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Non-Isolated Reduced Redundant Power Processing
DC/DC Converters: A Systematic Study of
Topologies With Wide Voltage Ratio for
High-Power Applications

Charoula G. Zogogianni

Abstract—In this paper, a systematic and analytical study of
non-isolated topologies belonging to the family of reduced redun-
dant power processing (R2P2) converters is presented. Based on
this study, all the non-isolated R2P2 topologies that can be imple-
mented in reality are derived. Detailed examples clarify all possible
cases of this analysis. In addition to this, the voltage ratio and the
efficiency for each one of the R2P2 configurations are calculated,
being further illustrated with examples. A comparison among con-
figurations is also discussed with criteria the high step-up voltage
gain and efficiency, aiming for high-power applications. One of
these R2P2 converters is selected for further examination, as the
most suitable for such applications. The theoretical analysis, as
well as the calculations of the step-up voltage ratio and efficiency
of the selected converter, is compared to experimental results con-
ducted on a 2-kW laboratory prototype designed to operate in
various step-up voltage ratios and in a high-power range, proving
the effectiveness of the proposed investigation.

Index Terms—DC-DC power conversion, high-power appli-
cations, high step-up voltage ratio, reduced redundant power
processing (R2P2) converters, switched mode power supplies.

1. INTRODUCTION

OWADAYS, a variety of applications necessitates the
N employment of dc/dc converters, e.g., renewable energy
systems, industrial applications, automotive industry, electric
vehicles, etc. [1]-[4]. More specifically, systems that exploit re-
newable sources (photovoltaics, wind generators etc.), as well as
fuel cells and thermoelectric generators (TEGs), require dc/dc
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converters with wide voltage conversion ratios and improved ef-
ficiency. Hence, a plethora of step-up dc/dc converters has been
proposed in the literature [5]-[9] aiming in the achievement of
these requirements.

The elementary non-isolated step-up dc/dc converters [boost
(Bt) and buck—boost (BB)] need high duty cycle to achieve high
voltage conversion gain, leading to high stress on switching
devices. For a higher step-up voltage gain, cascaded intercon-
nection of them has been proposed [10], [11]. Nevertheless, the
efficiency drops dramatically, because of their series connection.

Non-Cascaded configurations have been proposed by Tse and
Chow [12]-[14], introducing the reduced redundant power pro-
cessing (R2P2) concept. The basic idea of this family of con-
verters is to produce non-cascaded configurations, employing a
three-port network (input port, output port, and energy storage
element) and two basic converters (e.g., buck (Bk), Bt, BB, fly-
back, etc.). These configurations can lead to high step-up voltage
ratios and avoid the double power processing [12]-[19]. Hence,
all R2P2 configurations have better efficiency than the cascaded
one (referred as Configuration I-I in literature) and this is proven
both theoretically and experimentally in [15] and [16]. Thus, this
family seems promising for high-power and high voltage gain
applications, and it is chosen here for further investigation.

Initially, the R2P2 configurations were presented for ac/dc
power factor correction (PFC) applications [12]-[19]. In the
majority of these works [12]-[16], the R2P2 principle is ana-
lyzed, the resulting configurations are outlined, their general ef-
ficiency is presented, and a few examples of isolated and/or non-
isolated topologies are shown. In [17]-[21], specific applications
of R2P2 PFC are presented, employing different combinations
of elementary converters. The experimental prototypes pre-
sented in these papers are of a few hundreds of Watts [15]-[18]
or, in some, up to 1 kW [19], [20], with efficiencies of up to 90%.
These works focus mostly on the functionality of the converter
and the input current harmonic spectrum achieved.

However, this family of converters can also be employed
for the derivation of new topologies of isolated or non-isolated
single-input single-output (SISO) dc/dc converters for high step-
up applications [22]-[27]. Loera-Palomo and Morales-Saldana
presented this idea in [22], showing some examples of isolated
and non-isolated R2P2 topologies and calculating their voltage
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gain, while special attention was given to some topologies that
can be transformed to single-switch equivalent counterparts.
Nevertheless, their experimental prototypes are up to 100 W
and step-up voltage ratio is up to 7. Furthermore, it is proven
in [27] that the R2P2 topologies which can be transformed to
single switch are not necessarily more efficient, since the con-
duction losses on the switch are dramatically increased, resulting
in efficiency degradation. In [28], the R2P2 principle and the
appropriate power flow graphs are applied for the derivation
of double-input single-output converters; hence, their three-port
network comprises two input sources and load instead of input
port, energy storage element, and output port that is employed
for SISO converters. This modified network produces differ-
ent possible configurations compared to SISO ones, dedicated
for applications with two different types of renewable energy
sources. Their systematic study is out of the scope of the work
presented in this paper.

