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ABSTRACT This paper presents a review of advanced architectures based on the partial power processing
concept, whose main objective is to achieve a reduction of the power processed by the converter. If the power
processed by the converter is decreased, the power losses generated by the power converter are reduced,
obtaining lower sized converters and higher system efficiencies. Through the review 3 different partial power
processing strategies are distinguished: Differential Power Converters, Partial Power Converters and Mixed
strategies. Each strategy is subdivided into smaller groups that entail different architectures with their own
advantages and disadvantages. Also, due to the lack of agreement that exists in the sources around the naming
of the different architectures, this paper seeks to stablish a nomenclature that avoids confusion when indexing
this type of architectures. Regarding Partial Power Converters an extensive application oriented description
is also developed. Finally, the main conclusions obtained through the review are presented.

INDEX TERMS DC-DC power converters, differential power converters, partial power converters, partial

power processing, series connected converters.

I. INTRODUCTION

Over the last decade, Partial Power Processing (PPP) has
turned into an attractive solution regarding power converter
downsizing and efficiency improvement [1]. Furthermore, the
advantages that PPP offers are very suitable for present and
future coming applications, such as, energy storage systems
(ESS) connected to renewable sources [2], [3] and electric
vehicle (EV) fast charging stations [4]. This type of appli-
cations are usually considered as DC, but, there also exists
some research around DC-AC inverters based on PPP [5], [6].
However, the present document focuses on describing PPP
solutions for DC-DC applications. Indeed, the interest around
PPP and the necessity of settling the knowledge around this
type of power converters has increased, so as, the literature
about it. In relation with the published literature, different
strategies of PPP have been presented, each one with its
corresponding advantages and disadvantages. However, there
is no criteria in the naming of the PPP strategy nor in the
classification according to their characteristics. As a result,
one can easily get confused with the different names that the
PPP strategies have and do not understand the real purpose
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of the given literature. Therefore, in order to avoid this type
of confusion and describe the actual scenario around PPP,
this document has as main objective grouping and defining
the main PPP architectures that exist. Bearing this in mind,
Section II introduces the basis that supports the PPP concept.
Then, Section III describes the different PPP strategies that
exist in the literature. After, Section IV presents a simple
application of PPP, and, finally, Section V presents the main
conclusions.

Il. BASIS OF THE PPP CONCEPT

The PPP concept was presented for the first time in spacecraft
industry [7], where downsizing power converters connected
to photovoltaic (PV) panels was the main priority. This way,
a more efficient converter with higher power density was
achieved without affecting the robustness of the system.
As time passed by, this same concept was developed for
further renewables applications based on wind generation [8],
ESS and EV fast charging applications. On one side, wind
generation wise, the most known example is the Doubly Fed
Induction Generator (DFIG), where the power processed by
the converter is just a fraction of the total power generated
by the machine. On the other side, when it comes to DC
applications, different advanced architectures that reduce the
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FIGURE 1. Power flow diagram. A) FPP. B) PPP [9].

power processed by the converter were developed. Each of
these architectures present different advantages in function of
the characteristics of the application, and the aim of this doc-
ument is to organize PPP architectures regarding the applica-
tion point of view. For this purpose, first, it is mandatory to
clarify where the PPP terms come from.

As its name indicates, a power converter based on the
PPP concept only processes a reduced percentage of the total
power that goes from the source to the load. As example,
Figure 1 shows the power flow of a converter based on
Full Power Processing (FPP) and a converter based on PPP.
On one hand, as it can be observed in Figure la, the FPP
converter is designed to process the 100% of the power
that flows from the source to the load, generating a given
quantity of losses. On the other hand, Figure 1b shows the
PPP concept, which is based on achieving a reduction of the
power processed by the converter. In other words, the power
converter based on PPP processes only a fraction of the power
that flows from the source to the load. This way, the losses
generated by the power converter are reduced, as well as its
size. Furthermore, maintaining the same efficiency for the
power converter, the global efficiency of the system increases
[1]. Equations ( 1), ( 2 ) describe how the efficiency of the
converter affects the efficiency of the system in a different
manner depending on if it is based on FPP or PPP.

) = P omerer = 22 ()
ST - 5 - ter —

systemppp PS converter Pin

nsystemppp =1- Kpr . (1 - nconverter) (2)

where, gysrem and Neonverrer are the efficiencies of the system
and the converter, respectively, and K, is the processed
power ratio of the converter. The term K, will be further
explained in detail.

lIl. ADVANCED ARCHITECTURES BASED ON PPP

The most recent literature presents different naming conven-
tion or PPP architectures. In order to obtain an universal nam-
ing criteria 3 main PPP strategies are proposed (see Figure 2):
1. Differential Power Converters (DPC).

2. Partial Power Converters (PPC).

3. Mixed strategies.

Therefore, the present section is divided into three subsec-
tions, one for each PPP strategy.
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A. DIFFERENTIAL POWER CONVERTERS

The architectures based on the DPC concept are well defined
in [10] as power converters that are aimed at correcting
current imbalances that exist between different elements con-
nected in series to the same voltage bus. In consequence, this
type of power converters are designed to process the men-
tioned imbalance, and not the total power consumed/supplied
by the sum of the elements. This type of architectures were
presented in [11]-[13] as a “new technique for equaliz-
ing a series battery stack’. There, different active balanc-
ing architectures are proposed, such as parallel connected
Flyback modules and buck-boost current diverters. Later,
the same architectures were further developed in [14]—[18]
by implementing diverse topologies, for example: buck-boost
with shared-core inductors and Dual Active Bridge (DAB).
In consequence, the implementation of this type of architec-
tures extended to current balancing of PV panels [19]-[23].
Then, although DPCs are defined as series connected element
balancers, [24] also considers current balancing of parallel
connected elements as PPP. In this case, authors from [24]
present an advanced architecture based on PPP for LED cur-
rent balancing applications. Finally, [25] is recommended for
extended information around DPC architectures, specifically,
sections 4 and 5.

On the other hand, when referring to this type of architec-
tures there is a considerable confusion from various authors
from the literature. Firstly, author from [12] introduced the
term “‘equalizer” to refer to an active balancing power con-
verter based on a buck topology. Later, the same architecture
is presented in [14] as a ““battery system equalizer”’. However,
years after, authors from [19], [21], [23] introduced the term
DPC for referring to the same current balancing architecture.
Furthermore, authors in [20], [22] present a similar architec-
ture for PV balancing, but, described as ““current diverter con-
verter” or ‘“‘parallel-connected PPC”’. Also, when it comes
to [15]-[18], each author uses a different term for referring
to the same architecture: ‘“‘returned energy architecture”,
“Parallel connected submodule integrated converter”, ““input
series output parallel”” and DPC.

As it can be observed, within the literature around active
balancing, there exists a considerable confusion when it
comes to naming this type of converters. Therefore, it must
be clear that when the power converter has current balancing
purposes, it should be considered as DPC.

Within this type of architectures there are 2 main groups:

1. Element to Element (E2E): the energy is transferred
between neighboring elements.

2. Bus to Element (B2E): the energy is transferred from a
common bus to the element or vice versa.

1) ELEMENT TO ELEMENT
In order to correct current imbalances between series con-
nected elements, E2E type architectures (Figure 3) are

focused on transferring the energy between neighbor ele-
ments [12], [14], [17], [19]-[22]. This can be observed in
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FIGURE 3. E2E type DPC architecture with buck-boost topology [22].

