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Abstract: Electric vehicles are becoming more and more popular. One of the most promising possible
solutions is one where a hybrid powertrain made up of a FC (Fuel Cell) and a battery is used. This
type of vehicle offers great autonomy and high recharging speed, which makes them ideal for many
industrial applications. In this work, three ways to build a hybrid power-train are presented and
compared. To illustrate this, the case of an industrial robot designed to move loads within a fully
automated factory is used. The analysis and comparison are carried out through different objective
criteria that indicate the power-train performance in different battery charge levels. The hybrid
configurations are tested using real power profiles of the industrial robot. Finally, simulation results
show the performance of each hybrid configuration in terms of hydrogen consumption, battery and
FC degradation, and dc bus voltage and current regulation.

Keywords: hybrid power-train; power-train typologies; hydrogen vehicles

1. Introduction

Electric vehicles (EV) are becoming a fundamental tool to face the problems introduced
by the use of fossil fuels [1]. Currently there are different technologies and architectures
for electric vehicles [2]. Today’s most predominant EV power-train is the one based only
on rechargeable batteries as energy source, named Battery Electric Vehicles (BEV). The
increasing availability of recharge stations and their home versions have provided a great
scenario to BEV’s proliferation. The main drawback associated to BEV’s is its price and it
reduced autonomy range. In this way, to increase the autonomy the capacity of the battery
should be augmented and the price will be higher as a consequence [3]. In contrast, BEVs
are simpler since they have a single energy source and a single energy storage system.

EVs can also have hybrid traction systems becoming Hybrid Electrical Vehicles (HEV),
and be composed of different energy sources and have different energy storage systems.
The combination of all these elements makes possible to improve the efficiency, autonomy
range and the component lifetime of BEVs, but in return they require more complex energy
management and control systems.

A first option, collected in the literature, is the traction system composed of batteries
and super-capacitors [4,5]. This option makes it possible to take advantage of the batteries
high-energy and the super-capacitors high-power density and thereby extend the battery
lifetime in addition to being able to take better advantage of regenerative braking.

Hydrogen is becoming an ideal energy vector to help in the transition towards a
cleaner and more sustainable energy system [6,7]. One of the fields in which hydrogen
is beginning to excel is EVs. References [8,9], with the introduction of Fuel Cell Electrical
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Vehicles (FCEV). The use of hydrogen Fuel Cells (FC) in hybrid power-trains have gained
major attention due its clean energy and satisfactory efficiency [10-12].

Nevertheless, there are still some issues on using a FC as part of the power-train. These
issues regard performance and lifespan. The FC exhibits slow transient response which
limits the performance under fast changing power profiles [13]. At the same time, fast
power changes yield drops in pressure of the hydrogen stack, known as starvation, which
in turn cause a rapid reduction of the cell voltage. This phenomena leads to premature
degradation and eventually the damage of the FC [11]. To overcome this problem hybrid
architectures are used. Hybridization advantages can be summarized as [14,15]:

1.  Handling pulses or fast variations in power demand, allowing improved accelera-
tion profiles

Providing larger power when both sources are acting together

In case of FC failure, the vehicle can operate in a degraded mode.

Allow the selection of smaller power components, thus decreasing the costs
Regenerative breaking is possible

Ol @

To hybridize the power-train an energy storage system is usually incorporated [16].
Commonly, this energy storage device is an electric battery [13], but it is also usual the
use of a super-capacitor (SC) [17], or the combination of both [18-20]. The selection of
the configuration depends on the concrete application. Moreover, economic aspects must
be considered: considering the cost per unit of energy stored [17], batteries are a cheaper
solution than SC, while these allow the handling of bigger power pulses without suffering
degradation [21]. Sizing is also a very important problem that needs to be addressed in
order to achieve a good trade-off between cost and performance [20,22].

The architecture of the hybrid power-train depends on the used electronic interfaces,
typically DC-DC converters. Configurations can be classified as passive, semi-active or
full-active. Selection of the most suitable configuration is highly important [23].

In this work, a hybrid power-train for an industrial mobile robot consisting of a
hydrogen FC and a battery is considered. Four configurations for the power-train are
studied and analysed: battery only, FC-battery in passive, a semi-active and a full-active
hybrid topology. Each hybrid configuration is studied in terms of the characteristics and
sizing of its components and the flexibility of the design. With this, provided advantages
and drawbacks are defined taking into account the industrial robot requirements. As a base
of comparison, different performance criteria are used. They include a battery degradation
index, the fuel consumption and two quantitative FC degradation indicators. In the case of
active hybrid configurations, current and voltage control loops are defined as well as an
Energy Management System (EMS). All configurations are numerically tested using real
power profiles from an industrial mobile robot. Constraints and characteristics of the robot,
FC and battery are taken into account in order to analyse the performance of the system
under selected configurations.

The paper is organized as follows: Section 2 describes the industrial mobile robot
and its power profiles; Section 3 describes the considered performance criteria used for
comparison purposes and provides quantitative indexes of FC degradation; Section 4
presents the four used configurations, the hydrogen FC and the battery; Section 5 shows
the simulation setup and results, while Section 6 portrays the final conclusions.

2. The Industrial Mobile Robot

One type of vehicle that is currently on the rise, especially in the framework of Industry
4.0 [24,25], are industrial robots. Most of them are EV. For this reason, a device of this
type has been selected to illustrate the developments of this work. In particular, it will be
assumed that the analysed power-train feed the real consumption of an industrial robot.

The case study deals with a test robotic platform model Moby-500 (Steering Machines
S.L., Bacelona, Spain). The machine, capable of moving a payload of up to 500 kg, has
the dimensions shown in Figure 1. The platform features safety scanners capable of
building a map of its environment, and is able to navigate safely using simultaneous
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localization and mapping (SLAM) technology. The platform is omnidirectional, employing
conventional wheels and using a maximum of three motors to achieve any movement on a
two-dimensional space.

(b)
Figure 1. (a) Moby-500 general view and dimensions (in millimeters), (b) Moby-500 with load.

The case studied correspond to maximum velocities of 0.5 m/s with a payload of
250 kg. The machine is ordered to travel along the edges of the two adjacent squares, as
depicted in Figure 2. The tests are carried out in an industrial warehouse, with a floor
featuring some irregularities. The circuit is divided into eight phases, each one covering
one of the two-meter-long edges of one of the squares. For each phase, the platform starts
from a static position and ends in a new static position that in turn becomes the starting
point of the following phase. Therefore, each phase contains an initial acceleration segment
and a final deceleration segment. Figure 3 shows the power consumption measured every
4 ms. From this, it can be gathered that each test entails eight consumption spikes.
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Figure 2. Robot operation. (a) Trajectory calculated from internal odometry and (b) Sequence of
movements.
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Figure 3. Total power consumption of the robot as a function of time (v;x = 0.5 m/s).

3. Comparison Criteria

In order to compare and analyze the different power-train configurations and sizing
for the mobile robot, different simulations will be carried out using Matlab-Simulink
(Version 2019b, Mathworks, Natick, MA, United States). To do so, the generic battery and
fuel cell models of Electrical Simscape Simulink Blockset will be used, with its parameters
adjusted to each simulation. These models are quite generic, can be easily customized in
size and technical characteristics, and have been used in many research papers [26,27].

