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Abstract: The design of the optimal power distribution system (PDS or powertrain) for fuel cell-based
vehicles is a complex task due to PDS comprising one or more power converters, several types
of secondary energy sources, a fuel cell, several control loops, and protections, among others.
The optimized powertrain design tries to minimize the mass, volume, and cost, and also to improve
system efficiency, fuel economy (both hydrogen and electricity), and vehicle autonomy. This paper
analyzes the influence of four different factors that deeply affect the optimal powertrain design,
in particular: the minimum power delivered by the fuel cell, the storage of the recovered energy from
the regenerative braking periods, the battery technology, and the maximum battery state-of-charge
variation. The analysis of these factors is carried out over a set of 9 different fuel cell-based
architectures applied to a light vehicle, and a 10th architecture corresponding to a pure electric vehicle.
This analysis provides the knowledge of how these design factors affect the mass, volume, and cost
of the optimal power distribution architectures, and how they can be considered in the design.

Keywords: sizing; battery and supercapacitor; fuel cell; powertrain;, power distribution
system; vehicles

1. Introduction

Fuel cell (FC)-based vehicles present growing reliability and autonomy [1-3], which is the reason
they are beginning to be considered a strong alternative to internal combustion engine vehicles.
One of the challenges of fuel cell-based vehicles is the design of the power distribution system
(PDS or powertrain). The powertrain must be able to overcome the major drawbacks of the fuel
cell: load-dependent output voltage, unidirectional power flow, slow dynamic response, and other
operating characteristics, such as high-temperature startup, very long startup times, and overshoot or
overdamped transient responses [4-6].

Fuel cell-based vehicles are strategically focused on improving the maximum speed, acceleration,
autonomy, and cost [7]. Therefore, minimizing the mass and cost of the powertrain is of great
importance to the maximization of autonomy and fuel saving, and the achievement of a competitive
price. The elements that comprise the propulsion system are the fuel cell system, the DC-DC power
converters, and the energy storage devices (batteries and supercapacitors).

The selection of the most suitable fuel cell-based power distribution system is a complex task
that has a significant influence on the vehicle mass, volume, cost, autonomy, efficiency, etc. In fact,
there is an extensive range of possibilities in the design of a fuel cell-based power distribution system.
These possibilities depend on the number, location, and kind of energy storage devices and power
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converters, as well as on the control strategy and the storage of energy from the regenerative braking
periods [8-12].

Some papers in the literature analyze and compare different PDSs based on fuel cells and
batteries [7,8,11,13], based on fuel cells and supercapacitors [9,14-17], and, finally, based on fuel
cells, batteries, and supercapacitors [10,18-22]. In [23], a complete analysis and comparison of
10 different power distribution systems are presented, considering all the possibilities in powertrain
implementation (fuel cell and batteries, fuel cell and batteries and supercapacitors, fuel cell and
supercapacitors). Also provided in [23] is an optimal sizing procedure for fuel cell-based architectures,
in which the minimum cost and mass are calculated as a function of the maximum power delivered by
the fuel cell. All the analyses are carried out for a light vehicle of 800 kg, operating during a working
day of 8 h with the European urban driving cycle ECE-15. The subsystems considered in the PDS are
the fuel cell stack, the fuel cell hydrogen tank, the battery, the supercapacitors, and the DC-DC power
converters [24-27].

Considering, as a starting point, the optimal sizing procedure presented in [23], this paper analyzes
the influence of four different design factors on the mass and cost of the PDS, continuing with the
work presented in [28], in which the influence of the driving profile is analyzed. These factors are the
minimum power delivered by the fuel cell, the energy storage from the regenerative braking periods,
the battery technology, and, finally, the maximum battery state-of-charge variation. These design
factors can vary significantly not only in the mass, volume, and cost of the complete PDS but also the
selection of the optimal power distribution architectures.

This paper organizes as follows. Section 2 describes the power distribution architectures that constitute
the power distribution systems, as well as the main vehicle characteristics. Section 3 reviews the influence
of applying the different driving profiles described in [28]. The influence of the minimum power delivered
by the fuel cell is analyzed in Section 4. Section 5 describes the effect of considering the storage of the
energy recovered from the regenerative braking periods when it is bigger than the energy delivered by
the secondary energy sources. Section 6 describes the influence of using different battery technologies,
and, finally, Section 7 analyzes the effect of imposing a different state-of-charge variation to the secondary
energy sources. Section 8 summarizes the conclusions collected throughout this research paper.

2. Power Distribution Systems and Vehicle Characteristics

Different power distribution systems (PDSs) can be implemented depending on the number and
location of the elements that comprise each architecture, particularly a fuel cell, a battery, one or more
DC-DC power converters, and the supercapacitors [23] (see Figure 1). Of all of these elements, the fuel
cell is the primary energy source. Additionally, for the sake of comparison, a 10th architecture is
considered, which corresponds to a pure electric vehicle (0B). This architecture has been included in
the analysis to highlight and compare the advantages and drawbacks between a pure electric car and
a fuel cell-based vehicle, regarding mass and cost.