Figure 3, where the existing current and power flows are
presented by red and blue arrows, respectively. On one hand,
the power delivered by the source is divided by n, which is
the number of elements. On the other hand, each converter
processes a given power that will depend on the current that
flows through the inductor. Their main advantage is that the
components are designed at lower voltage and current values.
However, one of their disadvantages is that the switching
states of the converters are not independent. In addition,
the voltage Vg is the result of the sum of the elements con-
nected in series, therefore, if one would like to raise or reduce
this voltage, it would be necessary to implement an additional
converter that would process all the power.

Analyzing the different elements from Figure 3, it can
be seen that, in order to regulate the current of n elements,
only n — 1 power converters are necessary. In this case, each
power converter consist of a Buck-Boost topology and the
total power processed is the sum of the power processed by
each one (3).

n—1

Ppop = Z Vg, - |IL1

i=1

3
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On the other hand, by applying Kirchhoff’s current law to
the intermediate nodes between the series connected ele-
ments, the average inductor current value of each converter
is obtained, see equation (4).

IL,' == IEi - IE,'+] + Di—] : IL,;] + (1 - Di-‘rl) : ILi+] (4)

where, I;, is the average inductor current of the i converter,
IE, is the current of the i element and D; is the duty ratio of
the high side switch of the i’ converter.

As can be seen in (4), the average inductance current
inside the converter depends on the currents of the adjacent
elements.

2) BUS TO ELEMENT

B2E type architectures (Figure 4) focus on transferring
energy between an element in series and the common bus
[11], [13], [15], [16], [18]. This common bus can be a virtual
bus voltage (represented as Cp,, in Figure 4a) or the same
input/output bus (represented as Vs in Figure 4b). Further-
more, its main purpose is to compensate an instantaneous
power mismatch by injecting or rejecting current to series
connected elements. Compared to E2E architectures, B2E
type offer greater modularity and independence between con-
verters. However, the voltage and current values at which the
components are designed are higher [10], [19]. On the other
hand, as with E2E type architectures, in case it is desired to
regulate the value of Vg, B2E architectures also require an
additional converter that processes all the power.

In the examples shown in Figure 4, it is observed that to
regulate the current of n elements, n power converters are nec-
essary and each of these converters contains a bidirectional
Flyback topology. Furthermore, the total power processed by
the sum of each is described by equation ( 5 ).

n
Ppor =Y _ Vi, - |Inc| &)
i=1

Finally, equation (6) shows the current that each converter
must process.

Ipc,i=1; — Iit1 + Ipc,i+1 (6)
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FIGURE 4. B2E type architecture with bidirectional Flyback topology.
A) Virtual bus. B) Common bus.

3) OVERVIEW

With the aim of resuming the main results extracted from the
literature around DPC, Table 1 points out the key characteris-
tics of the main sources. Since each prototype is tested under
different conditions, the aim of Table 1 is not to compare the
obtained results by each one, but to make the reader see the
goals achieved by each converter presented in the literature
(together with their corresponding solutions). At first glance,
it can be observed that both E2E and B2E architectures are
implemented equally. However, the most popular topology in
E2E architectures is the Buck-Boost and, in B2E, isolated
topologies, specially, the Flyback. When it comes to the
processed power ratio, the first literature around this type
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of architecture do not specify this value, since it was not
their main objective. Nevertheless, according to [19], [21],
the power processed by E2E converters goes from zero up
to 50%-66%, depending on the mismatch to correct. On
the other hand, there is the B2E architecture, whose pro-
cessed power ratio also varies in function of the mismatch,
but, according to [16], a higher peak efficiency is obtained.
Finally, the main applications of this type of converters are
related to PV and ESS state of charge (SOC) balancing.

B. PARTIAL POWER CONVERTERS

Compared to DPC architectures, PPCs are not designed
to correct unbalances between series connected elements.
Indeed, their main goal is to control the power flow, current
and voltage level between a source and a load. Similarly,
as in DPC literature, there also exists a wide variety of names
to refer to the same PPC architecture, which can lead to
confusion. Therefore, this chapter classifies and describes
the different PPC architectures presented in the literature.
Although different sources assume that PPC architectures
always require galvanically isolated topologies [1], [26],
[27], there exists literature that presents PPC architectures
that do not require isolated topologies [28], [29]. Therefore,
the present section is divided in two: PPC architectures that
require galvanically isolated topologies and PPC architec-
tures that do not.

1) PPC THAT REQUIRE ISOLATED TOPOLOGIES

The first PPC architecture to be presented was the one showed
in Figure 5a [7], and it was defined as series connected boost
unit (SCBU). As its name indicates, the objective of this
converter is to elevate the voltage level of the source by
connecting it in series to the output of the converter. It must
be mentioned that the DAB topology presented in Figure 5a is
just an example of how the converter would be connected in
a PPC architecture. Same way could be implemented on the
rest of the architectures from Figure 5. After, with the aim of
extracting more power from a PV source, in [30] the same
architecture is parallelized several times. Later, authors from
[31], [32] presented different series connected architectures,
see Figure 5b and Figure 5c. However, as it will be observed
later, the architectures from Figure 5b and Figure 5c can
be considered as the same architecture. Indeed, the power
ratio processed by the converter at each architecture is the
same, but the power flow inside it is reversed. Afterwards,
similar architectures started to be used for voltage step-down
applications [4], [33]-[35], see Figure 5d, Figure 5e and
Figure 5f. In fact, Figure 5d, Figure 5e and Figure 5f are the
same architectures as Figure 5a Figure 5b and Figure 5c, but
exchanging Vg and V. Finally, authors from [36] discuss the
dynamic behavior of two PPC architectures (Figure 5a and
Figure 5b) by developing their small-signal models.

As well as with DPCs, PPCs from Figure 5 receive
very different naming in the literature, which can lead to
confusion. In the first place, Figure 5a was defined as
series connected boost unit (SCBU) by [7]. However, novel
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FIGURE 5. PPC architectures that require isolated topologies. A) IPOS step-up. B) ISOP-I step-up. C) ISOP-II step-up. D) ISOP step-down. E) IPOS-1

step-down. F) IPOS-II step-down.

architectures were presented later (Figure 5b and Figure 5c¢),
and in consequence, the name SCBU turned to be obsolete.
Therefore, authors from[32] introduced the terms ‘‘Input-
Parallel-Output-Series” (IPOS) and “Input-Series-Output-
Parallel” (ISOP) for the architectures showed in Figure Sa
and Figure 5b, respectively. However, great part of the lit-
erature continued using diverse terms such as “partial rated
charging converter”’[37], [38] or “‘series connected PPP con-
verter”” [39]. Apart from that, when it comes to the step-down
architectures (Figure 5d, Figure Se and Figure 5f), the same
term “‘step-down PPC” is used by [4], [33], [34] for referring
to different architectures, such as, Figure 5d and Figure 5f.
In conclusion, there exists a lack of agreement on the terms
used for naming each architecture from Figure 5. Therefore,
in order to propose a unifying criteria for the naming of
the PPC architectures, Figure 5 defines each architecture
according to the criteria proposed in [32]. Finally, it must be
remarked that all the architectures shown in Figure 5 require
an isolated topology that avoids a short circuit in Vs or Vp
[27], [40].

