected in parallel with the
input of the battery DC/DC buck converter.

In Fig. 16, the currents curves are presented. In each
one of parts (a, b and ¢) of this Fig. 16 is plotted the
measured input current and its reference and the measured
output current of each converter. The most important
observation is the perfect agreement between the input
current and its reference. Figure 16,d represents the
demand current which max value is 30 A corresponding
the max Vs 1550 V giving an apparent power of
48.6 kVA.
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Fig. 15. Input and output voltages of DC/DC converters DC/DC
FC boost converter (a), DC/DC battery boost converter (b),
DC/DC battery buck converter (¢), and demand voltage (d)
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Fig. 16. Input and output currents of DC/DC converters DC/DC
FC boost converter (a), DC/DC battery boost converter (b),
DC/DC battery buck converter (c¢), and demand current (d)

The last set of figures (Fig. 17) concerns the
measured powers curves of the FC (Fig. 17,a), the battery
(Fig. 17,b) and the demand (Fig. 17,c) and their respective
reference powers.

As first statement measured powers and their
corresponding references are almost tighten most of the
time. Indeed, one can see a good settlement between FC
and battery powers and their references P*fc, P
(Fig. 17,a, Fig. 17,b) especially when P, is low
(Preidte < Patem < Ppetow) and medium (Preioy < Puem < Prenigh),
however, P, and its reference Py, are perfectly tighten
all time (Fig. 17,¢).

Recall that reference powers are delivered from
energy management algorithm developed in previous
section.
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Fig. 17. Reference and measured powers of fuel cell (@), battery
(b), and demand (¢)

Conclusion.

The work, presented in this paper, concerns a hybrid
FC/battery DC power system.

Firstly, theoretical studies about FC and battery
systems are stated.

Secondly, the adopted average models of boost and
buck FC and battery DC/DC converters and their control
strategies are exposed where a big focus is given to the
innovated energy management algorithm and the input
DC/DC  converters  reference  currents  on-line
identification using the efficiency map-based method.

Finally, the presented works are numerically verified
through computer MATLAB/Simulink simulations. The
studies are based on an adequate choice of the DC/DC
converters duty cycles and the battery SOC, as well as the
FC/battery speciﬁc powers (Pﬂ’high’ Pﬂ’lowa ijid]e: Pbatt‘max)'
The battery converters are functional only when the
battery is needed to help the FC to satisfy Py, provided
that (SOC > 80 % or SOC > 40 %) or when the battery
SOC is little inferior to 80 % and the FC power is greater
than Py,

All these situations are summarized in Table 4.

The obtained results demonstrate the algorithm
satisfactory operation.

Table 4
Conditions of battery DC/DC converters working
Ofehoost Ofeboost
beidle < Pdem< Pfclowa Pfc = beidlea ¢0 =0
SOC > 80 %
Pfchigh < Pdem < behigh + Pbatmax’ ¢0 =0
ch = Pfchigh, SOC > 40 %
Pdem > P/"Chigh + Pbatmaxa Pfc = P_/'chigha ¢0 =0
SOC > 40 %
Pfcidle < Pdem < Pfclowa Pfc = Pfclowa =0 #O
SOC <80 %
Preiow < Paem < Prenigh» Pre = Prenighs -0 £0
SOC <80 %
P/bhigh < Pdem < P/'Chigh + Phatmaxa =0 =0
Pfc = Pfc’high’ SOC <40 %
Preiow < Paem < Prenigh» Pre = Prenighs -0 -0
SOC >80 %

The continuation of the contribution concerns the use
of the managed P, to feed a three-level shunt active
power filter (3L-SAPF) and to study the impact on the
power quality. Moreover, development of a regulation
loops to carry out the DC/DC converters duty cycles
automatically is envisaged. Also, energy efficiency study
of the whole system is being considered.
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