Applying the optimal sizing procedure described in [23], the minimum sum of battery mass
and supercapacitor mass can be calculated depending on the maximum power delivered by the
fuel cell. These results determine the most suitable range of the maximum fuel cell power for
each architecture. Also, this procedure has allowed the grouping of architectures depending on
the nature of the secondary energy sources: those that use only batteries, a combination of batteries
and supercapacitors, or only supercapacitors, as shown in Figure 1.

All the analyses are developed for a light vehicle of 800 kg. The considered electrical efficiency
from the wheels to the motor drive is 0.75, the unidirectional DC-DC power converter efficiency is
0.95, the bidirectional DC-DC power converter efficiency is 0.9, and the considered fuel cell system
efficiency is 0.6. The battery and supercapacitor efficiencies are 0.95. For the case where a three-port
converter is used, two equivalent two-port converters can be obtained with a mass, volume, and cost
that are proportional to the power delivery by each port. Finally, the cost of every PDS is obtained
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considering the production of 500,000 units. All these data and the further interesting information
discussed below has been obtained from [23].

BATTERIES AND
ONLY BATTERIES SUPERCAPACITORS ONLY SUPERCAPACITORS
0B 1BC 1C1
T Battery : » |
|1_Ii| Load Fuelcell DC/DC E% @ [j Load Fuelcell EI Bid?ri/;’igna‘ [5 Load
Battery Supercapacitors Supercapacitors
1B 2BC 1C2
-] r
Fuelcell DC/DC Load
] — : %ﬂ |

P Battery p
Fuelcell DC/DC [5 Load Fuelcell DC/DC [j Load
Battery Dc/bc Supercapacitors
Bidirectional

Supercapacitors

2B 3BC 2C

y

Fuelcell DC/DC [5 Load

y
’

Fuelcell DC/DC [j Load Fuelcell DC/DC [5 Load
. .
DC/DC
Bidirectional
DC/DC Battery DC/DC
Bidirectional Bidirectional
Battery DC/DC Supercapacitors
Bidirectional

Supercapacitors

3C
1C1 means:

Nomenclature: =l BIEE ﬁ
1 [
Number of converters Secondary sources Discriminates among diferent
(0,1,2,3) (Battery (B), Supercapacitor (C)) architectures with the same subsystems bc/oc [H] Dc/oc

Supercapacitors

1 1
| l

Load

Figure 1. Power distribution architectures based on the fuel cell, supercapacitors, and battery [23].
3. Driving Profile Influence

The influence of the driving profile was already analyzed in [28]. In this paper, this influence is
reviewed for a better understanding of the rest of the paper.

Three different European driving profiles, listed in Table 1, are used to evaluate the internal
combustion engines (ICE) regarding pollutant emissions and fuel economy [29]; these profiles are
considered here to analyze the influence of the driving profile on the size, volume, and cost of the power
distribution systems. Each driving profile implies a different power profile, as shown in Figure 2 [28].

Table 1. European driving profiles.

Driving Profile Maximum Speed Total Time
Urban Driving Cycle for light vehicles, ECE-15 or UDC 50 km/h 195s
Extra Urban Driving Cycle for Low power vehicles, EUDCL 90 km/h 400 s

Extra Urban Driving Cycle, EUDC 120 km/h 400 s
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Figure 2. (a) ECE-15 driving profile. (b) Power demand under ECE-15 driving profile. (c) EUDCL
driving profile. (d) Power demand under EUDCL driving profile. (e) EUDC driving profile. (f) Power
demand under EUDC profile. Power demands have been obtained for a light vehicle [28].

Figure 3 shows the normalized battery and supercapacitor mass evolution depending on the
maximum fuel cell power, obtained by the procedure described in [23]. The influence of the driving
profile can be noticed in the power level that limits each region, as shown in Table 2.

As can be noticed, for the lower fuel cell maximum power, only batteries achieve the PDS
minimum mass. At the highest fuel cell maximum power range, the PDS minimum mass is achieved
by only supercapacitors, although this power region is very narrow. Finally, in the intermediate range of
fuel cell maximum power, the PDS minimum mass is achieved using both batteries and supercapacitors.
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Figure 3. Normalized battery mass evolution depending on the maximum power delivered by the fuel
cell for architecture 1B: (a) ECE-15 cycle. (b) EUDCL cycle. (c¢) EUDC cycle [28].

Table 2. Power range limits for the analyzed European driving profiles.

European Driving Profiles

Power Ranges ECE-15 EUDCL EUDC
Only batteries 0kW to Ljyr=2.5kW 0kW to Ly =9.6 kW 0kW to Ljys = 14.8 kW
Batteries and supercapacitors  Liys =25 kW to Lypp =62kW  Ljyr=9.6 kW to Lypp = 11.09 kW Ljr=14.8 KW to Lyyp = 20.18 kKW
Only supercapacitors Lypp = 6.2 kW to 6.208 kW Lypp =11.09 kW to 11.1 kW Lupp = 20.18 kW t0 20.2 kW

Applying this analysis to every PDS shown in Figure 1, it is apparent that the optimal power
distribution architectures are the same, independent of the applied driving profile. This optimal PDSs
are 1B, 1BC, and 1C2. Also, in the case where energy and power delivery by the battery and the
supercapacitors in the 1BC architecture cannot be controlled independently, the 1BC architecture can
be replaced by the 2BC architecture. A more detailed explanation can be found in [28].