Once the architectures have been presented, the next step is
to compare the processed power ratio of the converter at each
architecture from Figure 5. For that purpose, the architecture
from Figure 5a is taken as an example. Firstly, Kirchhoff’s
laws are applied on the architecture, obtaining equations (7)
and (8). In addition, the efficiency of the system can be
defined as shown in (9).

Vs + Vour = VL )
Is = Ipc + 1 (8)

Vi - I,
Nsystem = Vs - Iy O]
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On the other hand, the processed power ratio of the converter
(Kpr) is defined as the division between the processed power
of the converter and the source’s power ( 10 ).

Kpr _ Pconv _ Vout '[L (10)

Pg Vs - Ig
Applying equations (7)), (8) and (9 ) on ( 10), it is possible
to obtain the K}, curve of an IPOS step-up architecture in

function of the static voltage gain (GV = \‘%) (11).

Nsystem
Gy
Applying the same procedure to the rest of the architec-
tures shown in Figure 5, the equations shown in Table 2 are

obtained (in order to simplify, 7 = nyysem)-

The equations from Table 2 are plotted in Figure 6, where
n is considered ideal.

Analyzing Figure 6, it is observed that each PPC archi-
tecture obtains a different power ratio curve. On the one
hand, the K, curves obtained by the step-up architectures
(Figure 5a, Figure 5b and Figure 5c) are located at Gy > 1.
In this case, the step-up architecture that obtains the minimum
processed power ratio curve is the [IPOS step-up (Figure 5a).
In contrast, ISOP-I step-up and ISOP-II step-up (Figure 5b
and Figure 5c¢) obtain K, values greater than 1 when the
static voltage gain is superior to 2. Apart from that, as men-
tioned before, the only difference between these last two
architectures is the power flow direction inside the converter.
On the other hand, the K, curves obtained by the step-
down architectures (Figure 5d, Figure 5e and Figure 5f) are
located at Gy < 1. In this case, ISOP step-down (Figure 5d)
is the architecture that achieves a lower power ratio curve.
Furthermore, [POS-I step-down and IPOS-II step-down (Fig-
ure Se and Figure 5f) architectures obtain K, values greater

Y

Kpr = Nsystem —
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TABLE 1. Key parameters extracted from the literature around DPC.

Source Architectures Processed Power ratio Eff. Topology Application
[11] B2E - - Flyback ESS balancing
[12] E2E - - Buck-Boost ESS balancing
[13] B2E - - Multi input Flyback ESS balancing
[14] E2E - - Buck-Boost ESS balancing
[16] B2E 0+66% 98% Flyback PV local MPPT
[17] E2E - 92% Buck-Boost -

[18] B2E - 95% DAB Data center

[19] E2E 0+66% 95% Buck-Boost PV local MPPT
[21] BE2E 0+50% 95% Buck-Boost PV local MPPT
(15" B2E 0+60% - Flyback PV local MPPT
[24]! Parallel 0+90% - Buck-Boost LED balancing

1
0.57
g o
— |POS step-up
— ISOP-I step-up
= ISOP-II step-up
-0.5 = |SOP step-down
— |IPOS-I step-down
IPOS-II step-down
1 :
0 1 2 3 4
G [VL/VS]

FIGURE 6. Processed power ratio by the converter for the architectures
showed in Figure 5.

than 1 when the static voltage gain is inferior to 0.5. Again,
the only difference between them is the power flow direction
inside the converter.

2) PPC THAT DO NOT REQUIRE ISOLATED TOPOLOGIES
All the literature around PPC presented until now considers as
essential the application of isolated topologies at the conver-
sion stage. However, in [28], [29] a novel architecture is pre-
sented and named as ‘““fractional charging converter (FCC)”,
see Figure 7b. The main advantage of this architecture is that
it allows non-isolated topologies inside the power converter,
which simplifies the design and manufacturability of the con-
version stage. Same thing occurs with Figure 7a, but, for step-
up applications. It must be mentioned that the Half-Bridge
topology presented in Figure 7 is just an example of how the
converter would be connected in a FCC architecture. Indeed,
authors from [28], [29] implement a DAB.

Applying the procedure described in equations (7)-(11),
the Kj,» curve of a FCC architecture is obtained in function
of the static voltage gain (Gy), see Table 3.

103410

~

pc

!

~

1

FIGURE 7. PPC architectures that do not require isolated topologies.
A) FCC step-up. B) FCC step-down.

TABLE 2. Processed active power ratio by the different architectures from
Figure 5.

Architecture type Ky

n

IPOS SU n——=
Gy

ISOP-I SU n — Gy
ISOP-II SU Gy —1n
ISOP SD n — Gy
IPOS-I SD /i 2
Gy

IPOS-II SD 1_ n

Gy

The equations from Table 3 are plotted in Figure 8, where n
is considered as ideal. Analyzing Figure 8, it is concluded that
the FCC architectures presented in Figure 7 are limited to a
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TABLE 3. Processed active power ratio by the different architectures from
Figure 7.

Architecture type K,y
FCC-SU Gy —1
FCC-SD Gl -n
14
1
0.8+ 1
0.6 1
s
X
04r 1
0.2 1
——FCC step-up
———FCC step-down
0 L
0.5 1 1.5 2
GV V]

FIGURE 8. Processed power ratio by the converter for the architectures
showed in Figure 7.

Gy value of 2 and 0.5, respectively. Indeed, both architectures
can be considered as the same, but, with reverse power flow
between Vg and V;.

Finally, it must be outlined that the architectures from
Figure 7 are still under research. Indeed, one can easily
observe that if a buck or boost topology is implemented on
them, since only 2 switching states exist, the semiconductors
and passive elements (for example, inductor) will process
the same current and voltage as in a FPC. Therefore, further
analysis on advanced topologies that can avoid processing the
full current and voltage levels is required.

3) OVERVIEW

With the aim of resuming the main points extracted from the
literature around PPC, Table 4 details different characteris-
tics of each reference. Since each prototype is tested under
different conditions, the aim of Table 4 is not to compare
the obtained results by each one, but to make the reader
see the goals achieved by each converter presented in the
literature (together with their corresponding solutions). In the
first place, architecture wise, although different architectures
have been applied at each literature, IPOS step-up is the most
popular. On the other hand, when it comes to the processed
power ratio of the converter, a wide variety of values are
obtained. This is due to the fact that K, is directly pro-
portional to the static voltage gain of the application, which
varies from one literature to another. In consequence, due
to the low K, values, high overall efficiencies are obtained
(>95%). Then, analyzing the applied topology for the stage
of conversion, it is observed that all of them use isolated
topologies (even [29]), being the isolated full bridge topology
the most popular one. Nevertheless, it must be remarked that

VOLUME 8, 2020
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FIGURE 9. Alternative PPP architectures that mix DPC and PPC strategies.
A) [48]. B) [49].

although isolated topologies are used for the stage conversion,
the system is not. Indeed, there is not any galvanically isolated
solution that achieves PPP. Apart from that, as expected,
the great majority of the applications are related to PV sys-
tems, followed by ESS and EV charging. Finally, analyzing
systems’ and converters’ power flow, it can be concluded
that there exists a lack of researching around bidirectional
PPCs. In fact, [26], [29], [33] are the only references that
present a bidirectional prototype. Apart from that, as it can
be observed in [40]-[42] although the system’s power flow is
unidirectional, the applied power converter is bidirectional.
This is due to the fact that the power converter is working as
both step-up and step-down (extended information is detailed
in Section IV).