The construction and design constrains of the different power-trains will be described
when presenting each of the architectures. These restrictions include simplicity, the number
of components, and their availability in the market.

Another area in which the different architectures will be compared is how they behave
during the robot operation (using the consumption profiles described in the Section 2). In
this context, the energy consumption will be analysed, both the variation of the energy
stored in the battery and the hydrogen consumption (see Section 3.1) will be considered,
and the degradation of the battery and the fuel cell will also be taken into account. Although
degradation has a qualitative component, in order to carry out a degradation quantitative
study, some indices that will be defined in Sections 3.2 and 3.3, will be used.

3.1. Hydrogen Consumption

The rate at which hydrogen is consumed (in mol/s), Ny, in a fuel cell is given by
Faraday’s Law [10]:
B IPC
— FC 1
NHZ 2 F 4 ( )
where Irc is the fuel cell current and F is the Faraday constant. N H, can be also written in
g/s as:
. Irc
mHz = ﬁ ' MHz/ (2)
where My, is the hydrogen weight in ¢ per mol.
On the other hand, it is common to provide flow rates of gases in liters per minute
(Ipm) and especially in standard liters per (slpm), where the standard liter is the quantity
of gas that would occupy 1 L in standard conditions-atmospheric pressure, 101.3 kPa
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and 15 °C (in technical fluid mechanics standard temperature is 15 °C, not 25 °C as in
chemistry) [10]. Thus, at standard conditions, molar volume is:

_ RT _ 831-288.15

The volumetric hydrogen consumption rate in std Ipm is given, then, by:

- Ipc

Vy, = °F 23.65 - 60. 4)
Joining Equations (2) and (4), we have the relationship between the flow rates at std

Ipm and the hydrogen consumed:

SV,

M = 736560 MH ©)
The fuel cell model used by MATLAB/Simulink [26] includes the calculation of hydro-

gen consumption from the fuel cell current described in this section.

3.2. Battery Degradation and Aging

Batteries are complex electrochemical devices. Their use is becoming popular, and
extensive research is being carried out to improve the understanding of their operation.
One of the main problems that has been the object of study, in recent years, is its useful life
and the causes of its degradation [28-30]. The time of use is one of the determining factors
of ageing, but the conditions in which the battery operates are also determining factors. In
the latter, the architecture of the traction train can play a determining role.

In order to estimate the battery degradation, a method to quantify the damage pro-
duced in the battery by its usage is needed. Factors such as current severity (known
as C-rate), elevate temperature, discharge rate or State of Charge (SOC), in addition to
irregular patterns of charge and discharge cycles can accelerate battery degradation [31].
C-rate (defined for a given battery current) and depth of discharge (DOD, complementary
to the battery SOC) are defined as:

I
Crate = QEZZJ (6)
DOD = 1 - SOC, @)

where Qg is the battery capacity expressed in Ah. High values of C-rate and of DOD tend
to accelerate battery aging [13].

Following the strategy proposed in [13], the battery degradation will be estimated
using the Ah-throughput parameter, as it takes into consideration both the current severity
(either charge or discharge) and its DOD, as well as the battery working temperature.
This accumulative parameter predicts the End of Life (EoL) of a battery when it exceeds a
predetermined value, known as nominal Ah-throughput, where nominal conditions refer
to a C-rate = 1, DOD = 100% and a temperature of 25 °C. This value, and the effective
Ah-throughput that a current profile produces, are calculated as follows [13]:

EoL
Ahnom = /0 |Inom(t)| dt (8)

T,
Mw:AfWMMvmw ©)

where o (t) is a weight factor bigger than 1 named severity factor, and it depends on the
DOD and the operating temperature. It can be calculated using the severity factor map
found in Figure 4 according to [31].
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As battery current is expected to be kept low, following the study in [32], the tempera-
ture of the battery can be estimated to be around 25 °C. Looking back at the severity factor
map, and considering this temperature, three different severity zones have been defined:

e DOD=0-20%— o=1
e DOD=20-60%— o=12
e DOD=60-80%— oc=15
No DOD values higher than 80% are considered, as it is considered that the battery is

fully discharged when it reaches 20% SOC, as it is harmful for the battery life to operate
under this limit.

9
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Figure 4. Severity factor map depending on DOD and battery temperature.

3.3. Fuel Cell Degradation

Fuel cells are very efficient and clean devices [33,34]. Unfortunately, they continue to
have significant degradation problems. Such degradation depends on ageing and many
factors that depend on the operation of the device. In recent times, a very large scientific
effort has been made to determine and characterize degradation main causes. Some of the
main causes are poor water management (flooding or drying out) [35], reactants starva-
tion [36,37], and the presence of contaminants in the fuel and in oxidant streams [38—40].

Fuel cells have two clearly differentiated parts, the fluid dynamic part and the electrical
part. Although they are clearly coupled, the models commonly used to describe their
behavior are very different in nature. The modelling and analysis of fluid dynamical
phenomena is complex and requires sophisticated models that cannot usually be used
in real time. In addition, the fluid dynamic part usually operates in closed-loop (i.e.,
a controller is automatically determining the value of most relevant variables). These
controllers regulate the main variables of the system such as temperature, the amount
of gases introduced, in addition to its temperature [41,42] and humidity [43,44]. With
proper management it is possible to guarantee fluid-dynamic conditions that minimize the
degradation of the fuel cell. In addition, although the fuel cell control system uses voltage
and current information, it is usually independent of the power management system and
therefore acts autonomously. This is especially relevant in commercial systems where the
different components are manufactured by different companies.

The behavior of the electrical part is usually described using the polarization curve and
the spectroscopy [10]. The first, provides the stationary behavior while the second provides
information on dynamic one. The result of spectroscopy is usually a very interesting tool
to characterize the health status of the fuel cell.

It is difficult to characterize the degradation of the fuel cell only from the point of view
of the electrical part but there are electrical behaviors that contribute substantially to the
degradation of the battery. The two main causes that we will consider in this work are
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e  High voltages. It is well known that working at voltages over 0.85V /cell degrades
significantly the cell. It is convenient to take into account that these voltages are
the ones which provide the best efficiency, so a trade-off between efficiency and
degradation must be made when planning the power-flow.

Many fuel-cell controllers disconnect the gas supply when they detect that there is no
power consumption for a certain time in order to avoid that the open-circuit voltage,
which is the one that degrades the most. Unfortunately, the start and stop processes
also contribute significantly to the degradation and require a certain amount of time
to be completed properly.

In order to estimate the degradation due to high voltages the following index is

proposed:
(Ve =V,
do :/o (W)V(Vcell — Vin)dt, (10)

where V}, is the minimum voltage which produces degradation, in this work V;;, = 0.85,
and y(x) is the Heaviside function (i.e., 0 for x < 0 and 1 for x > 0). This index com-
putes how many time the cell voltage has been over the reference value and how

much the voltage has been over the reference.

e  Fast load changes. Changes in the current must be accompanied by a change in
the supply of gases in order to guarantee that the cell has the necessary amount of
reactants. Since the fluid dynamics is, in general, slower than the electrical part, if
there are sudden changes in the current it can happen that the gases have not reached
all the parts of the cell. This phenomenon known as starvation induces a significant
degradation in the fuel cell, therefore it is convenient that there are no sudden changes
in the current.