4. Influence of the Minimum Power Delivered by the Fuel Cell

Due to their performances, fuel cells are growing as an alternative for use in hybrid vehicles.
However, their operating characteristics make it mandatory to design the PDS, control loops,
and energy management strategies to mitigate their slow dynamic response, load-dependent output
voltage, unidirectional operation, long startup times, low-temperature startup, and overshoot and
overdamped transient responses [4,6,30,31]. Indeed, since the startup time can last for tens of
seconds, the minimum fuel cell-delivered power must be considered for avoiding unexpected fuel cell
shutdowns, as Figure 4 depicts.



Energies 2018, 11, 3060 6 of 22

19 Demanded load power
12.5 Delivered fuel cell power, P
E " Maximum fuel cell power
o 5
3
£ 2
0—
- 15 Minimum fuel cell power
0

Lv

0 20 40 60 80 100 120 140 160 180 t(
Time (s)

Figure 4. Fuel cell-delivered power: a minimum value of 400 W and maximum value of 4.7 kW for the
ECE-15 profile applied to a light vehicle.

The gray line represents the power demanded by the load, and the blue line represents the power
delivered by the fuel cell.

Because the tendencies are the same for the three analyzed profiles, in this section, three different
minimum power values are applied—0 W, 200 W, and 400 W, considering the same ECE-15 driving
cycle only—to evaluate the influence of the fuel cell minimum power.

Figure 5 shows the new optimal power ranges for each group of architecture as a function of
the fuel cell minimum power. It can be seen that both power limits (L;;s and Lyyp) are shifted toward
lower fuel cell maximum power values when the minimum power increases. This effect is because
a higher fuel cell minimum power implies a larger amount of energy delivered by the fuel cell.
As a consequence, the power range with only batteries is reduced as the minimum fuel cell power
increases, since the equivalent energy and power load requirements are lower.
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Figure 5. Influence of the fuel cell (FC) minimum power on the normalized battery mass: (a) FC
minimum power of 0 W. (b) FC minimum power of 200 W. (c) FC minimum power of 400 W.

Figure 6 shows the optimal mass, volume, and cost of each architecture evaluated in their optimal
power range with the three different minimum power values [23].
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Figure 6. Influence of the fuel cell minimum power the power distribution system (PDS): (a) Mass,
(b) Volume. (c) Cost.

Figure 6 shows, for each architecture group, the PDSs that present optimal mass, volume, and cost,
depending on the fuel cell minimum power. Among them, the best performances are again achieved
with the architectures 1B, 1BC, and 1C2, like in the previous section. Additionally, as the delivered
minimum power by the fuel cell increases, the architectures based only on supercapacitors and those
based on batteries together with supercapacitors, 1BC and 1C2, experience a decrease in their overall
mass and volume. However, architecture 1B presents different behavior concerning architectures 1BC
and 1C2.

Architecture 1B presents a mass, volume, and cost increase as the fuel cell minimum power
increases, whereas architectures 1BC and 1C2 suffer a mass, volume, and cost reduction. It is because if
the fuel cell minimum power increases, Prcyi,, the design power limit for the PDS with only batteries,
Lins, decreases. The higher the fuel cell minimum power, Prcyin, the higher the battery total mass
needed to satisfy the load requirements. In other words, increasing the fuel cell minimum power,
Prcmin, implies a smaller design power limit L;,, which means a lower fuel cell maximum power, and,
therefore, the minimum battery mass must be higher, as Figure 7 depicts.

16/

Pecmin = OW

144
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96|
80|
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0 05 1 15 2 25 3 35 4 45 5 55 6
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Figure 7. Battery, fuel cell system, and DC-DC converter mass evolution depending on the maximum
power delivered by the fuel cell in architecture 1B.
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Figure 7 shows the fuel cell system, battery, and DC-DC converter mass evolution for architecture
1B, depending on the fuel cell maximum power delivered, when two different values of the fuel cell
minimum power are used, 0 W and 400 W. For a fuel cell minimum power value of 0 W, the power
design limit for a battery-based PDS is L;,s = 2.5 kW, as shown in Figure 5a. On the other hand,
for a fuel cell minimum power of 400 W, the design power limit for a battery-based PDS is ;s = 1.8 kW,
as in Figure 5c. The battery masses for these two limits are 47.4 kg (for L;;y = 2.5 W) and 524 kg
(for Liyr = 1.8 kW), respectively (Figure 7). This means that the battery mass related to the lower design
power limit, L;,;s = 1.8 kW, is larger than the battery mass related to the higher design power limit,
Lins = 2.5 kW.