C. MIXED PPP ARCHITECTURES

The disadvantages of DPC and PPC converters give reason
to investigate alternative architectures which can offer better
performances for specific applications. First, authors from
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TABLE 4. Key parameters extracted from the literature around PPC.

Power flow
Source Architectures Processed Power ratio Eff. Topology Application
Conv. Sys.
[26] IPOS step up 10%+25% 98.9% DAB ESS integration Bi. Bi.
[30] IPOS step up 20% 96.25% IFB+Rec. PV Uni. Uni.
[31] ISOP-II step up 20% 96% Flyback PV Uni. Uni.
IPOS step up 40% 95.5% . .
[32] ISOP-I step up 50% 929 Flyback PV Uni. Uni.
[33] ISOP step down 72+80% 96.74% DAB - Bi. Bi.
[34] ISOP step down 10+-30% 98.6% IFB+Rec. PV Uni. Uni.
[38] IPOS-II step-down 33% - IFB+Rec. EV Fast charging Uni. Uni.
[40] IPOS step up 15% 99.5% [FB-CT+Rec.’ PV Bi. Uni.
[29] FCC-step-down 21.5% 98.2% DAB ESS Bi. Bi.
Cuk isolated+ . .
- - 0,
[41] ISOP-II step up 98.8% Unfolder PV+ESS Bi. Uni.
[43] IPOS step up 10%+70% 90% Flyback PV Uni. Uni.
[44] IPOS step up 17%+30% 98.55% IFB+Rec. EV Fast charging Uni. Uni.
IPOS step up - - Flyback
[45] ISOP-I step up 5%+15% 99% IFB+Rec. PV Uni. Uni.
ISOP step down 15%+25% 98.5% IFB+Rec.
21" IPOS step up 20%+40% = DAB PV+ESS Bi. Bi.
31 IPOS step up 40% - DAB PV+ESS Bi. Bi.
[41 ISOP step down 35% 98% IFB+Rec. EV Fast charging Uni. Uni.
371" ISOP-I step up 5%+35% 99% IFB+Rec. PV Uni. Uni.
[42]' IPOS step up - 96% DAB+Unfolder Wind generation Bi. Uni.
[46]' IPOS step up 83% 97.6% Flyback PV Uni. Uni.
[471* ISOP-I step up 15% 98.76% Flyback PV Uni. Uni.
[48] and [49] present a novel architecture that mixes DPC s outs
and PPC strategies, see Figure 9a and Figure 9b, respectively.
As it can be observed, both examples are very similar to a — v
B2E architecture (Figure 4), but, locating the common bus in Lv
series with the other elements. This way, according to [48], n out- C_ VD c
the processed power ratio by the converter is defined by (12). -I
Ve
Kyp=——"°>—— (12) VH %4
Ve, +---+ Vg,
Comparing Figure 9a and Figure 9b, several differences can -
be obsF:rved. In the first place, C, wise, authors from [48] FIGURE 10. Multi ESS charging converter.
locate it connected to the ground, whereas, authors from [49]
locate it connected to the higher potential point. Apart from
that, when it comes to the stage of conversion, authors from
[48] install modular flyback converters, one for each element. 0;
However, authors in [49] decide to make use of a multi-input |+ T L
DAB converter.
Another alternative to DPC and PPC architectures is to
implement an auxiliary series converter that regulates the v,

output voltage by processing partial power [50]. This way,
the main converter always works in a peak efficiency working
point. However, adding an extra power converter may result
in a bigger volume and lower efficiency. Furthermore, [50]
concludes that the polarity of the auxiliary voltage affects
directly to the processed power ratio of the main converter,
and, in consequence, to the efficiency.

Apart from that, there is the PPP strategy presented in [51],
where a single converter is used for charging and discharging
2 different ESS, see Figure 10. This way, authors from [51]
claim that the multi-source converter from Figure 10 reduces
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FIGURE 11. Pseudo partial power converter based proposed in [52].

the cost of the converter and it achieves high efficiency and
high power density due to the reduction of power processed.
When it comes to the stage of conversion, isolated and non-
isolated topologies can be applied on it.

Finally, authors from [52] propose a pseudo partial power
converter based on a switched capacitor topology, see
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FIGURE 12. Voltage and power level of the EV through the charge.

Figure 11. The presented converter is designed for step down
applications and allows the implementation of semiconduc-
tors with lower ratings. Its operation principle is based on
regulating the voltage level of the switched capacitor by
adjusting the duty cycles of the pair semiconductors Q; 3 and

02.4.

1) OVERVIEW
With the aim of summarizing the main points extracted from
the literature around mixed PPP strategies, Table 5 details the
key characteristics of each reference. Since each prototype is
tested under different conditions, the aim of Table 5 is not to
compare the obtained results by each one, but to make the
reader see the goals achieved by each converter presented in
the literature (together with their corresponding solutions).
At first glance, it is observed that a great variety of alterna-
tive solutions to DPCs and PPCs exists. The first one consists
of mixing both strategies in order to achieve active balancing
of series connected elements and voltage step-up. In this
case, isolated topologies are recommended. Indeed, compar-
ing [48] and [49], it is concluded that applying a multi-input
DAB converter achieves higher efficiencies. Then, there is
the auxiliary architecture proposed in [44]. However, authors
conclude that the obtained converter is slightly less efficient
(—0.3%) and bigger (+10%). On the other hand, when it
comes to the multi-ESS architecture[51], it can be considered
as the most promising one due to its high efficiency and
simple power conversion circuit. Finally, representing AC
applications, authors from [46] present a high efficiency and
high power density (25 kW/L) prototype based on a buffer
architecture.

IV. PPP APPLICATION EXAMPLE

With the objective of remarking the main benefits of PPP,

the present section shows an application example of an EV

fast charging station such as the one described in Table 6.
Apart from that, Figure 12 presents the voltage and power

curves of the EV for each value of SOC.
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FIGURE 13. DAB topology implemented on an ISOP step-down
architecture.
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FIGURE 14. DAB topology implemented on a FPC architecture.

A. ARCHITECTURE AND TOPOLOGY SELECTION

In first place, regarding the main objective of the application
(power delivery to a given load), it is decided that the appro-
priate PPP strategy must be based on PPC. Then, concerning
the voltage values from Table 6, it is obvious that a step-
down architecture is required. Therefore, since the ISOP step-
down (Figure 5d) is the PPC architecture with lower K,
curve, it is concluded that the ISOP step-down architecture
is the most appropriate. Once the PPC architecture is chosen,
the next step is to select a converter topology. Since the ISOP
step-down architecture requires an isolated topology and the
application demands high power levels, a DAB is chosen for
the example, see Figure 13. Then, due to its simplicity, phase
shift modulation (PSM) is chosen for controlling the power
flow between the source and the load.

On the other hand, in order to observe the benefits of
PPC architectures and based on [26], [44], the circuit shown
in Figure 13 is compared to its FPC version, see Figure 14.