In order to estimate the degradation due to fast load changes the following index

is proposed:

til—1 Qo

d; 2/ (' |: th)ﬂ(|1| — 1y dt, (11)
0 Lth

where 1y, is the derivative threshold which might introduce degradation, in this work
iy, = 0.1 will be assumed.

4. Hybrid Power-Train Architectures

According to the literature, there exist many ways to combine a battery and a fuel
cell, additionally it is possible to use, or not, power converters and passive elements
such as inductors, capacitances or resistances. Each of these combinations defines a new
architecture. In this section the most relevant ones will be presented and discussed.

4.1. Battery Only Powered Train

The simplest architecture is the one where the battery is used as the sole power source
of the power-train. Although, this is not a hybrid system it will be used as reference
to shown the benefits of using a hybrid system. Under this configuration, the battery
current is equal to the load current. The robot autonomy can be calculated directly from
the consumption profile data using the minimum SOC of the battery. The autonomy
will depend on the battery capacity: the larger the capacity of the battery, the larger the
autonomy of the robot. For this reason, this configuration is the less flexible one in terms of
autonomy and efficiency.

4.2. Passive Hybrid Configurations

In passive configurations, a direct connection between the load, the battery and the
fuel cell is found (see Figure 5). The connection point is usually named DC bus. Its
immediate consequence is the need to carefully design and size its components in order
to ensure a similar voltage range operation between the batteries and the FC [23]. The
direct coupling of components makes that the voltage in the DC bus is set by the battery’s
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voltage. For this reason, a prior design of the battery is needed, as its nominal voltage
has to be around the voltage of operation of the load. Moreover, the voltage of the battery
depends on its SOC, and will decrease as the battery discharges. On the other hand, the
fuel cell does not have an independent voltage, and its operating voltage only depends on
the voltage set by the battery, as it is the one found in the DC bus where it is connected,
and their relative impedance. Following its polarization curve, the FC will provide electric
current for the given voltage. Thus, one of the main drawbacks of this architecture is
that, the fuel cell and the battery do not necessarily work at its maximum efficiency, and
dangerous operating conditions can occur [45]. Additionally, the lack of control can cause
a degradation in the performance of the FC [45]. On the other hand, the advantages of
passive configurations with respect to active ones are various. The simpler architecture
leads to a lower risk of failure, as well as a lower weight and volume, and a reduced cost in
general. Moreover, the absence of power converters lowers the system'’s losses, leading to a
higher overall efficiency. For these reasons, passive configurations can be a better option for
lightweight vehicles, where the energy demand is lower and the hydrogen can be stored in
low-pressure on-board storages of metal hydrides.

P00

D L

Fuel cell Battery : Load

L 1

Figure 5. Electric circuit schematic of a passive hybrid power system.

In Figure 5, the electric circuit of a passive hybrid power system can be seen. A diode
is used to ensure a safe operation of the FC, as it avoids negative currents that would be
harmful. An inductor can also be used to prevent rapid changes in the FC’s current, which
would be harmful to its performance. The power demands of the load are handled by the
battery and the fuel cell jointly. If the power required by the load is higher than the one
provided by the FC, the battery will provide the extra power to meet the power demands,
and if the power provided by the FC is higher than the required by the load, it will serve
for both meeting the power requirements of the load and charging the batteries with the
extra power. The inductor avoids fast variations of power demand in the FC, so it can
provide almost constant power. This ensures a safe operation of the FC and premature
degradation will be avoided. The equations that model this system are:

Vioad = Vbat = Vrc — Viaiode — VL (12)
Py — Prc — Pyy,  if Ppogg < Prc (13)
| Pec+ Pyat, if Piogg > Prc.

There are also several ways to implement a passive hybridization. For instance, several
possible architectures can be found depending on whether the FC can recharge the batteries
or not. In this work, only the case where the FC is able to recharge the batteries with its
extra power will be studied, as the vehicle will have larger autonomy if the batteries can
be recharged.

4.3. Active Hybrid Configurations

The main difference between active and passive hybrid configurations is the appear-
ance of control elements (typically DC/DC boost converters). The battery and the FC are
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no longer coupled directly and can work on different voltages, meaning that the sizing and
operating conditions of them can be designed independently. This allows a more precise
control of the system power flow, thanks to the control and management of the converters.
On the other hand, their main disadvantages are the opposite of the advantages of the
passive configuration: a more complex system topology, a higher system weight, volume
and cost and a reduced efficiency due to voltage losses [23].

Two different cases will be studied, the first where a DC/DC boost converter con-
nects the fuel cells with the DC bus (it will be referred as “Semi-active” configuration),
and a second case where, in addition to the first DC/DC converter, a second one, bidi-
rectional in current, connects the batteries with the DC bus. It will be referred to as a
“Full-active” configuration.

As the voltage in the FC is no longer fixed by the battery, an Energy Management
Strategy (EMS) for the operating conditions of the fuel cells is needed. Different strategies to
model the contribution of each power source in covering the power needs exist, depending
on the objective followed. As the operating costs associated with hydrogen consumption
represent a high percentage of the total cost, minimization of fuel consumption is one of
the most common elections. Nevertheless, other criteria exist that also take into account
the maximization of the vehicle’s autonomy or the lifetime of some of its components,
as the battery or the fuel cell, that also represent a high percentage of the total costs
when their life is relatively short [13]. One of the most widely used strategies is the
Equivalent Consumption Minimization Strategy (ECMS) that takes into consideration the
currents of the FC and the batteries. In general terms, the EMS selected should ensure the
following [46]:

*  Low hydrogen consumption
e  High overall efficiency
*  Long lifetime of components

In future sections the EMS selected for this work will be presented.

4.3.1. Semi-Active Hybrid Configuration

Figure 6 shows the assumed semi-active hybrid configuration, in it the battery is
directly connected to the DC bus, while the FC is connected to it through a DC-DC boost
converter. The DC bus voltage is fixed by the battery, as in the passive configuration.
Nevertheless, this voltage is not the same voltage as the one working on the FC. The DC-
DC boost converter acts as a step-up voltage converter, allowing the FC to work at lower
voltage levels. The power flow in this configuration is described by the following equations:

Ploud _ Pbooster - Pbat/ ?f Pload < Pbooster (14)
Pbooster + Pbat/ if Pload > Pbooster
where:
Pbooster = Wbooster * Prc. (15)

Once the operating point of the FC is set, the contribution of each power source is
determined by Equations (14)—(16) [13]. As in the passive case, the fuel cell acts as the main
power source and the battery complements it when needed. Like this, the FC can work
with smooth profiles in order to avoid fast changing voltages that would be detrimental as
it would cause starvation. FC and Battery will work together when the required power
is higher than that of the FC and the FC will be used to provide power to the load and
battery otherwise.
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Figure 6. Semi-active configuration schematic.

