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The use of fuel cells in DC microgrids has been receiving a lot of attention from researchers and industry since
both technologies can deliver clean energy with little to no environmental impact. To effectively integrate fuel cells
in DC microgrids, a power converter that can equate the fuel cell's voltage with the DC microgrid’s reference
voltage is required. Based on the typical output voltages of fuel cells, buck-boost topologies are commonly used in
this type of application. This work compiles, compares and describes different DC-DC buck-boost topologies that

have been introduced in the literature over the past few years.
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| 1. Introduction

The European Union has set an ambitious goal for 2050: aiming to become a carbon-neutral society, with a more
competitive economy, whose growth is fully dissociated from resource use. Working towards this goal will inevitably
change the EU’s societal paradigm into a fairer and more prosperous one [1]. The short-term goal, set for 2030, is
to reduce greenhouse gas emissions (GGE) by at least 55% [1]. Producing energy through renewable sources is
envisioned as a promising way to accomplish this goal. Therefore, support for the adoption of renewable energy

technologies is expected to grow exponentially [1].

Connecting different renewable energy sources on a single AC grid poses many technical and functional
challenges since each source has a different voltage profile and requires different energy conversion stages [2]. A
possible way to solve this issue is to use a microgrid, which is smaller, more efficient, and more reliable than a
conventional AC grid [2]. This grid operates at a lower DC voltage level than the traditional AC grid and can easily
incorporate various renewable sources, such as photovoltaic (PV) systems, wind turbines or fuel cells (FCs), as
well as different energy storage systems, such as batteries, supercapacitors, flywheels and hydrogen storage
systems [2]. Furthermore, DC microgrids can either work independently of the main grid, in is-landed mode or
connected to it, in grid-connected mode [2].

Nowadays, DC microgrid applications mostly rely on PV technologies. Nevertheless, the use of FCs in microgrids

has been studied and researched thoroughly by industry and scholars alike [2]. Unlike other renewable sources,
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FCs do not depend on external factors such as the wind or the sun. FCs also have a substantially higher
power/volume ratio than other renewable sources [3].

Figure 1 depicts an example of a DC microgrid which integrates renewable energy generation supported through
FCs, PV panels, and wind turbines.
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Figure 1. Example of a DC microgrid’s structure.

The safe and efficient connection of the voltage characteristic of the FC and the reference voltage of its application
requires the integration of power electronic converters between the FC and the DC microgrid. Different nominal
voltages have been provided by FC manufacturers over the past years, with manufacturers aiming to offer even
higher voltage levels as the technology progresses [4]. Therefore, when designing a power converter for FC
applications in DC microgrids, buck-boost topologies, which can provide lower, equal or higher output voltage
levels, are necessary [4]. Buck-boost topologies enable three distinctive operation modes in a single converter: the
buck-mode, which happens when the input voltage is higher than the output voltage; the boost-mode, also known
as the set-up mode, which occurs when the output voltage is higher than the input voltage; and the third mode,
which happens when the input voltage is very similar to the output voltage, hence referred to as the buck-boost
mode. Over the years, FCs were mostly employed on electric vehicles. As a result, there is a variety of work
concerning FC systems applied to e-mobility solutions [5],[6],[7],[8],[9],[10]. On the other hand, there is a lack of
research concerning buck-boost topologies for FC applications in DC microgrids.
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Despite all of the benefits associated with adopting power converters, their switching nature introduces ripple,
which might affect the FC performance, and thus, the system'’s efficiency [11]. The ripple is mostly noted on the
current, generating unwanted effects, such as fuel waste and higher losses, low reactant concentration,

accelerated electrode ageing and decreased FC durability [4],[11].

| 2. Coupling Behavior between FCs and DC-DC Converters

The interaction between buck, boost, and buck-boost converters and FCs were analysed in [11]. The root causes
of oscillations in the current and voltage of the FCs and possible mitigation solutions are presented [11]. For the
boost converter, the analysis was performed under three different scenarios. All scenarios started with the same
load resistance. The first scenario kept the load resistance constant; for scenario number two, a load step was
performed, with the resistance being reduced; as for scenario number three, a load step was introduced, with the
resistance being increased [11]. Both scenarios one and two showed no significant impact on the oscillation of the
FC output. In turn, and due to the low FC output current for scenario three, the same voltage oscillation can no
longer be neglected [11]. Therefore, for low current densities on the FC, the boost converter negatively affects the
voltage oscillation [11]. The occurrence of these phenomena can be reduced if a capacitor is introduced in between
the FC and the boost converter or if the converter switching frequency is increased. This latter option increases the
switching losses on the converter [11]. To evaluate the buck converter, two scenarios were considered. For the first
scenario, the FC was operated close to the maximum point with a constant duty cycle equal to one [11]. In the
second scenario, a load step was introduced such that the FC could operate at a lower power rating [11]. The
results showed that for scenario one, no oscillation in the FC voltage was observed since the converter switch was
always on, while for scenario two, large oscillations in both FC current and voltage were observed [18].11 Such
large oscillations increase fuel consumption and FC temperature. These consequences were not considered in this
study. The oscillations can be mitigated if the converter switching frequency is increased or if the FC CDL is
increased [11]. This latter technique is implemented by introducing a large capacitor in between the FC and the
converter [11].