Finally, Table 7 details the circuit parameters from Fig-
ure 13 and Figure 14. At first glance, the main differences
between them are the input/output voltage of the converter
and the maximum power that it must process. In consequence,
the PPC will process less power and it will require lower
rating devices, increasing the efficiency and reducing the cost
of the whole system.

B. COMPARISON PARAMETERS

With the aim of taking into account different factors that
affect the behavior of the converter, 3 comparison parame-
ters are considered: processed active power by the converter,
component stress factor (CSF) and system’s and converter’s
efficiency.
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TABLE 5. Key parameters extracted from the literature around mixed strategies.

Source Architectures Processed Power ratio Eff. Topology Application
[48] DPC+PPC 50% 95% Flyback ESS
[49] DPC+PPC - 97.5% Multi-input DAB ESS
[50] Auxiliary - 97.7% DAB-LLC+Auxiliary IFB -
[51] Multi-ESS 30% 99.63% Buck-boost EV power train
[52] Pseudo partial 57% 99.3% Switched capacitor EV fast charging

TABLE 6. Electrical parameters of an EV fast charging station.

Parameter Value
Vs [V] 820
Vey [V] 480 = 800

Py [kW] 150

1) PROCESSED ACTIVE POWER

Based on equation ( 10 ), the present subsection compares
the processed power ratio obtained by each converter from
Figure 13 and Figure 14. As expected, the DAB-FPC pro-
cesses the 100% of the power that flows from the source to
the battery, no matter the charging point. However, the DAB-
PPC processes a maximum of 40% of the application power.
Indeed, this value decreases through the charging period,
as the static voltage gain gets closer to 1.

2) SEMICONDUCTORS' CSF
When it comes to comparing the behavior of different power
converters, there is another important parameter called the
CSF [53]. This method quantifies the stress suffered by the
components inside the converter and it is useful for measuring
the behavior of the converter IV-B3.

SCSF; = Wi . Vr%mx ']rzms

DA

where, Zj W; represents the total quantity of components,
W; the quantity of the specific component, V,,,, represents
the maximum voltage that the semiconductor withstands in
steady state and Pg represents the power source.

Based on (13), Figure 16 shows the SCSF obtained at the
FPC and the PPC. There, it is concluded that due to the
reduction of the power processed by the converter, the semi-
conductors inside it suffer from less stress through all the
charging period.

(13)

3) SYSTEM'S AND CONVERTER'S EFFICIENCY

In this subsection, the efficiency of the system and the effi-
ciency of the converter are calculated. As shown in (1) and
(2), in the case of a FPC, both terms are the same. However,
in a PPC they are related by the K}, value. This is confirmed
in Figure 17, where itis observed that although the converter’s
efficiency at the PPC is lower than in the FPC, system’s

103414

TABLE 7. Electrical parameters of an EV fast charging station.

Parameter DAB-FPC DAB-PPC
Vin [V] 820 340 = 20
Vour [V] 480 + 800 480 + 800
P converter [KW] 150 40
fsw [kHz] 20 20
n 1.366 0.408
L [nH] 37.35 11.16
C [pF] 500 600
. FF200R12KE4 (primary)
Semiconductor FF300R17KE4 FF150R17KE4 (secondary)
1 -
——DAB-FPC
———DAB-PPC
0.8 1
0.6 1
a
X
0.4 ]
0.2+ 1
0 Il Il 1
0 20 40 60 80
SOC [%]

FIGURE 15. Processed power ratio obtained by each converter from
Figure 13 and Figure 14.

efficiency at the PPC results in high value. This is due to
the low K, values obtained in Figure 15. Finally, it must
be mentioned that the low efficiency values obtained by the
converter at the PPC are due to the large working range: from
Vinjour = 340/480 t0 Vipjour = 20/800.

Finally, although the concerned application example does
not require step-up and step-down, it is worth mentioning
that all the architectures shown in Figure 5 can achieve
it. However, certain concepts must be considered. In order
to explain this, IPOS step-up architecture (Figure 5a) will
be taken as an example for the step-down application pre-
sented in Table 6. In order to achieve voltage step-down by
implementing an IPOS step-up, V,,; from Figure 5a must
result in a negative value. Consequently, the power converter
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FIGURE 16. Semiconductors CSF at each converter from Figure 13 and
Figure 14.
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FIGURE 17. System and converter efficiency obtained by each converter
from Figure 13 and Figure 14.

30

must be able of inverting the polarity of the mentioned volt-
age and managing the power-flow inside the converter in
the other direction. This is because the power converter is
working inside the shaded zone from Figure 6. The same
will occur for the rest of the architectures from Figure 5.
An example of it is shown in [40], [41], where a voltage
step-up/down prototype is presented. Indeed, by adding some
extra switches, authors from [40]-[42] make use of the archi-
tectures presented in Figure 5 for applications where both,
buck and boost capabilities are required. This way, since
the working range of the application is closer to Gy =
1, a lower K, value is achieved, reducing the size of the
converter. However, when it comes to the FCC architectures
presented in Figure 7, this type of architectures do not offer
the possibility of achieving both, step-up and step-down. For
example, analyzing Figure 7a, if V,,,, is inverted, Vs and Vp
result in the same voltage level. Same thing would happen
in Figure 7b.

C. MAIN DRAWBACKS OF PPP
Until now, only advantages of PPP have been presented, but
this type architectures also have significant drawbacks that
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must be considered. First, there is no architecture based on
PPP that ensures galvanic isolation between the source and
the load. This fact can be unacceptable in several applications.
Secondly, since the elements inside the converter are rated for
low voltage levels, an over voltage protection circuit must be
added for starting conditions. Although extra devices affect
the efficiency, the PPC should still generate less power losses
than a FPC [51]. Then, focusing on DPCs, their main disad-
vantage is that their implementation is limited to application
where the voltage Vs is the result of the sum of the elements
connected in series. In other words, there is no necessity of
raising or reducing this voltage. Apart from that, in relation
with E2E architectures, there is a risk of exceeding the power
rating of the converter if correct dimensioning is not carried
out in function of the mismatch to correct [22].

On the other hand, PPC wise, the processed power ratio
of the converter is directly dependent from the static voltage
gain. So, if there is a high step-up/down between the source
and the load, PPCs may result inadequate. Also, compared
to FPC architectures, PPCs cause a larger operation range
inside the power converter [44]. For example, considering the
application presented in Table 6, it can be concluded that a
FPC will work with a fixed input voltage and a variable output
voltage. However, if an ISOP step-down PPC architecture is
implemented (Figure 5d), a variable input voltage and a vari-
able output voltage are obtained. Apart from that, according
to [1], when comparing a FPC and a PPC it is important to
take into account not only the active power processed by the
converter, but also the non-active power [54], which affects
directly to the sizing of energy storage elements such as
capacitors and inductors. Indeed, authors from [1] conclude
that a Flyback PPC topology obtains same non-active power
results as a conventional boost FPC topology. Finally, when
it comes to PPC architectures that do not require isolated
topologies (Figure 7), the voltage and current sizing of the
devices inside the power converter are the same as in a
FPC, which forces to carry on with further research around
advanced non-isolated topologies.