With the new lower power limit in the region of architecture 1B, the fuel cell and power converter
mass, volume, and cost reduction are smaller than the battery mass, volume, and cost increment,
as shown in Figure 7. Therefore, for those architectures that use only batteries as secondary energy
sources, the overall mass, volume, and cost increase with the fuel cell minimum power Prcyiy,.

On the contrary, in architectures 1BC and 1C2, the fuel cell and power converter mass,
volume, and cost reduction are more significant than the energy storage devices mass, volume,
and cost increment.

Tables 3-5 show the optimal mass, volume, and cost for each architecture, evaluated in their
optimal design power range, under the three considered FC minimum power values. Additionally, each
table includes two columns, in which the mass, volume, and cost reduction are shown, in percentage.
By considering 0 W as a reference, one column shows the percentage variations obtained when the
minimum power is established as 200 W, and the other shows the percentage variations obtained when
the minimum power is 400 W. The colors toward green and the upwards pointing arrows indicate an
improvement in mass, volume or cost and, the colors toward red and the downward pointing arrows
indicate a worsening in mass, volume or cost.

Table 3. Influence of the fuel cell minimum power on PDS mass for the ECE-15 profile.

Premin (A% 200 W 400 W Mass reduction (%)
Weight (kg) | ECE-15 | ECE-15 | ECE-15 0W-200W 0W-400 W
0B 144.3 144.3 144.3 = 00 = 0.0
1B 58.2 57.5 61.7 D 12
2B 59.8 59.2 63.4 =2 1.0
1BC 23.2 22.2 21.3 A 47
2BC 24.4 23.4 22.6 A 41 @+ 74
3BC 244 23.4 22.6 d 41 * 74
1C1 24.7 23.7 229 A 40 -
1C2 23.5 224 21.5 47 i+ 85
2C 24.6 23.6 22.8 d 41 * 73
3C 27.1 26.1 254 A 37 T+ 63
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Table 4. Influence of the fuel cell minimum power on PDS volume for the ECE-15 profile.

Premin (1A% 200 W 400 W Volume reduction (%)
Volume (1) | ECE-15 | ECE-15 | ECE-15 0W-200 W 0W-400 W

0B 72.2 72.2 72.2 0.0
1B 39.1 38.6 40.3 = 1.3
2B 39.9 39.4 41.1 = 13

1BC 29.9 29.1 28.5

2BC 30.6 29.8 29.2

3BC 30.6 29.8 29.2

1C1 30.8 30 29.4

1C2 30.2 294 28.8
2C 30.7 30 29.4 + 23 + 42
3C 32.0 31.3 30.7 + 22 *+ 41

9o0f22

Table 5. Influence of the fuel cell minimum power on PDS cost for the ECE-15 profile.

Premin (A% 200 W 400 W Cost reduction (%)
Cost (€) ECE-15 | ECE-15 | ECE-15 0OW-200W 0W-400 W
0B 2454 2454 2454 400

1B 1256 1230 1276 S 21

2B 2145 2138 2209 4 03
1BC 892 833.8 784.9
2BC 1538 1525 1514 4 08 16
3BC 1538 1525 1514 4+ 08 1.6
1C1 1593 1574 1559 N 12 ™ 21
2C 1543 1529 1519 =09 1.6
3C 2920 2936 2952 4 11

From the collected data in these tables, it can be concluded that:
e  The mass, volume, or cost of the battery-based architectures are affected by the minimum power
level of the fuel cell.

e  The battery-and-supercapacitor-based architecture and the supercapacitor-based architectures
present the highest advantage of the FC minimum power increment, except architecture 3C.
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Architecture 3C shows a cost increment when the fuel cell minimum power increases due to the
high number of power converters it uses.

e  Since the mass and size reductions are very similar for the best architectures, the selection of the
optimal architecture must be made based on the cost. So, regarding cost, the optimal architectures
are 1BC and 1C2, which reduce their cost by 12%.

e  The last conclusion is related to the fuel cell hydrogen consumption. From the manufacturer’s
point of view, an increase in the delivered minimum power by the fuel cell implies a mass, volume,
and cost reduction. However, at the same time, an increase in the delivered minimum power by
the fuel cell means an increase in the energy delivered by the fuel cell throughout the working
day. Therefore, the final user consumes more hydrogen every month.

Figure 8 shows, as an example, the evolution of the mass, volume, and cost, depending on the
fuel cell maximum power, for a fuel cell minimum power equal to 400 W and for each architecture.
This information has been used to obtain the data in Tables 3-5. As can be seen, each plot has three
regions: only battery, battery and supercapacitor, and only supercapacitors. The L;,s and Ly, shown in
Figure 8 (vertical gray lines) match with those shown in Figure 5c and separate the three design regions.
For these conditions, the minimum mass, volume, and cost are obtained for a fuel cell maximum power
around 5 kW, inside the battery and supercapacitor region. Similar results are obtained when the fuel
cell minimum power is 0 W and 200 W, but with different limits and values, as shown in Tables 3-5.