Despite the efforts for classification of R2P2 configurations,
there is not any derivation of all the implementable non-isolated
combinations of basic converters (Bk, Bt and BB) within each
R2P2 configuration. In addition to this, a systematic and an-
alytical study for their voltage gain and efficiency in terms of
their individual converters’ characteristics has not still been pre-
sented in the literature. Moreover, most of the experiments are
conducted within the range of 100-300 W, meaning that none
of these converters has been tested in a high-power range, so
that their functionality, efficiency, and step-up capability to be
evaluated and compared with their estimated theoretical values.
All of the aforementioned are the aim of this work.

In this paper, a general analysis of R2P2 non-isolated dc—dc
converters is presented. The possible connection and topology
cases are defined and all the implementable topologies are iden-
tified and listed, based on a procedure that helps to discard the
non-realizable ones. Furthermore, a classification of the R2P2
non-isolated converters is conducted according to their voltage
ratio and overall efficiency. Moreover, the selection of the most
suitable R2P2 non-isolated converter for high voltage gain high-
power applications, as well as specifications and some design
guidelines for this converter, is also presented.

This paper is organized as follows. In Section II, the R2P2
concept is presented with more details and different connection
cases are analyzed. Subsequently, the general rules for the
selection of realizable R2P2 topologies are introduced and
different topology cases that should be examined during
selection are defined and analyzed. In Section III, examples are
given for further clarification of the various cases and of the
procedure for identifying the realizable topologies. Moreover,
some conclusions are discussed for the selection procedure and
all the realizable R2P2 non-isolated topologies are listed. In
Section IV, the overall voltage ratio and the efficiency for each
one of the non-isolated R2P2 configurations are calculated and
clarified through analytical examples. In Section V, a brief com-
parison of the non-isolated R2P2 configurations is discussed
for the selection of one topology among all, aiming to a high
step-up high-power application, such as a waste heat recovery
system (WHRS) for marine applications. Specifications and
some design guidelines for the chosen topology are discussed in
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Fig. 1. Three possible types of power flow among ports of SISO R2P2
configurations [13]. (a) Type L. (b) Type 1. (c) Type IIIL.
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Fig. 2. Power flow graphs for constructing the SISO R2P2 configurations
[13], [15]. (a) Type I-I. (b) Type I-1I. (c) Type I-III. (d) Type II-III.

Section VI and experimental results are conducted for various
step-up voltage ratios and in a high-power range, employing a
prototype designed to handle power up to 2 kW. For improved
efficiency, silicon carbide (SiC) semiconductor devices are also
employed. Finally, conclusions are discussed in Section VIIL.

II. DEFINITION OF CONNECTION CASES AND TOPOLOGY
CASES FOR NON-ISOLATED R2P2 CONVERTERS

A. R2P2 Concept

The R2P2 concept employs a three-port network, namely in-
put port, output port, and energy storage element, e.g., capacitor,
and two converters A and B, placed in different power flow paths
[13]. Since SISO topologies are considered for this paper, their
input and output ports are unidirectional and positive, while
the energy storage element can be bidirectional. Hence, three
types of subgraphs, shown in Fig. 1, can be formed, indicating
how one port can be connected to another in terms of power
flow. Each subgraph is realized through power conversion, so a
converter must be employed in order to connect one port with
another. More specifically

1) Type I: The power is transferred from one port to another.

2) Type II: The power is transferred from two ports to one.

3) Type III: The power is transferred from one port to two.

Combining the above-described subgraphs of power flow
among the ports of an R2P2 converter, four main types of power
flow graphs, namely I-I, I-II, I-III, and II-III, are formed, as
shown in Fig. 2.

Since each type includes two subgraphs, two converters,
namely A and B, should be employed to realize each subgraph,
resulting in 16 different R2P2 configurations [13]-[15], as il-
lustrated in Fig. 3. The terms A, B, and C in the configuration
names simply denote different realization of the same type, e.g.,
the type I-II can be realized in three different ways, named
[-TIA, I-1IB, and I-IIC, resulting in three configurations. Also,
the quantities k and m, shown in Fig. 3, designate per unit por-
tions of the power split in the created nodes of the power flow
graphs. Their calculation is dependent on the configuration and
it is discussed in Section I'V.

To transform the power flow graphs of the R2P2 concept into
useful equivalent circuits, the basic connection rules described
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in [15] must be followed, which are reproduced here for
convenience.