The coupling behaviour between the FC and the buck converter can be used to estimate the FC parameters, such
as the exchange current and the transfer coefficient, by measuring the average inductor current and the amplitude
of the FC voltage oscillation. These variables are then considered as inputs for a mathematical model, derived in
[11]. Finally, the coupling behaviour between the FC and the buck-boost converter was analysed. The results
showed that, due to the presence of a switch in series with the FC output, the buck-boost converter also introduces

large oscillations in the FC variables [11].

The literature shows that the current ripple can have a negative effect on the efficiency and overall lifetime of the
FC [12]. Therefore, it is necessary to choose a power converter topology capable of eliminating such negative
effects by limiting the converter input current ripple, the cost and the number of components, while preserving high
efficiency. The next section describes different buck-boost topologies that are suitable for FC applications in DC

microgrids, with a focus on the main merits and demerits of each one.
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| 3. Buck-Boost Topologies

The previous section presented the coupling behaviour between the three most basic DC-DC power converter
topologies. As mentioned, the buck-boost topology introduces large oscillations in FC voltage and current that
ultimately lead to fuel waste and decrease efficiency. It has a very reduced number of components, and the output
voltage polarity opposes the input one [13],[14]. To solve the oscillation problem, a plethora of different buck-boost
topologies have been proposed over the past few years. Although these topologies can be categorised according
to the number of power switches, some authors also categorise buck-boost converters as current- or voltage-

source converters.

A continuous input-current buck-boost (CIbB) DC-DC converter for proton-exchange membrane (PEM) FC
applications, which is based on the conventional single-switch buck-boost converter, was introduced in [4]. The
converter possesses a capacitor connected between the positive terminal of the input voltage source and the

negative terminal of the load [4].

3.1. Cuk-Based Converters

The Cuk converter, represented in Figure 2a, is another common buck-boost converter. This converter is used in
many different applications, ranging from renewable energies [15],[16] to power factor correction [17]. The main
merits of this converter are its low output voltage ripple and non-pulsating input and output currents [18]. In

contrast, the inverted polarity on the output side is the main drawback. In addition, and due to the presence of just
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survey which was conducted to determine the main elements of a power converter that are prone to failure in
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represented in Figure 5b, allows for both continuous input and output currents and enables operation in both buck
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converter, since both have a single power switch but also possesses similarities with the SEPIC converter, because

of the positive voltage output [23]. Both Cuk and SEPIC converters are limited to a maxiggym theoretical voltage
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Other suitable solution for FC applications was introduced in [24]. The cqgnvdrter (CBSS)Sy gi@g‘%m the$uk

converter, so it inherits its advantages. In addition, it reduces the inrush currents and the stress imposed on diodes,

b
switches, and capacitors [24]. Tlgl?g converter also has some features of the KY convertsel), namely the reduced
¥Rgane S AN SAMRRIGHRKBELY 0 Ahrle St 0T R WES YIRS RIS P IS5 RBALT S R M
arlg%sos)?btye components is reduced [24]. The voltage gain is two times the one of the Cuk converter, so there is

an increase in the boost range [24]. Despite the considerable advantages of this converter, there are some

PRI ACkRERRNEIdBMAIREICH BIaRkIFHIA EPVRERRCPRIFNOPEHIN QuiRENIagen BRITHEHUMpdRNSITHBH faRe RS
Qw,zé‘rqw;@f’ HarPaga higleieliagesagross the intermediate capacitors, which increases the risk of short-circuit

failure.

Table 1. Comparison between the state-of-the-art converter topologies suitable for FC applications.
A converter suitable for FC applications in DC microgrids was first introduced in [26]. This converter (TSBb),

presehed tab|¢25], isuapeestes the effechwihbiee 6HBNZEODENYS Usitg M yelmveodplingeiilctoms eando deents gy
meiwaskbetaesauthese veareyatikrsoomijigaty the efffogle gwitBiRdigeughatheitoss ahddangeticindugiong. Hetwtem
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vohattljalditya Capaeit@rinssehessvBiBBD rastior anthibliSBhctosseas a jovsitrequrripytgmeibbey, tivatcncresses tte
Hanydhvidth afhilgberoposieer afre@Tipoifi2élts Thikerontigypatiznh tof chavertersriarcis as<elbBraadcEstadiuscoanskites
brovaemdherbefisiemy) huetacsevdrestpesducinghe quvide-switch o etiedesitis [tkoweon poaddittosirebe anduiigd
eftioietocy, axldsgpeistbinis Reparo@er values than that of other converters. Regarding the quadratic converters, all of
them have the same number of components, except for the SSQBB. They are mostly used in applications where

the voltage levels between input and output are very different. The reported efficiency varies between 60% and
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structure by introducing redundancy to enable fault-tolerant operations. Although some findings addressing this
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‘t ore recent Crk-based to§ology (NISBb) was presented in [27]. This converter uses only a single power switch
ith Towerospegs, our Qolaes, four capacitors and three inductors. Unlike its predecessor, this converter has the