0B 1B 2B' 1BC 2BC 3BC 1C1 1C2 2C 3C 0B 1B 2B 1BC 2BC 3BC' 1C1 1C2 2C 3C
160 Mass (kg) 0 Volume (l)
Battery yBatt. & Supercapy Supercapacitor Battery |Batt. & Supercap} Supercapacitor
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132 | 1443ke 68| 72:21
62 401
18 a 401 |
104 56 39.11 30.7
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4111
34 214031
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N oT T3 45 6 7 S 0 1001 1213 1415 16 17 18 01 2 3 4567 8 91011 1213 1415 16 17 18
Fuel Cell maximum power (kW) Fuel Cell maximum power (kW)
(a) (b)
0B 1B 2B"1BC 2BC 3BC 1C1 1C2 2C 3C
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3.5x10° Batt. & :
Battery Supercap. Supercapacitor
3.215x103 2 -
2.93x103
2.645x103
2.36x10°
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1.505%x103
1.22x103
935 |
650

01 2 3 4 5 6 7 8 9 1011 12 13 14 15 16 17 18
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(©)

Figure 8. Analysis of every architecture depending on the fuel cell maximum power for a minimum
fuel cell power of 400 W. (a) Mass. (b) Volume. (c) Cost.

5. Influence of the Storage of the Energy Recovered from Regenerative Braking Periods

This section describes the effect of considering the storage of the net amount of energy when the
energy recovered from the regenerative braking is greater than the energy delivered by the secondary
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energy sources to complement the energy provided by the fuel cell. If such is the case, then the net
amount of energy along the driving cycles in a working day (8 h) is negative, since the secondary
energy sources charge in each cycle.

The power and energy that the secondary energy sources must provide are Py;(P) and E#(P),
which are determined as follows. The power Py;(P) is calculated as the difference between the peak
power of the load profile and the maximum power delivered by the fuel cell, P(W), as depicted in
Figure 9. On the other hand, the energy E;;#P) is the net amount of energy delivered by the secondary
energy sources for all the driving cycles in a working day. This is the difference between the energy
demanded by the load that the fuel cell is not able to provide (yellow areas in Figure 9) and the energy
recovered and stored from the regenerative braking periods (blue areas) for all the driving cycles in
the working day (8 h).

AN
16 Fuel cell delivered power, P
Peak power
§12.5 Demanded load power Energy to be delivered for the
= secondary energy sources Pd/ff(P)
= 9
o 55 Fuel cell maximum power
&y O-
2 { R n
0—
“15 s e Yy |
. Fuel cell minimum power secondary energy sources T R
) >
0 20 40 60 80 100 120 140 160 180 t(s)

Time (s)

Figure 9. Demanded power by the load along one ECE-15 driving cycle.

The normalized battery mass obtained after applying the optimization procedure [23], including
the possibility that the energy recovered from regenerative braking can be greater than the energy
delivered by the secondary energy sources, is represented in Figure 10, as a function of the maximum
power delivered by the fuel cell. As it can be seen, as the maximum fuel cell power increases, the net
amount of energy that must be delivered by the secondary energy sources, Ej#(P), decreases. However,
it is expectable that for high values of fuel cell maximum power, the net amount of energy E;#P)
becomes negative since the energy recovered from the braking is bigger than the energy delivered
to the load by the secondary energy sources. This effect is easily identifiable in Figure 10, and it
corresponds to the turning point placed at 6.2 kW.

In Figure 10, three different regions are highlighted based on the maximum power delivered by
the fuel cell that minimizes the cost and mass in each region. For fuel cell maximum powers below
Lins (0 < P < Lyyp), architectures that implement only batteries as secondary energy sources are the
recommended ones. For L;,s < P < Lyp, the use of batteries and supercapacitors as secondary energy
sources is suggested. These two regions are only affected in the values of both the limits and the
evolution of the normalized battery mass inside the region in which the batteries and supercapacitor
are recommended. However, it is noticeable that now the architectures recommended for the third
region (P > L) are no longer based on only supercapacitors, but they are based on implementing
only batteries as secondary energy sources.
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Figure 10. Normalized battery mass, considering the maximum energy delivered from the secondary
energy sources during a driving cycle, as well as the storage of the energy from the regenerative braking
periods, for the ECE-15 driving cycle.

Figures 11 and 12 show the cost and mass of architectures 1B and 2B in both the lower and the
upper power ranges. It can be observed in Figure 11 that the mass and cost evolution of the propulsion
systems 1B and 2B are not affected by considering that the energy from the regenerative braking
periods is bigger than the energy demanded by the load that the fuel cell cannot satisfy throughout the
8 h working day.
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Figure 11. 1B architecture cost and mass in the lowest design power range for the ECE-15 profile.
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Figure 12. 1B architecture cost and mass in the highest design power range for the ECE-15 profile.

Figure 12 shows the mass and cost evolution of architectures 1B and 2B in the upper design power
range, from 10 kW to 15.6 kW. In both architectures, the minimum mass and cost are achieved at Ly,
(10 kW). It can be noticed that the higher the maximum power delivered by the fuel cell, the bigger the
battery mass, since the batteries must be able to store a larger amount of remaining energy from the
difference between the energy delivered to the load by the secondary energy sources and the energy
recovered from the braking periods. Regarding the cost, it presents an increasing trend analogous to
the battery mass increase as the maximum power of the fuel cell increases.