The introduction of the DC-DC converter allows the FC to work at more optimal
voltage levels even if they are lower than the voltage of the batteries, as the converter will
step its input voltage (FC’s voltage) up to the output voltage (DC bus voltage). Nevertheless,
as the output power is smaller than the input one due to the converter efficiency, a higher
output voltage leads to lower output current [47]. Equation (15) can be rewritten as:

VDCbus : Ibooster = Hbooster (VFC ’ IFC)' (16)

In opposition to the passive configuration, where the operation of the FC was voltage-
controlled (the voltage of the batteries fixed the voltage of the FC, and this one set its current
through the polarization curves), in this configuration the FC can be current-controlled, as
the FC can work at the desired current, fixing its voltage through the polarization curves.

4.3.2. Full-Active Hybrid Configuration

As can be seen in Figure 7, in the full-active hybrid configuration neither the battery
nor the fuel cells are connected directly to the DC bus. The fuel cell, as in the case before,
is connected through a unidirectional DC-DC boost converter that has the objective of
stepping up the voltage of the FC to the DC bus voltage. In this case, in opposition to the
semi-active architecture, the voltage of the DC bus can be controlled and does not depend
on the voltage of the batteries, as a bidirectional DC-DC converter is placed between them.
This converter differs from the one that connects the fuel cells to the DC bus in several
aspects. Firstly, it is bidirectional in current, as it has to ensure current flowing from the
battery to the load when the FC cannot cover the whole power of the load by itself, but
also current from the DC bus to the battery, when the power provided by the FC is higher
than the one required by the load and the batteries can recharge with the extra energy. In
second place, the DC-DC converter is not of boost type, but of buck/boost, as it has either
to step the voltage of the batteries up to the voltage of the DC bus when the batteries give
power to the load or step the voltage of the DC bus down in the opposite case.

U —_— - - - - = = = = = =

\
> aOL! - | | . (000
b, 1 L D, ‘ \ er be :
‘ I I el
=+ PWM \
—I— : 1 I : 2 | TBattery
;+Fuel cell PWM | cT : Load | PWM |+
| | | ! T
—|_ | | | !
|
] I
\

Figure 7. Full-active hybrid configuration schematic.

The introduction of the DC-DC bidirectional converter allows a total control of the
system and a total decoupling of its power elements with respect to the load. The control
of the system is total because in addition to the variables controlled in the semi-active
configuration, the voltage of the DC bus can be controlled through the current of the
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batteries and can be set to the desired value. Not only is the sizing of the FC decoupled
from the battery’s design, but the battery is also independent of the load, as they no longer
have to work at the same voltage. Nevertheless, it is important to consider the loss of
battery current when it passes through the converter as its voltage is stepped-up, as it leads
to an increase in battery’s consumption levels for equal load consumptions and a faster
depletion of its SOC. For this reason, this type of architecture is not very common when a
battery is the only ESS of the system, and is more usual when a supercapacitor acts as the
main ESS of the system or as a complement to the battery [48].

A common bidirectional DC-DC converter is known as a Half-Bridge DC-DC con-
verter, and is implemented through the connection in anti-parallel of a buck and a boost
converter [49]. In Figure 7, a schematic of a Half-Bridge DC-DC Converter can be seen
working between a low-voltage input source and a higher voltage output. Through the
control of the time each switch is activated through PWM, the average output voltage value
can be set for any value in between the upper and lower limits.

In addition to Equations (15) and (16) modeling the operating principles of the FC and
the DC-DC boost converter, which do not vary with respect to the semi-active configuration,
the equations that model the full-active configuration are:

Pload _ Pbooster — Pyp, %f Ploud < Pbooster (17)
Pbooster + PHB/ if Pload > Pbooster
where:
Pyp = 1118 * Poat = Vcwus - IaB = 1HB * (Viar * Ipat)- (18)

5. Simulation Results
5.1. Battery Only

Before entering in the analysis of the different power-train architectures, a study of
the actual state of the robot’s power-train will be conducted. To do so, a simulation of the
battery will be conducted. The battery has a capacity of 4000 mAh and works at 52 V which
is the voltage needed by the motor driver of the real robot.

The Simulink circuit made to simulate the actual powertrain can be seen in Figure 8.
It is a simple circuit where the load power profile of the industrial robot is used to generate
the corresponding load current. The Simulink battery model give as output variables as
SOC, current and voltage. As the battery is the only power source of the powertrain, it is
expected that the load current will be equal to the one going through the battery.

Continuous SCV3

P =
powergui L]
Load Power

< I

e X

<S0C (%)=

<Voltage (V)=

s 4
—a|+
=

Figure 8. Battery-only powertrain simulation circuit.

Two different simulations have been carried out, one at a high-SOC, which starts with
a SOC level of 90%, and a second one at medium-SOC with initial level of 50%.
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Figure 9 shows the evolution of the battery SOC, current, and voltage for the high-SOC
scenario. As expected, the battery current is equal to the load current, as it is the sole power
source of the vehicle. It can be seen current peaks produced by the planned motion of the
robot. These current peaks generates the voltage ripple in the dc bus. The SOC, as expected,
is decreasing continuously. In Figure 10, the results for medium-SOC conditions are shown.
The overall behavior is similar to that of the high-SOC simulation, but noticing that the
battery voltage is lower due to the inferior SOC level.

Time (s)

Figure 9. Battery-only simulation results for high-SOC. (a) SOC, (b) battery current, (c) battery voltage.

(c) o 10 20 30 40 50 60
Time (s)

Figure 10. Battery-only simulation results for medium-SOC. (a) SOC, (b) battery current, (c) battery
voltage.
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Additionally, relevant information related to this cycle can be seen in Table 1. It can be
seen the maximum, minimum and mean values for the current and voltage variables; the
maximum, minimum and the difference between initial and final values (A) for the SOC.
Looking at Table 1, it is observed that the discharge rate, for the same current profile, is
practically independent on the DOD of each case. How the lower voltage in the medium-
SOC level causes small increments in current peaks compared to the high-SOC condition is
also appreciated.

Table 1. High and medium SOC battery-only simulation data.

SOC Level Variable Max Min Mean A
SOC (%) 90 89.02 - —0.971
High-SOC Current (A) 10.77 0.036 221 -
Voltage (V) 51.95 50.52 51.56 -
SOC (%) 50 49.02 - —0.978
Medium-SOC Current (A) 10.86 0.037 222 -
Voltage (V) 51.7 50.13 51.19 -

With the data extracted from this simulation, an expected value of the robot’s actual
autonomy can be calculated, given that its viable SOC range goes from 100% to 20%:

62.896 s

W = 5187.3s ~ 1h 26 min. (19)

tautonomy = 80% -

As can be seen, the autonomy of the robot is slightly greater than 1 h, which could be

considered insufficient for the operational needs of the robot. The effective Ah-throughput

is shown in Table 2. It can be seen that a larger Ah, ¢y is found in the medium-SOC case.

This is due to the fact that for low values of SOC, the voltage of the Battery decreases and,
since the power of the load remains constant, the load current increases.