V. CONCLUSION

This paper presents a review and a universal naming of PPP
based architectures that achieve a reduction of the power
processed by the converter. This type of architectures are
mainly focused on DC applications, such as: PV generation,
ESS integration and EV fast charging. Furthermore, depend-
ing on their structure and functionalities, PPP architectures
can be divided in 3 groups: DPC, PPC and Mixed strate-
gies. On the one hand, DPC architectures’ main objective
is to balance current mismatches between series connected
elements. As observed in Table 1, the processed power ratio
of this type of converters varies according to the mismatch
between the elements. If there is no mismatch, the converter
does not process any power. However, the main disadvantage
of this type of PPP strategy is that it requires an extra power
converter for adapting the voltage of the series elements to
the voltage bus. On the other hand, when it comes to PPC
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architectures, their main objective is to control the power
flow and adapt the voltage levels between a source and a
load. They can be divided in two sub-groups: architectures
that require isolated topologies and architectures that do not.
By comparing their K, curves (Figure 6 and Figure 8), it is
concluded that for a step-up application, the implementation
of an IPOS step-up or a FC step-up entails a trade-off between
the processed power ratio and the simplicity of the power
conversion circuit. Same thing would happen for a step-
down application between, ISOP step-down and a FC step-
down. Finally, there are the mixed PPP strategies, which offer
alternatives combining DPC and PPC solutions.

REFERENCES

[1]

[2]

[3]

[4]

[5]

[6]

[71

[8]

[9]

[10]

[11]

[12]

[13]

[14]

[15]

J. R. R. Zientarski, M. L. da Silva Martins, J. R. Pinheiro, and H. L. Hey,
“Evaluation of power processing in series-connected partial-power con-
verters,” IEEE J. Emerg. Sel. Topics Power Electron., vol. 7, no. 1,
pp. 343-352, Mar. 2019.

N. Miiller, S. Kouro, P. Zanchetta, and P. Wheeler, “Bidirectional partial
power converter interface for energy storage systems to provide peak
shaving in grid-tied PV plants,” in Proc. IEEE Int. Conf. Ind. Technol.
(ICIT), Feb. 2018, pp. 892-897.

S. Mishra, S. Tamballa, M. Pallantala, S. Raju, and N. Mohan, “Cas-
caded dual-active bridge cell based partial power converter for battery
emulation,” in Proc. 20th Workshop Control Modeling Power Electron.
(COMPEL), Jun. 2019, pp. 1-7.

J. Rojas, H. Renaudineau, S. Kouro, and S. Rivera, “Partial power DC-DC
converter for electric vehicle fast charging stations,” in Proc. 43rd Annu.
Conf. IEEE Ind. Electron. Soc. (IECON), Oct. 2017, pp. 5274-5279.
S.Qin, Y. Lei, C. Barth, W.-C. Liu, and R. C. N. Pilawa-Podgurski, “‘A high
power density series-stacked energy buffer for power pulsation decoupling
in single-phase converters,” IEEE Trans. Power Electron., vol. 32, no. 6,
pp. 4905-4924, Jun. 2017.

J. A. Cobos, H. Cristobal, D. Serrano, R. Ramos, J. A. Oliver, and P. Alou,
“Differential power as a metric to optimize power converters and architec-
tures,” in Proc. IEEE Energy Convers. Congr. Expo. (ECCE), Oct. 2017,
pp. 2168-2175.

R. M. Button, “Advanced photovoltaic array regulator module,” in Proc.
Intersociety Energy Convers. Eng. Conf., vol. 1, 1996, pp. 519-524.

S. Miiller, M. Deicke, and R. W. De Doncker, “Doubly fed induction
generator systems for wind turbines,” IEEE Ind. Appl. Mag., vol. 8, no. 3,
pp. 26-33, May/Jun. 2002.

J. R. R. Zientarski, J. R. Pinheiro, M. L. D. S. Martins, and H. L. Hey,
“Understanding the partial power processing concept: A case-study of
buck-boost DC/DC series regulator,” in Proc. IEEE 13th Brazilian Power
Electron. Conf., Ist Southern Power Electron. Conf. (COBEP/SPEC),
no. 1, 2015, pp. 1-6.

P. S. Shenoy, “Improving performance, efficiency, and reliability
of DC-DC conversion systems by differential power processing,”
Ph.D. dissertation, Dept. Elect. Comput. Eng., Univ. Illinois Urbana-
Champaign, Champaign, IL, USA, 2012.

S. T. Hung, D. C. Hopkins, and C. R. Mosling, “Extension of battery life
via charge equalization control,” IEEE Trans. Ind. Electron., vol. 40, no. 1,
pp. 96-104, Feb. 1993.

N. H. Kutkut, “A modular nondissipative current diverter for EV battery
charge equalization,” in Proc. IEEE Appl. Power Electron. Conf. Expo.
(APEC), vol. 2, Feb. 1998, pp. 686—690.

H. Sakamoto, K. Murata, K. Nishijima, K. Harada, S. Taniguchi,
K. Yamasaki, and G. Ariyoshi, ‘“Balanced charging of series connected
battery cells,” in Proc. 20th Int. Telecommun. Energy Conf. (INTELEC),
1998, pp. 311-315.

Y.-S. Lee and M.-W. Cheng, “Intelligent control battery equalization for
series connected lithium-ion battery strings,” IEEE Trans. Ind. Electron.,
vol. 52, no. 5, pp. 1297-1307, Oct. 2005.

Y. Nimni and D. Shmilovitz, “A returned energy architecture for
improved photovoltaic systems efficiency,” in Proc. IEEE Int. Symp.
Circuits Syst. Nano-Bio Circuit Fabr. Syst. (ISCAS), May 2010,
pp. 2191-2194.

103416

(16]

[17]

(18]

(19]

(20]

(21]

(22]

(23]

[24]

[25]

(26]

(27]

(28]

(29]

(30]

(31]

(32]

(33]

(34]

(35]

C. Olalla, D. Clement, M. Rodriguez, and D. Maksimovic, “Architectures
and control of submodule integrated DC-DC converters for photovoltaic
applications,” IEEE Trans. Power Electron., vol. 28, no. 6, pp. 2980-2997,
Jun. 2013.

M. Kasper, D. Bortis, and J. W. Kolar, “Novel high voltage conversion
ratio rainstick DC/DC converters,” in Proc. IEEE Energy Convers. Congr.
Expo. (ECCE), Sep. 2013, pp. 789-796.

E. Candan, P. S. Shenoy, and R. C. N. Pilawa-Podgurski, “A series-stacked
power delivery architecture with isolated converters for energy efficient
data centers,” IEEE Trans. Power Electron., vol. 31, no. 5, pp. 3690-3703,
May 2014.

P. S. Shenoy, K. A. Kim, and P. T. Krein, “Comparative analysis of
differential power conversion architectures and controls for solar photo-
voltaics,” in Proc. IEEE 13th Workshop Control Modeling Power Electron.
(COMPEL), Jun. 2012, pp. 1-7.

M. Kasper, D. Bortis, and J. W. Kolar, “Classification and com-
parative evaluation of PV panel-integrated DC-DC converter con-
cepts,” IEEE Trans. Power Electron., vol. 29, no. 5, pp.2511-2526,
May 2014.