Therefore, Figures 11 and 12 show that architectures 1B and 2B have minimum mass when they
are designed at 10 kW, since the battery mass increment is lower than the mass increment experienced
by the fuel cell. On the other hand, the minimum cost of powertrains 1B and 2B is achieved when they
are designed at 2.5 kW due to the fact that the fuel cell and converter cost increments are bigger than
the battery cost decrement.

Figure 13 depicts the mass and cost evolution as a function of the maximum power delivered by
the fuel cell of powertrains 1BC, 2BC, and 3BC. In this case, all the architectures reach the minimum
mass and cost at the turning point placed at 6.2 kW. Also, it can be noticed that the total mass of
powertrains 1BC, 2BC, and 3BC is imposed by the fuel cell system mass, including the hydrogen tank.
From the three architectures, 1BC presents the minimum mass. Regarding the cost, and due to the
reduced number of power converters, propulsion system 1BC is the cheapest.
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Figure 13. Total mass and total cost of PDS for the ECE-15 profile. (a) 1BC. (b) 2BC. (c) 3BC.

The main consequence of considering the storage of the net amount of energy when the energy
recovered from the regenerative braking is bigger than the energy delivered by the secondary energy
sources is the rearrangement of the three power design regions. For fuel cell power below L;;, it is
recommended to use of architectures that implement only batteries as secondary energy sources.
For a fuel cell intermediate power range, Linf < P < Lypp, the use of batteries and supercapacitors as
secondary energy sources is suggested. Finally, for fuel cell power above L, the use of architectures
based on implementing only batteries as secondary energy sources is again recommended. The optimal
architectures are 1B (at 2.5 kW for minimum cost or 10 kW for minimum mass), and 1BC at 6.2 kW.
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6. Influence of the Battery Technology

This section evaluates the influence of battery technologies on the optimal power ranges to
correctly design each group of architectures. The analysis uses four different technologies: nickel-metal
hydride, lead—acid, nickel-cadmium, and lithium-ion. The influence of these battery technologies is
looked at independently of the influence of the other factors reviewed in previous sections. The data
of power and energy density for each battery type are shown in Table 6.

Table 6. Power density, energy density, and price for each battery technology [32-35].

Parameter Ni-MH Lead-Acid Ni-Cd Li-ion
Power density (W/kg) 200 300 150 300
Energy density (Wh/kg) 60 30 40 100
Price (€/kWh) 400 100 140 170

Table 7 summarizes the optimal data related to the mass, volume, and cost of the optimal
architectures within each group of architecture when the four different battery technologies are applied.
In all cases, each architecture has been evaluated within its optimal power range, with a maximum
variation in the state-of-charge applied to the battery of 75%, and using ECE-15 as the driving profile.

Table 7. Mass, volume, and cost of the architectures selected from each group, with the ECE-15 driving
profile, and variation in the state-of-charge of the battery of 75%, for lithium-ion, Pb-acid, nickel-metal

hydride, and nickel-cadmium.

Bat.
Tech

Prop. Mass Vol. Cost Mass Vol. Cost Mass Vol. Cost Mass Vol. Cost
Syst.  (kg) (L) (€) (kg) (L) © (kg) (L) (€) (kg) (L) ©

1B 58.18 39.12 1256 79.3 50.8 2125 1022 627 1041 55.6 431 8699
1BC 2308 29.78 8825 231  29.79 883 23.1 29.8 8823 231 29.8 8822
1C2 2325 2998 887 2325 2998 887 2325 2998 887 2325 298 887

Li-Ion Ni-MH Ni-Cd Pb-Acid

The fuel cell power limit affected by the different battery technologies is the lower one, L;,
(see Figure 14a), which is the reason that only the cost, mass, and volume of the PDSs using batteries as
the only secondary energy source are affected, as shown in Table 7. Architectures 1BC, 2BC, and 1C2
are not affected since their optimal mass, volume, and cost are calculated with a fuel cell maximum
power different from the lower limit (L;y).

Figure 14a shows, for the four different battery technologies, the normalized battery mass along with
the lower power limit. Depending on the L;,s power limit, the amount of energy that the secondary energy
source must be able to supply is modified (Table 8), and also their total required mass, as Figure 14b shows.
The L;yrand L,y power limits (yellow dots in Figure 14) represent the values of maximum power delivered
by the fuel cell in which the optimal design changes the combination of secondary energy sources: that is,
it changes from one region to another, e.g., using battery and supercapacitors instead of only battery,
or using only supercapacitors instead of battery and supercapacitor [23].

Table 8. Maximum power limit delivered by the fuel cell for the optimal design of the 1B
architecture, and energy delivered by the battery using lithium-ion, lead—acid, nickel-metal hydride,
and nickel-cadmium technologies.