Table 2. Effective Ah-throughput for the battery-only simulation.

Parameter High-SOC 90% Medium-SOC 50%
Ahgsg 139.8 169.2

In the following sections, different powertrains will be tested with the objective of
obtaining longer autonomy.

5.2. Passive Hybrid Powertrain

As seen in Section 4.2, the battery and the FC are directly coupled in the passive
architecture. Its immediate consequence is the need to carefully design the fuel cell, as it
has to be able to work at the voltage set by the batteries. The relation between the FC’s
voltage and the one of the battery will depend on its relative impedance.

Two elements will be found between the battery and the FC: a diode to prevent
negative currents entering the FC, and an inductor, as it will ensure that the FC operates
without fast current changes, which would cause starvation and will harm the cell. Due to
inductor high weight, the smallest inductor that ensures the FC’s safe operating conditions
will be selected. After trying different inductor sizes, a value of L = 5 mH has been selected.

Moving on to the sizing of the FC, it needs to be able to operate at similar voltage
levels than the ones of the driver and battery, as they are the ones setting the DC bus’
voltage around 52 V. On the other side, the FC is designed to provide the average power of
the load for the entire cycle. With all this, the FC should provide around 2.2 A to cover for
the load needs. Figure 11 shows the fuel cell polarization curve.
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Figure 11. Polarization curve of the FC for passive configuration.

The Simulink circuit made to simulate the passive hybrid power-train can be seen in
Figure 12. It can be seen how the battery and fuel cell are directly coupled, with an inductor
between them while the diode is included internally in the Simulink model of the FC.

<Stack

powergul

Figure 12. Passive hybrid powertrain simulation circuit.

The power-train will be tested at three different SOC levels:

¢ High-SOC - SOCj = 90%
¢ Medium-SOC — SOCy = 50%
e Low-SOC — SOC =30%

Figure 13 shows the system response for the high-SOC passive hybrid simulation. It
can be seen how the Battery starts and ends approximately at the same SOC percentage.
This is a consequence of the FC selection, since it is designed to provide the averaged power
of the load for this cycle, while the Battery is supplying the remaining demanded power.
This effect is observed in the resulting current shape, where current peaks are provided by
the Battery while an almost constant current is delivered by the FC. As a consequence of
the passive configuration, FC and the Battery share the same voltage. Furthermore, this
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voltage is mainly defined by the Battery, showing small voltage drops that correspond to
current peaks drawn by the load. Regarding the FC performance, as the operating point is
almost constant, so are the efficiency and flow rate values.
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Figure 13. High-SOC passive hybrid simulation. (a) Battery response, (b) FC response.

Simulations for medium and low SOC conditions are shown in Figures 14 and 15,
respectively. Very similar profiles to the ones seen in Figure 13 can be observed: the battery
and FC work together to handle the load currents with almost constant FC current and the
presence of peaks of current in the Battery. Once more, the Battery SOC ends at the same
value it starts. The profiles seen in Figures 14 and 15 show again almost constant values for
the variables of the FC. However, the small differences are detailed below.
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Figure 14. Medium-SOC passive hybrid simulation. (a) Battery response, (b) FC response.
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Figure 15. Low-SOC passive hybrid simulation. (a) Battery response, (b) FC response.

A summary of the passive hybrid configuration information related to this cycle can
be seen in Tables 3 and 4. These data is relevant to compare the behavior of the passive
configuration at different SOC levels.

The information of the battery is shown in Table 4. The ASOC percentage comparison
shows that at 50% SOC, the system is near to equilibrium: the initial and final Battery SOC
can be considered the same. For high-SOC levels, the Battery is slightly discharged, while
in low-SOC conditions it is charged. The current mean value also confirms this behavior,
being positive at high-SOC, negative at low-SOC and almost 0 at 50% SOC. This means
that, with the proposed design, the passive configuration will tend to a Battery SOC of 50%.
Regarding battery voltage and current, the current has higher peaks as the SOC decreases,
which is due to lower voltages at lower levels of SOC.

The FC data is in Table 4. As a lower SOC leads to lower voltage, the current contribu-
tion from the FC is higher when the SOC diminishes. Furthermore, the power supplied
increases as the SOC is reduced. As predicted seeing the results of the battery performance,
the current and power provided by the FC are slightly higher in expense of a little decrease
in efficiency.

Table 3. Battery response in high, medium and low SOC passive hybrid simulation.

SOC Level Variable Max Min Mean A
SOC (%) 90 89.95 - —0.011
High-SOC Current (A) 8.38 —2.10 0.03 -
Voltage (V) 52.31 50.99 51.97 -
SOC (%) 50 49.96 - —4.86 x 1076
Medium-SOC Current (A) 8.40 —2.14 0.006 -
Voltage (V) 52.01 50.73 51.72 -
SOC (%) 30 29.97 - 0.016
Low-SOC Current (A) 8.42 —2.19 —0.02 -

Voltage (V) 51.65 50.36 51.36 -
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Table 4. FC response in high, medium and low SOC passive hybrid simulation.

SOC Function Voltage Current Power Efficiency Air Flow Fuel Flow

Mode V) (A) W) (%) Rate Rate
(slpm) (slpm)

Max 52.30 2.30 117.83 45.41 2.79 1.17

High Min 51.10 2.13 111.43 44.37 2.57 1.08

Mean 51.96 217 113.27 45.12 2.63 1.10

Max 52.00 2.34 119.19 45.15 2.83 1.19

Medium Min 50.84 2.17 113.07 4414 2.63 1.10

Mean 51.71 2.21 114.64 44.89 2.68 1.12

Max 51.64 2.39 121.04 44.84 2.90 1.21

Low Min 50.48 2.22 115.00 43.83 2.69 1.13

Mean 51.35 2.26 116.56 44.58 2.74 1.15

This means that with the correct sizing of the hydrogen storage system, any given
autonomy can be achieved. Again, a decrease in battery voltage leads to a slightly higher
FC current and power in expense of a little decrease in efficiency.

In order to compare with the other power-trains, in this section the control parameters,
as hydrogen consumption or the effective Ah-throughput will be put together. They can be
seen displayed in Table 5. It can be observed that operation at lower SOC the consumption
is higher together with larger degradation of the battery and FC.

Table 5. Performance parameters of the passive hybrid simulation.

Parameter High-SOC Medium-SOC Low-SOC
Ah-throughput (A- h) 0.019 0.023 0.030
Hj consumption (g) 0.099 0.100 0.103
dy 0 0 0
d; 2220.54 2234.84 2256.11

On the qualitative performance aspects, this model has the positive aspect of making
the FC work at almost constant operational levels. Voltage decreases at lower battery SOC,
however, due to the proposed design, the system will tend to an equilibrium of 50% of
SOC, allowing the FC and battery to operate in safe conditions. The autonomy will also
depend on the hydrogen availability.

If a battery with lower capacity is used, the minimum values of the SOC are lower, the
battery current peaks are larger and the voltage drops are deeper. The FC current will also
present larger variations. All this together will increase the consumption and degradation
of the battery and FC.