S. Qin, C. B. Barth, and R. C. N. Pilawa-Podgurski, ‘‘Enhancing microin-
verter energy capture with submodule differential power processing,”
IEEE Trans. Power Electron., vol. 31, no. 5, pp. 3575-3585, May 2016.
M. Kasper, D. Bortis, and J. W. Kolar, “Unified power flow analysis of
string current diverters,” Electr. Eng., vol. 100, no. 3, pp. 2085-2094,
Sep. 2018.

M. Uno and T. Shinohara, “Module-integrated converter based on cas-
caded quasi-Z-source inverter with differential power processing capability
for photovoltaic panels under partial shading,” IEEE Trans. Power Elec-
tron., vol. 34, no. 12, pp. 11553-11565, Dec. 2019.

J. W. Zapata, T. A. Meynard, and S. Kouro, ‘“Multi-channel partial power
DC-DC converter for current balancing of LED strings,” in Proc. IEEE
Int. Symp. Ind. Electron., Jun. 2017, pp. 775-780.

O. Khan and W. Xiao, “Review and qualitative analysis of submodule-
level distributed power electronic solutions in PV power systems,”” Renew.
Sustain. Energy Rev., vol. 76, pp. 516-528, Sep. 2017.

V. M. Iyer, S. Gulur, S. Bhattacharya, and R. Ramabhadran, “A partial
power converter interface for battery energy storage integration with a
DC microgrid,” in Proc. IEEE Energy Convers. Congr. Expo. (ECCE),
Sep. 2019, pp. 5783-5790.

C. Li, Y. E. Bouvier, A. Berrios, P. Alou, J. A. Oliver, and J. A. Cobos,
“Revisiting ‘partial power architectures’ from the ‘differential power’
perspective,” in Proc. 20th Workshop Control Modeling Power Electron.
(COMPEL), Jun. 2019, vol. 1, no. 1, pp. 1-8.

M. C. Mira, Z. Zhang, and A. E. M. Andersen, “Analysis and com-
parison of DC/DC topologies in partial power processing configura-
tion for energy storage systems,” in Proc. Int. Power Electron. Conf.
(IPEC-Niigata-ECCE Asia), May 2018, pp. 1351-1357.

M. C. Mira, Z. Zhang, K. L. Jorgensen, and M. A. E. Andersen, “‘Fractional
charging converter with high efficiency and low cost for electrochem-
ical energy storage devices,” IEEE Trans. Ind. Appl., vol. 55, no. 6,
pp. 7461-7470, Nov. 2019.

B.-D. Min, J.-P. Lee, J.-H. Kim, T.-J. Kim, D.-W. Yoo, and E.-H. Song,
“A new topology with high efficiency throughout all load range for photo-
voltaic PCS,” IEEE Trans. Ind. Electron., vol. 56, no. 11, pp. 44274435,
Nov. 2009.

H. Zhou, J. Zhao, and Y. Han, “PV balancers: Concept, architectures, and
realization,” IEEE Trans. Power Electron., vol. 30, no. 7, pp. 3479-3487,
Jul. 2015.

J. Zhao, K. Yeates, and Y. Han, “Analysis of high efficiency DC/DC
converter processing partial input/output power,” in Proc. IEEE 14th
Workshop Control Modeling Power Electron. (COMPEL), Jun. 2013,
pp. 1-8.

L. Chen, H. Wu, P. Xu, H. Hu, and C. Wan, “A high step-down non-
isolated bus converter with partial power conversion based on synchronous
LLC resonant converter,” in Proc. IEEE Appl. Power Electron. Conf. Expo.
(APEC), Mar. 2015, pp. 1950-1955.

J. W. Zapata, S. Kouro, G. Carrasco, and T. A. Meynard, *“Step-down par-
tial power DC-DC converters for two-stage photovoltaic string inverters,”
Electron., vol. 8, no. 1, p. 87, 2019.

J. Lai, H. Peng, J. Hu, S. Huang, and W. Wang, “Partial power processing
DC current source for the loop resistance measurement in gas insulated
switchgear,” in Proc. Int. Conf. Power Syst. Technol. (POWERCON), 2019,
pp. 3840-3845.

VOLUME 8, 2020



J. Anzola et al.: Review of Architectures Based on Partial Power Processing for DC-DC Applications

IEEE Access

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

[49]

[50]

[51]

[52]

[53]

[54]

A. Nabinejad, A. Rajaei, and M. Mardaneh, “A systematic approach to
extract state space averaged equations and small signal model of partial
power converters,” IEEE J. Emerg. Sel. Topics Power Electron., early
access, May 7, 2019, doi: 10.1109/JESTPE.2019.2915248.

A. Morrison, J. W. Zapata, S. Kouro, M. A. Perez, T. A. Meynard, and
H. Renaudineau, “Partial power DC-DC converter for photovoltaic two-
stage string inverters,” in Proc. IEEE Energy Convers. Congr. Expo.
(ECCE), Sep. 2016, pp. 1-6.

V.M. Iyer, S. Gulur, G. Gohil, and S. Bhattacharya, ““Extreme fast charging
station architecture for electric vehicles with partial power processing,”
in Proc. IEEE Appl. Power Electron. Conf. Expo. (APEC), Mar. 2018,
pp. 659-665.

X. Sun, X. He, H. Wang, F. Wang, F. Zhuo, and H. Yi, “Analysis and com-
parison of partial power processing based DC-DC converters in renewable
energy application,” in Proc. IEEE Int. Power Electron. Appl. Conf. Expo.
(PEAC), Nov. 2018, pp. 1-5.

J. R. R. Zientarski, M. L. D. S. Martins, J. R. Pinheiro, and
H. L. Hey, “Series-connected partial-power converters applied to PV
systems: A design approach based on step-up/down voltage regulation
range,” IEEE Trans. Power Electron., vol. 33, no. 9, pp. 7622-7633,
Sep. 2018.

A. Diab-Marzouk, “Lightweight DC-DC converter with partial power pro-
cessing and MPPT for a solar powered aircraft,” Univ. Toronto, Toronto,
ON, Canada, Tech. Rep., 2015.

M. Pape and M. Kazerani, “An offshore wind farm with DC collection
system featuring differential power processing,” IEEE Trans. Energy Con-
vers., vol. 35, no. 1, pp. 222-236, Mar. 2020.

J. W. Zapata, S. Kouro, G. Carrasco, and H. Renaudineau, “Step-
up partial power DC-DC converters for two-stage PV systems with
interleaved current performance,” Energies, vol. 11, no. 2, pp. 1-11,
2018.

V. M. Iyer, S. Gulur, G. Gohil, and S. Bhattacharya, “An approach
towards extreme fast charging station power delivery for electric vehicles
with partial power processing,” IEEE Trans. Ind. Electron., early access,
Oct. 18,2019, doi: 10.1109/TIE.2019.2945264.

J. W. Zapata, S. Kouro, G. Carrasco, H. Renaudineau, and T. A. Meynard,
“Analysis of partial power DC-DC converters for two-stage photovoltaic
systems,” IEEE J. Emerg. Sel. Topics Power Electron., vol. 7, no. 1,
pp. 591-603, Mar. 2019.

J. W. Zapata, H. Renaudineau, S. Kouro, M. A. Perez, and T. A. Meynard,
“Partial power DC-DC converter for photovoltaic microinverters,” in
Proc. 42nd Annu. Conf. IEEE Ind. Electron. Soc. (IECON), Oct. 2016,
pp. 6740-6745.