Bat. Li-ion Ni-MH Ni-Cd Lead-Acid

Tech

Prop. Py FC Battery Py FC Battery Py FC Battery Pyax FC Battery
Syst (kW) Energy (Wh) (kW) Energy (Wh) (kW) Energy (Wh) (kW) Energy (Wh)

1B 2.5 1040 3 920.15 3.2 872.17 5 459.87
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Figure 14. Mass of the battery and the secondary sources when lithium-ion, lead—-acid, nickel-metal
hydride, and nickel-cadmium batteries are used, considering the same vehicle with the ECE-15 driving
profile and a variation in the state-of-charge of 75%. (a) Normalized battery mass. (b) Total mass of
secondary energy sources.

The batteries with a larger relation between energy density and power density, in addition to
bringing forward lower L;,s (Figure 14a), require a lower secondary power source total mass for the
same load requirements (Figure 14b). That is, with fewer kilograms of battery, more energy is supplied.

Table 7 shows that the total mass of powertrain 1B increases as the ratio of energy density to
power density in the battery becomes lower, except for lead—acid ones. The reason for this exception is
that, in the lead-acid battery technology, L; of the fuel cell for the designed architectures is very high
at 5 kW (see Figure 14a), which means that the battery manages significantly less energy (Table 8), and,
therefore, its mass decreases, as can be seen in Figure 15a.
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Figure 15. The fuel cell system and the converter of powertrain 1B with different battery technologies,
with a variation in the state-of-charge of 75%, when the ECE-15 driving profile is applied. (a) Mass.
(b) Cost.

Regarding the overall cost of the 1B architecture, two aspects must be taken into account when
different battery technologies are applied: the fuel cell maximum power along with the power density
of the technology, and the price per kWh of each technology. It is observed that the higher cost is
obtained by using Ni-MH battery technology due to its high mass and price, while the lower cost is
obtained by using lead—acid battery technology (Figure 15b) due to its reduced mass.
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Finally, it can be concluded that battery technology has a high influence on the total mass, volume,
and cost of PDSs that only implement batteries as secondary energy sources. The lower the ratio of
the energy density to the power density of the battery, the higher the power limit L;,». Consequently,
the use of more powerful fuel cells implies the selection of batteries that manage less energy, and,
therefore, its total mass is lower. The battery technologies that provide PDSs with higher total mass,
in ascending order, are lead-acid, lithium-ion, nickel-metal hydride, and nickel-cadmium (see the
yellow dots in Figure 15a). Similarly, in ascending order, the technologies that provide the most
expensive power distribution systems are lead—acid, nickel-cadmium, lithium-ion, and nickel-metal
hydride (see the yellow dots in Figure 15b). The amount of energy that manages the battery in each
case is significantly different, as seen in Table 8, since the optimal design is found for a different fuel
cell maximum power.

7. Influence of the Battery State-of-Charge Variation

Finally, this section evaluates the influence of the allowed maximum battery state-of-charge
variation on the optimal design of each group of PDSs.

L;us is the only fuel cell power limit affected by the variations of the state-of-charge of the batteries
(Figure 16a), and the reason is that only the optimal cost, mass, and volume of the batteries are affected
in powertrains using batteries as the only secondary energy source. The total mass of the secondary
sources is shown in Figure 16b for when the variation in the state-of-charge of the battery is 50% and
75%. It can be concluded that the larger the allowed variation in the state-of-charge, the lower the
value of L;,s, and the lower the mass of the secondary energy sources.
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Figure 16. Identification of the optimal design power range for each group of architectures, depending
on the variation in the state-of-charge of the battery. (a) Normalized battery mass. (b) Total mass of
secondary energy sources.

Table 9 shows the mass, volume, and cost of the electric power distribution systems 1B, 1BC,
and 1C2 for the ECE-15 driving profile when the variation in the state-of-charge of the battery is 50%
and 75%.
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Table 9. Mass, volume, and overall cost of the electric power distribution systems selected from each
group of architectures, with variations in the battery charge state of 50% and 75%, for the ECE-15
driving profile.

ECE-15 AS0Cpyt = 0.5 ASoCpgyt = 0.75
Architecture Mass (kg)  Vol. (L) Cost (€)  Mass (kg) Vol. (L) Cost (€)
1B 56.6 40.86 1323 58.18 39.12 1256
1BC 23.1 29.79 882.85 23.08 29.78 882.48
1C2 23.25 29.98 887.02 23.25 29.98 887

A lower variation in the state-of-charge implies higher maximum power delivered by the fuel cell,
that is, an increase in the lower limit L;,;s of maximum power delivered by the fuel cell (Figure 16a).
As a result of the increase in the maximum power delivered by the fuel cell, there is an increase in the
mass of the fuel cell itself, an increase in the mass of the converters, and a reduction in the total mass
required from secondary energy sources. In particular, if powertrain 1B is analyzed, a decrease in the
allowed variation in the state-of-charge in the battery involves reducing the mass of the battery itself,
along with an increase in the mass of the fuel cell system and the converters. As the mass reduction
of the battery is greater than the mass increment of the fuel cell system along with the converters,
architecture 1B shows a lower value of its total mass when the variation in the state-of-charge is lower
(Figure 17a). The influence of varying the state-of-charge of the battery on the overall volume of the
architectures is analogous to the influence owing to the mass.