The degradation voltage index dy is zero in every case. This result indicates that the FC
always work at voltages below the 85% percent of the FC open circuit voltage, which avoid
its degradation. On the other hand, the current index d; shows some grade of affectation
due to the current variations. The detailed picture of the FC current in Figures 13-15, shows
the small but rapid variations that cause the value of this index.

On the negative aspect of this configuration comes the sizing of the FC. The polariza-
tion curve defined does not belong to any commercial FC available. The voltage levels at
which the cell has to work are really high when compared to its power. Low-power FCs are
designed to work at around 12-18 V, in order to give acceptable levels of current. For this
reason, even though passive hybrid configurations are a must-consider case in lightweight
vehicles, it is not a viable option in this case as the sizing requirements do not match with
any commercial fuel cells available.
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5.3. Semi-Active Hybrid Configurations

The semi-active hybrid configuration overcomes the just commented FC voltage
limitation of the passive one by implementing a DC-DC booster that steps the operating
voltage of the FC up to the DC bus’ voltage. This allows the use of low-power fuel cells
with relatively high DC bus voltages. As before, different FC sizes will be tested until
achieving a point where the battery never gets depleted as long as hydrogen is supplied
to the FC. In that case, any required autonomy can be achieved by correct sizing of the
hydrogen storage system. In the opposite case, the autonomy of the vehicle would not only
depend on the amount of hydrogen stored, as the battery could also be depleted before the
hydrogen storage system empties.

As can be seen in the Simulink circuit displayed in Figure 16, the circuit incorporates
several elements with respect to the passive one:

e DC-DC Booster: consists of an inductor, a switching transistor, a diode and a capacitor.

e Active-control system: following the EMS selected, compares a reference value with
the actual FC current, and through a PID controller gives a PWM signal to the switch-
ing transistor.

*  Low-pass filter: filters the load power consumption in order to eliminate the high-
frequency ripple and give a smoother current profile as FC current reference value.

FC current controller
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Figure 16. Semi-active hybrid power-train simulation circuit.

The low-pass filter, which will remain constant for following sections and adjusted
until reaching the desired degree of smoothness, has the following transfer function:

1

H(s) = 1+5-s

(20)

The intention is that the FC acts as the main power source and the battery complements
the fast-changing current profiles in order to avoid starvation. Thus, the filtered current
reference of the FC will be generated filtering the power at the load and then dividing by
the FC voltage, that is, the power that the FC will provide is a filtered version of the load
power. Figure 17 shows the block diagram of this operation.

* x <
s [ e
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Froma Filtar1 ERA
i Vic

Frami
Figure 17. Generation of the reference of the FC current: simulation block diagram.

Before entering in the simulation of the power-train at different SOC levels, the
different components of the circuit need to be sized, and the control system designed.
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In this case, a FC with very similar power compared to the one used in the Passive
configuration is used. However, the operational voltage of the FC is lower, as the FC will
operate around 13-14 V and the DC bus voltage will be around 51-52 V, which is also the
operational voltage of the battery. Its polarization curve can be seen in Figure 18.
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Figure 18. Polarization curve of the FC for semi-active configuration.

Going on to the sizing of the DC-DC boost converter elements, the inductor’s size has
been chosen as the minimum possible that ensures that no high current ripples appear in
the FC. Similarly for the capacitor’s sizing, where a large capacitance value is needed in
order to keep the voltage ripple low. Thus, the values for the elements conforming the
DC-DC converter are and inductance L = 5 mH and capacitance C = 5000 uF.

Following the strategy found in [13], the Energy Management Strategy (EMS) followed
has three different zones, depending on the battery SOC:

e SOC=100-90% — Ipc =0 (the vehicle runs on only battery)
e  SOC =90-40% — Ipc follows the filtered current
e SOC=40-20% — Ipc =10 (the FC runs at constant-power)

These three zones are achieved in the simulation through the block distribution shown
in Figure 19.

For low-SOC levels, the FC reference current was set to 10 A. This current supply the
load consumption and prevent the batteries from being charged with large currents that
could highly accelerate its degradation. Between 90%—-40%, the FC reference current will
be a filtered current. The objective of the middle EMS zone is to share the power of the
load between the FC and the battery.

The last step before starting the simulation is the control system design. A PI controller
will be selected to regulate the current of the FC, as the integral part is able to reduce the
error in stationary state, which will be very effective when the reference current is constant
(when the SOC of the battery is low), and the proportional part makes it adapt better when
the reference current is variable. Without the proportional part, lots of noise appear in the
FC signals. The values for the PI controller are adjusted to Pr, = 0.05 and I, = 1.

As before, the power-train will be tested at three different SOC levels: high, medium
and low, corresponding to 90%, 50%, and 30%, respectively
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Figure 19. Block distribution for the selection of the different EMS zones.

The simulation results for high-SOC for the semi-active hybrid configuration are
shown in Figure 20. It can be seen that the battery operation is very similar to the passive
case: voltage drops at currents peaks and a SOC that starts and ends at similar values. The
big difference is appreciated in the FC behavior. With respect to the passive configuration,
the FC current is higher and voltage is lower, as expected by the addition of the converter.
Larger oscillations are also present in both FC current and voltage. Furthermore, the
flow rates follow the oscillatory form of current and voltage. This is due to the low-pass
filter used to generate the FC current reference. The actual filter bandwidth maintains the
performance of the battery close to the one obtained in the passive configuration case. If a
narrowed bandwidth is chosen, then the FC current and voltage oscillations will be smaller
but the peaks in the battery current will be larger, causing larger voltage drops in the dc
bus and more degradation of the battery. In this manner, the low-pass filter regulates the
grade of hybridization of the system.
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Figure 20. High-SOC semi-active hybrid simulation. (a) Battery response and (b) FC response.

Figure 21 shows the results for the medium-SOC for the semi-active hybrid configura-
tion. It shows similar profiles than the ones seen in the high-SOC case but with slightly
lower battery voltage due to the reduced SOC. On the other hand, the FC performance is
practically equal to the one obtained in the high-SOC case.
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Figure 21. Medium-SOC semi-active hybrid simulation. (a) Battery response and (b) FC response.

The simulation results for low-SOC can be seen in Figure 22. It shows how the FC is
able to cover the load needs and charge the battery with extra power when providing a
constant 10 A of current. As in this period the FC has been able to charge the batteries, it

means that the battery will not be depleted while there is hydrogen available.
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Figure 22. Low-SOC semi-active hybrid simulation. (a) Battery response and (b) FC response.
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The summary of the battery and FC relevant information related to this cycle is shown
in Table 6 and 7, respectively.

Table 6. Battery response in high, medium and low SOC semi-active hybrid simulation.

SOC Level Variable Max Min Mean A
SOC (%) 90 89.96 - —0.002
High-SOC Current (A) 777 —2.15 0.009 -
Voltage (V) 52.25 51.07 51.98 -
SOC (%) 50 49.96 - —0.002
Medium-SOC Current (A) 7.81 —2.16 0.007 -
Voltage (V) 51.98 50.80 51.72 -
SOC (%) 30.13 29.97 - 0.13
Low-SOC Current (A) 7.38 —5.25 —0.27 -
Voltage (V) 52 50.51 51.41 -

Table 7. FC response in high, medium and low SOC semi-active hybrid simulation.