DS PP A 85 A IR oSty PR 1108 2 e ERacHIqUS, PERAdES & SISl PlgReLy pasdR g8
gvﬁ]g&sc%ngpgﬁﬁ:?etﬁcwgncc:erkeﬁgBi\fi%;t%'the overall system. This paper presents a state-of-the-art analysis of different
buck-boost, topologies which are suitable for FC applications in DC microgrids that have been introduced over the
All in all, Cuk-based converters are vecriy suitable for FC applications i DC microgrids. Most of the presented
past few years. Intensive research aimed at increasing the efficiency and reliability of both FCs and DC microgrids
converters possess both continuous wH)ut and outpat currents, which helps reduce the negative impact of the
means that they may provide a safe and clean way for the EU to achieve its goals by 2050. Throughout the paper

current ripple in the’ FC and allows for enhanced” and more accurate current control. The continuity of the input

the impact of the current ripple was analysed and different toﬁologi_es were presented and described. Some
current is possible due to the presence of an inductor in series with the input, meaning that at least one zero will be

considerations, such as application, ripple, number of components, voltage level, voltage gain, robustness, cost
present in the RHP. . . _ .
and efficiency, must be accounted for when choosing the converter. In general, single-switch converters will have

@vie%aarmiicaegw@%fg components, and consequently a reduced cost. Converters such as the Cuk or

the continuous input current buck-boost may be considered for applications where both volume and cost are
inheovisitddaagain. dttenyniajeDArawhackds ihamimpistavolfage palhsty cwbidingatheatsedaistaialioyy Hiatiespe aifid
appbsitidie Fonsgsplivatiend thieosenippoeatsdfailitpurt theltatieidvaisl arensigridfisanith diffeedhantmessvibthseladdn
haveftigiees, effidEnpyovide duse dntogratid it texqeanagpuf andigigut) isndeinoérestingpsehitsonandnatheghsossiist
Bsivadhatessisthen tansiderofgdbadeaticeceysierte ieThediti wivcaepoavs argueaspaisigkarfomddbasientisrchat
theyavey alliadhieiuryaSphiceticug gasismnpon findreuypakystnpcialelsetatedely thite camtiQB R0 By exadl Higghit
telerdhumsstdDChIS usmgetiner ntenleahedrigubsiEntedViPhangthadsor Dodiseveievalserprpssritieda wide input voltage
range and have therefore become crucial for FC applications in electric vehicles [30],[31],[32]. In [28], a quadratic

R R ST MES N W eI BREME, MRIBREY /Al 1§/ PR e¥abage and continuous input current (QBBPO) is

presented. Both power switches of the converter have the same switching signal, whose duty cycle is the nominal

duty cycle of the converter [28]. This converter resembles a cascaded configuration of two traditional single-switch
buck-boost converters. To solve the input current continuity problem that is characteristic of the original converter, a
group of two capacitors is inserted in parallel in between the input and output. The effective converter operation is
strongly dependent on the correct behaviour of the two capacitors that filter the input and output currents. The

converter is illustrated in Figure 4a.
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The converter proposed in [29] is a combination of three basic converters: boost, buck-boost and buck converters
(SSQBB). Along with the quadratic gain, this converter also has continuous currents at both input and output and
possesses a single power switch. Thus, following the cascade sequence, the output voltage of the boost stage is
the input of the buck-boost stage, and the output voltage of the buck-boost stage is the input voltage of the buck

stage,as shown in Figure 4b.
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Figure 4. Quadratic buck-boost converter with positive output voltage and continuous input currents (QBBPO) (a).

Single-switch quadratic buck-boost with both input and output current continuous converter (SSQBB) (b).

Both converters possess the same voltage gain; however, the total number of components is quite different. The
QBBPO obtains quadratic gain characteristics without the use of transformers or coupled inductors; rather, it
employs the same duty cycle on the power switches. On the contrary, the SSQBB converter uses just one power

switch and two storage elements that transfer and store the energy to reach the quadratic voltage gain.

To solve the problem of pulsating currents, a semi-quadratic converter with positive voltage output (SQBuBoC) was
introduced in [33]. It consists of two power switches that are operated simultaneously (as is the converter in [28],
two inductors, two diodes and two capacitors. It has a continuous input current, a wide output voltage range and
non-inverting voltage polarity [33]. The low voltage stress across the power switches also improves the converter’s
efficiency [33]. Despite the positive features of the presented converter, some considerations should be made

regarding the output current.

A similar converter (NOBB) was introduced in [34]. Both power switches have the same duty cycle, so a semi-
guadratic gain is obtained [34]. The input current ripple of this converter is slightly larger in comparison to other
semi-quadratic converters because the inductor is not directly placed in series with the input voltage source.

Changing the position of the input inductor would improve the filtering capacity of the input current.

3.3. Fault-Tolerant DC-DC Converters
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