Regarding the cost, it can be seen in Table 9 that the lower the maximum variation in the
state-of-charge of the battery, the higher the overall cost of the PDS. In Figure 17b, it is verified that
a smaller allowed variation in the state-of-charge of the battery implies a higher value of L;,;, which is
the lower limit of the maximum power of the fuel cell for the proposed electric power distribution
systems. Therefore, a lower variation in the state-of-charge of the battery causes a lower cost of the
battery and higher cost of the converter and fuel cell system. The increase in the cost of the converter
and of the fuel cell system is more significant than the decrease in the battery cost, because the overall
cost of the electric power distribution system increases when a smaller state-of-charge of the battery
is allowed.
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L Battery, ASoC = 75% 3
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Figure 17. Evolution of the mass and the cost of the battery of the fuel cell system and the converters of
electric power distribution system 1B, with variations in the state-of-charge of the battery of 50% and
75% for the ECE-15 driving profile. (a) Battery mass. (b). Battery cost.
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The conclusion is that the variation in the state-of-charge of the batteries affects fundamentally
the architectures that implement only batteries as a secondary energy source. A greater variation in
the state-of-charge implies higher secondary energy source total mass, a higher PDS mass, as well as
a lower design power limit of the fuel cell, L;,s. These results are strongly dependent on the evolution
of the price and the battery technology.

8. Conclusions

This paper analyzes, using the optimal sizing procedure described in [23] as a baseline,
the influence of four different design factors on the size and cost of nine different propulsion systems
based on the fuel cell, batteries and supercapacitors, and a pure battery vehicle. Also, it reviews an
additional design factor presented in [28]. All the analyses have been carried out considering a light
vehicle of 800 kg when the driving cycle is applied during a working day of 8 h. The result of the
analysis is the knowledge of how the main design factors affect the mass, volume, and cost of the
optimal power distribution architectures, and how they can be considered in the design.

Regarding the influence of the driving profile, there are different power range limits suggested
for the architectures based on batteries, batteries and supercapacitors, or supercapacitors to optimize
mass, cost, and volume. However, the optimal power distribution architectures are the same and
independent of the applied driving profile. These optimal PDSs are 1B, 1BC, and 1C2. Also, in the case
where the energy and power delivery by the battery and the supercapacitors in the 1BC architecture
cannot be controlled independently, the 1BC architecture can be replaced by the 2BC architecture.
A more detailed explanation can be found in [28].

Attending to the influence of the minimum power delivered by the fuel cell, as the minimum fuel cell
power increases, the power range limits are shifted toward lower power values since the amount of
energy that the fuel cell delivers is bigger. The size and cost of the architectures based on batteries and
supercapacitors and based on only supercapacitors decrease as the minimum delivered power by the
fuel cell increases. The preferred power distribution architectures, 1B, 1BC, and 1C2, are the same and
independent of the minimum energy delivered by the fuel cell.

The storage of the energy from the regenerative braking periods throughout a working day (8 h)
also affects the PDS design. It can be remarked that as the fuel cell maximum power increases, the net
amount of energy delivered by the secondary energy sources decreases. Therefore, there is a maximum
fuel cell power beyond which the net amount of energy becomes negative. That is, the energy recovered
from the braking periods is larger than the energy delivered by the secondary energy sources to fulfill
the load demand that the fuel cell cannot. This consideration modifies the recommended architectures
for the highest fuel cell maximum power range (P > L,p), dismissing those architectures that are based
on only supercapacitors as a secondary energy source, and suggesting the use of architectures with
secondary energy sources implemented using only batteries. On the other hand, for the lower fuel cell
power level, the recommended architectures are still the same: for P < Linf, the use of only batteries
as a secondary source is suggested, while, for L;,s < P < Lypp, the recommended secondary source
combines the use of supercapacitors and batteries. As a conclusion, for this case, the final suggested
recommendation is the use of architecture 1B at 2.5 kW with the objective of minimizing the cost, or at
10 kW with the objective of minimizing the mass, and architecture 1BC at 6.2 kW.

The battery technology has a high influence on the total mass, volume, and cost of PDSs that
only implement batteries as a secondary energy source. The lower the ratio of the energy density
to the power density of the battery, the greater the power limit L;,r. Consequently, the use of more
powerful fuel cells implies the selection of batteries that manage less energy, and, therefore, its total
mass is lower. The battery technologies that provide PDSs with higher total mass, in ascending
order, are lead—acid, lithium-ion, nickel-metal hydride, and nickel-cadmium. Similarly, in ascending
order, the technologies that provide the most expensive power distribution systems are lead—acid,
nickel-cadmium, lithium-ion, and nickel-metal hydride.
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Finally, the variation in the state-of-charge affects those architectures that implement only batteries
as secondary energy sources. A greater variation in the state-of-charge implies, for the 1B architecture,
higher secondary energy source total mass, a higher PDS mass, as well as a lower design power limit
of the fuel cell, L. In any case, these results are strongly dependent on the evolution of the price and
the battery technology.
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