SOC Function Voltage Current Power  Efficiency Air Flow Fuel Flow

Mode V) (A) W) (%) Rate Rate
(Slpm) (Slpm)

Max 14.52 9.83 128.82 48.75 2.93 1.23

High Min 13.09 5.60 81.40 43.96 1.67 0.70

Mean 13.52 8.53 115.14 45.40 2.54 1.07

Max 14.52 9.83 128.81 48.75 2.93 1.23

Medium Min 13.09 5.60 81.40 43.96 1.67 0.70

Mean 13.52 8.54 115.15 45.40 2.54 1.07

Max 13.21 10.83 138.39 44.36 3.23 1.35

Low Min 12.77 9.47 125.14 42.88 2.82 1.18

Mean 13.04 9.99 130.42 43.79 2.98 1.25

In Table 6, it is observed that for high and medium SOC, the current going through
the battery and its ASOC remains very similar. Additionally, in Table 7, for these same
SOC levels, the values obtained for the FC have no noticeable differences. This is due to
the controller in the FC part, where the current reference is calculated from the power
of the load, independently of the battery, and the PI controller rejects successfully the
disturbances. Thus, using this configuration assures a very similar behavior in the zone
defined by SOC = 90-40% despite of the SOC level. On the other hand, in the low-5OC
level, due to the EMS strategy, the power provided by the FC is higher to cope the load
demands and the battery charging process.

The parameters for performance evaluation for the semi-active configuration can be
seen in Table 8.

Table 8. Performance parameters of the semi-active hybrid simulation.

Parameter High-SOC Medium-SOC Low-SOC
Ah-throughput (A- h) 0.018 0.022 0.031
Hj consumption (g) 0.094 0.094 0.111
dy 0 0 0
d; 1888.36 1907.57 2110.84

On the qualitative performance aspects, it can be said that the EMS selected and the
control system adopted has allowed the FC to work following smooth profiles and within
its reach, so safe operating conditions have been achieved. However, the use of this config-
uration has led to larger oscillations in the FC relevant signals. However, fuel consumption



Electronics 2021, 10, 1431

23 of 31

and degradation of components has decreased in the 40-90% SOC level and the battery is
charged faster in low-SOC conditions. Additionally, the semi-active hybrid configuration
overcomes the constructional problems presented in the passive configuration.

Specifically, compared to the passive configuration case, it can be seen that the hydro-
gen consumption has decreased between 6% and 5% approximately for high and medium
SOC levels. Additionally, the Ah-throughput has decreased in a 5% when the vehicle is in
power-shared mode (high and medium SOC levels).

When compared to the passive configuration, both the hydrogen consumption and the
effective Ah-throughput have grown in the low-5OC zone. Although the increment is 7%
in fuel consumption and 3% in the battery aging index, they can be considered moderately
low having the advantage of a faster charge of the battery.

Regarding the FC degradation, the values obtained in the d, index, show that the FC
operates safely below the given threshold. In case of the affectation by current rates, the
index d; shows a lower degradation level compared to the passive configuration. This
indicates that, though more oscillations are present in the FC current, its waveform has less
high frequency changes.

For all these facts, and for the increased autonomy of the vehicle, this option can be
considered a better one than battery-only and passive ones.

5.4. Full-Active Hybrid Configurations

The full-active hybrid configuration presents several advantages with respect to the
semi-active configuration. On one hand, a total control is possible, as the voltage of the
DC bus can be adjusted to the desired reference value. This allows a decoupling of the
battery’s operating conditions with respect to the DC bus’ voltage. Like this, the voltage of
the DC bus can be set to 52 V, the nominal operating voltage of the driver, and the battery
can work at lower voltage levels. As it is a low-capacity battery, 5400 mAh, an operating
voltage has been considered to be around 36 V.

For this configuration, the previous FC used in the semi-active case will be considered,
as it has been shown that is powerful enough for the requirements of the load. In the
full-active configuration, two DC-DC converters are found, which means that the battery
will have to produce a higher current for the same load requirements, as it will get reduced
in the converter.

As it can be seen in the Simulink circuit displayed in Figure 23, with respect to the
semi-active case, the circuit incorporates a half-bridge converter between the battery and
the DC bus. This converter is used to control the voltage of the DC bus. In this way, the
desired voltage in the DC bus is achieved by adjusting the current given by the battery. To
do that, the desired DC bus voltage (52 V) is compared with the actual one, and through a
controller the reference battery current is generated, which in turn will be compared with
the actual battery current, giving through another PI controller a PWM to the switching
devices. This controller structure is shown in Figure 24. In the control system for the FC
current, the same controller structure of the semi-active configuration is used, where the
actual current is compared with a reference one and through a PI controller a PWM signal
is given to the switching device.

As the FC does not change, neither does the sizing of all its related components: the
DC-DC boost converter sizing remains the same L = 5 mH and C = 5000 pF, and its control
system will still be a PI controller. The EMS selected will be the same, and the reference
current for the FC will still be the filtered version produced by the treatment of the load
power (see Figure 17). Moving on to the sizing of the battery related components of dc-dc
converter an inductance of 5mH is selected.

The last step before starting the simulation is the battery control system’s sizing,
where two different controllers are needed. As before, PI controllers will be selected, as the
integral part is able to reduce the error in stationary state, and the proportional part makes
it adapt quicker. The values of the controller for the dc bus are P,;. = 0.8 and I3, = 0.4
while the values for the battery current loop are Py, = 0.05 and I;;, = 1.
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Figure 24. DC bus control system simulation block diagram.

As before, the power-train will be tested at three different SOC levels: high, medium
and low.

Simulation results for high and medium SOC levels are shown in Figures 25 and 26. The
performance of the FC is very similar to the one obtained in the semi-active configuration,
as the same FC and controller is used in this part. The battery SOC initial and final value
are almost the same. However, the currents peaks of the battery are larger than those
of the previous configurations. This is a consequence of using a reduced voltage battery
together with its associated DC-DC converter. In this way, if the output current of the
half-bridge converter needs to cover for the remaining requirements of the load, the current
that the battery needs to generate is higher, as increasing its voltage will cause a decrease
in the current. It can also be observed, that he FC and battery performance is very similar
between the medium and high-SOC case.

The FC and battery performance at low-SOC can be seen in Figure 27. Thus, when
the system is in the low-SOC zone, and extra current is used to charge the batteries, which
flows through the bidirectional converter. With the design proposed, the current arriving
to the battery causes almost the same charge speed than in the semi-active configuration.

The battery and FC relevant information related to this cycle can be seen in Tables 9 and 10,
respectively. As in the semi-active case, with this configuration the behavior obtained in
the zone defined by SOC = 90-40% is practically the same despite of the SOC level; and in
the low-SOC level, the EMS makes the FC deliver more power to cope the load demands
and the battery charging process.