H. Lee and K. Kim, “Design considerations for parallel differential power
processing converters in a photovoltaic-powered wearable application,”
Energies, vol. 11, no. 12, p. 3329, Nov. 2018.

J. Qi and D. D.-C. Lu, “A flyback converter based partial power pro-
cessing structure for BESS with voltage/current regulation and battery
balancing functionalities,” in Proc. IEEE Int. Telecommun. Energy Conf.
(INTELEC), Oct. 2017, pp. 381-386.

M. Shousha, A. Prodic, V. Marten, and J. Milios, “Design and implementa-
tion of assisting converter-based integrated battery management system for
electromobility applications,” IEEE J. Emerg. Sel. Topics Power Electron.,
vol. 6, no. 2, pp. 825-842, Jun. 2018.

D. Neumayr, M. Vohringer, N. Chrysogelos, G. Deboy, and
J. W. Kolar, “P*DCT—Partial-power pre-regulated DC transformer,”
IEEE Trans. Power Electron., vol. 34, mno. 7, pp.6036-6047,
Jul. 2018.

F. Xue, R. Yu, and A. Huang, “Fractional converter for high efficiency
high power battery energy storage system,”” in Proc. IEEE Energy Convers.
Congr. Expo. (ECCE), Oct. 2017, pp. 5144-5150.

S. Rivera, D. Pesantez, S. Kouro, and P. W. Lehn, ‘““Pseudo-partial-power
converter without high frequency transformer for electric vehicle fast
charging stations,” in Proc. IEEE Energy Convers. Congr. Expo. (ECCE),
Sep. 2018, pp. 1208-1213.

R. Pittini, M. C. Mira, Z. Zhang, A. Knott, and M. A. E. Andersen,
“Analysis and comparison based on component stress factor of dual active
bridge and isolated full bridge boost converters for bidirectional fuel cells
systems,” in Proc. Int. Power Electron. Appl. Conf. Expo., Nov. 2014,
pp. 1026-1031.

IEEE Standard Definitions for the Measurements of Electric Power
Quantities Under Sinusoidal, Nonsinusoidal, Balanced or Unbalanced
Conditions, IEEE Standard 1459-2010 (Revision IEEE Std 1459-2000),
Mar. 2010, pp. 1-50, vol. 19.

VOLUME 8, 2020

JON ANZOLA received the B.Sc. degree in energy
engineering and the M.Sc. degree in energy and
power electronics from Mondragon University,
Spain, in 2017 and 2019, respectively, where he is
currently pursuing the Ph.D. degree with the ELEC
Department. His current research interest includes
modeling of power converters and advanced archi-
tectures that achieve partial power processing.

I0SU AIZPURU received the B.Sc., M.Sc., and
Ph.D. degrees in electrical engineering from
the University of Mondragon, Spain, in 2006,
2009, and 2015, respectively. He is currently a
Researcher and a Lecturer with the Department of
Electronics, Faculty of Engineering, Mondragon
University. He has participated in various research
projects in the fields of traction and stationary sys-
tems for railway applications, renewable energy
applications and energy storage applications for

traction, on-grid and off-grip systems. His current research interests include
power electronics modeling, energy storage modeling, and control of energy
storage systems via power electronic converters.

ASIER ARRUTI ROMERO received the B.Sc.
degree in energy engineering from Mondragon
University, Spain, in 2018. He is currently pur-
suing the M.Sc. degree in industrial engineering
with Mondragon University and preparing to start
his Ph.D. degree. His current interests include
power electronic converters, power semiconduc-
tors modelling, soft switching commutation tech-
niques, and high frequency passive elements.

ARGINE ALACANO LOITI received the B.Sc.
degree in industrial electronics engineering,
the M.Sc. degree in energy and power electronics,
and the Ph.D. degree in electric energy from Mon-
dragon University, Spain, in 2011, 2013, and 2017,
respectively. Since 2017, she has been a Lecturer
with Mondragon University. Her main research
interests include renewable energies, power elec-
tronic converters, power transmission and distri-
bution, and energy storage systems.

RAMON LOPEZ-ERAUSKIN received the B.Sc.
degree in electrical engineering from Mondragon
University, Spain, in 2009, the M.Sc. degree in
solar photovoltaic energy from the Polytechnic
University of Madrid, Spain, in 2011, and the
Ph.D. degree in engineering science and tech-
nology from the Université Libre de Bruxelles,
Belgium, in 2019. In 2019, he joined the Electron-
ics and Computer Science Department, Faculty of
Engineering, Mondragon University, where he is

currently working as a Researcher and a Lecturer. His research interests
include power electronics, photovoltaic systems, and energy storage systems.

103417


http://dx.doi.org/10.1109/JESTPE.2019.2915248
http://dx.doi.org/10.1109/TIE.2019.2945264

IEEE Access

J. Anzola et al.: Review of Architectures Based on Partial Power Processing for DC-DC Applications

JESUS SERGIO ARTAL-SEVIL received the B.Sc.
degree in electrical engineering, the M.Sc. degree
in renewable energy and energy efficiency, and the
M.Sc. degree in electronic engineering from the
University of Zaragoza, Spain, in 1997, 2014 and
2016, respectively. He is currently a Researcher
and a Full-Time Professor with the Department
of Electrical Engineering, University of Zaragoza.
His current research interests include power elec-
tronics, resonant and soft-switched power convert-

ers, modeling and control of converters, solid-state transformers, and FACTS
and power conversion applications.

103418

o

CARLOS BERNAL (Member, IEEE) received
the M.Sc. and Ph.D. degrees in electrical engi-
neering from the University of Zaragoza, Spain,
in 2000 and 2012, respectively. Since 2001, he has
been an Associate Professor, with special interest
in power and mixed-signal electronics, with the
University of Zaragoza. His research interest is
focused on high-efficiency resonant switch-mode
converters and their control.

VOLUME 8, 2020



	INTRODUCTION
	BASIS OF THE PPP CONCEPT
	ADVANCED ARCHITECTURES BASED ON PPP
	DIFFERENTIAL POWER CONVERTERS
	ELEMENT TO ELEMENT
	BUS TO ELEMENT
	OVERVIEW

	PARTIAL POWER CONVERTERS
	PPC THAT REQUIRE ISOLATED TOPOLOGIES
	PPC THAT DO NOT REQUIRE ISOLATED TOPOLOGIES
	OVERVIEW

	MIXED PPP ARCHITECTURES
	OVERVIEW


	PPP APPLICATION EXAMPLE
	ARCHITECTURE AND TOPOLOGY SELECTION
	COMPARISON PARAMETERS
	PROCESSED ACTIVE POWER
	SEMICONDUCTORS' CSF
	SYSTEM'S AND CONVERTER'S EFFICIENCY

	MAIN DRAWBACKS OF PPP

	CONCLUSION
	REFERENCES
	Biographies
	JON ANZOLA
	IOSU AIZPURU
	ASIER ARRUTI ROMERO
	ARGIÑE ALACANO LOITI
	RAMON LOPEZ-ERAUSKIN
	JESÚS SERGIO ARTAL-SEVIL
	CARLOS BERNAL