On the other hand, the evolution of the voltage of the DC bus can be seen in Figure 28
and its main information in Table 11. Although the mean voltage is around 52V, it has
larger voltage ripple compared to all previous configurations. However, the bus voltage
regulation has improved significantly, obtaining almost the same voltage values despite
the SOC level. This is due to the voltage controller. On the other hand, the ripple can
be reduced using higher capacity capacitors and augmenting the PI gains in the voltage
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controller. However, in general, larger capacitors imply more weight and larger PI gains
can lead to excessive high bandwidth, thus amplifying noise and reducing the robustness
of the system.

The evaluation parameters can be seen displayed in Table 12. On the qualitative
performance aspects, as the performance of the FC has been the same than in the semi-
active case, there are no differences with respect to that case, and the FC still has operated
under safe conditions. Furthermore, with the introduction of the voltage of the DC bus
controller, the voltage level has been kept regulated around 52 V disregarding the SOC
level, although larger voltage ripple have appeared.

Comparing it to the results of the FC in semi-active configuration, it can be seen that
the hydrogen consumption is the same for both configurations. However, the introduction
of the bidirectional converter has increased substantially the battery degradation: the
effective Ah-throughput has suffered an increase between 20% and 30%, approximately.
This is a consequence of delivering the same power with a lower voltage battery.

The d, index indicates that there is no degradation in the FC due to the voltage level
operation. If a different threshold is used, for example Vy;, = 0.75, the FC degradation
index would be higher for high and medium SOC (d, = 0.7628 for high and medium SOC
compared to d, = 0 in low-SOC), which is when voltage oscillations are present. However,
the voltage oscillations do not surpass 0.85 and no real FC degradation occurs. On the other
hand, the index d; demonstrates that, although the overall waveform of the FC current in
this configuration is very similar to one obtained in the semi-active case, there are more
high frequency components on it. An example of this type of degradation is due to the
switching devices, where high frequency current ripple is present.

(a) Battery 4 (b) Fuel Cell
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Figure 25. High-SOC full-active hybrid simulation. (a) Battery response and (b) FC response.
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Table 9. Battery response in high, medium and low SOC full-active hybrid simulation.

SOC Level Variable Max Min Mean A

SOC (%) 90 89.96 - 0.002
High-SOC Current (A) 11.47 —2.65 0.004 -
Voltage (V) 39.19 38.24 38.99 -

SOC (%) 50 49.96 - 0.002
Medium-SOC Current (A) 11.49 —2.66 0.002 -
Voltage (V) 38.97 38.03 38.79 -

SOC (%) 30.13 29.97 - 0.13
Low-SOC Current (A) 11.13 —3.16 —0.34 -
Voltage (V) 38.77 37.78 38.56 -

Table 10. FC response in high, medium and low SOC full-active hybrid simulation.

SOC Function Voltage  Current Power  Efficiency AirFlow  Fuel Flow

Mode V) (A) W) (%) Rate Rate
(Slpm) (Slpm)
Max 14.52 10.03 130.74 48.78 2.99 1.25
High Min 13.03 5.58 81.10 43.75 1.66 0.70
Mean 13.52 8.52 115.01 45.42 2.54 1.07
Max 14.52 10.03 130.78 48.78 2.99 1.25
Medium Min 13.03 5.58 81.10 43.75 1.66 0.70
Mean 13.52 8.52 115.03 45.42 2.54 1.07
Max 13.33 10.88 138.89 44.78 3.25 1.36
Low Min 12.75 9.08 121.24 42.82 2.71 1.14
Mean 13.04 9.99 130.41 43.79 2.98 1.25
High-SOC
T

Time

Figure 28. Evolution of the voltage of the DC bus in (a) high, (b) medium, and (c) low SOC full-active
hybrid simulation.
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Table 11. DC bus’s controlled voltage response in high, medium, and low SOC full-active hybrid
simulation.

SOC Level Mean (V) Max (V) Min (V)

High-S5OC 52.02 55.08 40.26
Medium-SOC 52.03 55.14 40.22

Low-SOC 52.08 55.27 40.90

Table 12. Performance parameters of the full-active hybrid simulation.

Parameter High-SOC Medium-SOC Low-SOC
Ah-throughput (A- h) 0.023 0.028 0.039
Hj consumption (g) 0.094 0.094 0.111
dy 0.76 0.76 0.015
d; 10321 10309 7954

6. Discussion

In this section, the final conclusions regarding the comparisons between the power-
trains performances will be presented. To do so, the different models will be referred as:

e DPassive configuration - PA
*  Semi-active configuration —  SA
¢  Full-active configuration — FA

The selection will be carried out using the criteria presented in Sections 3 and 3.3,
regarding constructive aspects, such as availability or component degradation, and perfor-
mance aspects, such as fulfillment of requirements or hydrogen consumption. Initially, a
comparison of the performance parameters is made in Table 13.

Table 13. Comparison of performance parameters hybrid configurations.

Parameter Model High-SOC Medium-SOC Low-SOC
PA —0.011 —4.86 x 107° 0.016
ASOC (%) SA —0.002 —0.002 0.13
FA 0.002 0.002 0.13
PA 0.099 0.100 0.103
H; consumption (g) SA 0.094 0.094 0.111
FA 0.094 0.094 0.111
PA 0.019 0.023 0.030
Ah-throughput (A- h) SA 0.018 0.022 0.031
FA 0.023 0.028 0.039

It can be seen that the best performance is given by the semi-active configuration,
with low consumption and battery degradation rates, as well as controllable autonomy, as
its battery would only fully deplete if its FC ran out of hydrogen supply. The full-active
configuration presents the same low consumption of the semi-active model, but larger
battery degradation. This is a consequence of decreasing the working voltage of the battery
thus obtaining higher currents. However, the bus voltage regulation can be improved in
case of the full-active configuration.

Although active models increase the fuel consumption at low-SOC levels, they provide
the characteristic of a faster charging of the battery.

Nevertheless, the decision does not just rely on the performance aspects, as the chosen
configuration needs to ensure that it can be build and that it fulfills the necessary requirements.

As has been discussed in the respective sections, the passive model cannot be im-
plemented because the integration of its elements is not possible, as the FC needed has
a voltage range that can only be found in powerful FCs, making it both an unnecessary
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higher investment, and battery’s impossibility to deal with the high currents generated
by the FC. On the other hand, the SA and FA models may accomplish the autonomy
requirements with available FC.

As has been mentioned, the passive model might not be implemented as the FC
needed has a voltage range that can only be found in powerful FCs, making it both an
unnecessary higher investment, and battery’s impossibility to deal with the high currents
generated by the FC at charging states. On the other hand, the SA and FA models may
accomplish the autonomy requirements with available FCs.

The FA presents disadvantages with respect to its SA counterpart. Its battery degrada-
tion is higher and it presents added system complexity with more elements which lead to a
higher cost, weight and volume. Its main advantages are the ability to adapt a low-voltage
battery to a higher-voltage environment and better regulation of the bus voltage.

Finally, an additional characteristic of the active configurations is the flexibility regarding
the hybridization of the system. It is carried out by means of the converter controllers and the
EMS. Therefore, with active configurations there is the possibility of adding control schemes
and an EMS that can be used to accomplish objectives of optimization and efficiency.
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