1) Since the ports are voltage terminated, connection of any
two ports simultaneously to a converter should be realized
by a series connection of the ports’ voltages.

2) Connection of a port with the inputs (or outputs) of two
converters should be realized by a parallel circuit connec-
tion of the ports’ voltages.

It is noted here that the series connection of two ports can be
realized by their sum or subtraction, depending on the direction
of power flow in the graphs. Furthermore, the series connection
of two ports can be implemented in two ways, by alternating
their position. Hence, in this paper, we add one more rule to the
aforementioned.

3) For the series connection of two ports, either their sum or

subtraction, two cases of electrical connections are possi-
ble (see Fig. 4).

Examples of the aforementioned cases of electrical connec-

tions for two different configurations are presented in Section III.

B. Identification of All Implementable Topologies

Each configuration imposes different electrical connections
among ports and A, B converters (through its power flow graph
and the three aforementioned rules). Taking this fact into ac-
count, as well as considering the type of employed A and B

A\ 4

FOLTE [F)

16) IIC-IIIC

15) IIC-11IB

Power flow graphs of the 16 configurations of R2P2 family of converters. A and B denote basic topologies and arrows indicate the power flow [13], [15].
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Voort2

Casel
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(b)

Fig. 4. Possible cases of electrical connections when two ports of the R2P2
concept are (a) added or (b) subtracted.

converters, it is possible to end up in realizable or non-realizable
topologies.
Therefore, each combination should be examined first in
terms of electrical connections and functionality in order to
classify it as implementable topology or not. To this aim, a
topology can be classified as non-implementable (and so it is
rejected), if one or more of the following facts are met.
1) Short circuit (SC) in input/output of either the R2P2 con-
figuration or the individual converters A and B.

2) SC in the capacitor of the R2P2 configuration.

3) Fixed output voltage of either the R2P2 configuration or
the individual converters A and B, namely M4 = 1 or
Mp =1, leading to loss of controllability. The symbols
M 4 and Mp denote the voltage ratios of A and B convert-
ers, respectively.
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Buck-Boost -

Fig. 5. Non-Isolated basic converters employed as A and B converters inside
R2P2 configurations.

4) Negative voltage in input/output of either the R2P2 con-
figuration or the individual converters A and B, since this
is contradictory to the assumed positive polarity of the
input/output of the basic converters.

C. Definition of Possible Cases and Combinations
to be Examined

The converters A and B can be any topology. In this paper,
the non-isolated basic converters Bk, Bt, and BB are employed
in place of A and B converters for the study of non-isolated
R2P2 combinations. For each of the basic converters, two cases
of topologies are considered, as shown in Fig. 5. When the
negative potential of their input is directly connected to one of
the output potentials (negative for Bk and Bt and positive for
BB), then we add the symbol—and we call these converters to
belong to the negative polarity group of basic converters (Bk-,
Bt-, BB-). Vice versa, when the positive potential of their input
is directly connected to one of the output potentials (positive for
Bk and Bt and negative for BB), then we add the symbol + and
we call these converters to belong to the positive polarity group
of basic converters (Bk+, Bt+, BB+).

In the power flow graphs (see Fig. 3), the R2P2 configura-
tion of I-I type does not include any node where two ports are
simultaneously connected, so there is only one case of electri-
cal connections to be examined for realizable topologies. The
R2P2 configurations of I-II and I-III types (three configurations
of each type, see Section II-A) include one node where two ports
are simultaneously connected. Hence, according to Rules 1 and
3, there are two possible cases of electrical connections to be
examined for these configurations and so 12 equivalent circuits
are created cumulatively. The R2P2 configurations of II-III type
(nine in total) include two nodes, where two ports are simul-
taneously connected. Therefore, each node leads in two cases
of electrical connections (according to Rule 3), which gives a
total number of four cases of electrical connections and leads
in 36 equivalent circuits cumulatively. So, a total number of 49
equivalent circuits should be investigated.

In each equivalent circuit, the A and B converters can be Bk-,
Bk+, Bt-, Bt+, BB- or BB+, as described above, yielding in 36
combinations per equivalent circuit. Hence, a total number of
1764 possible R2P2 non-isolated topologies should be examined
to identify which of them are realizable or not.
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III. SYSTEMATIC INVESTIGATION OF REALIZABLE
NON-ISOLATED R2P2 TOPOLOGIES

In this section, all the aforementioned analysis is further clar-
ified, taking two different configurations as examples. Apply-
ing the same procedure in all 1764 possible combinations, all
the realizable non-isolated R2P2 topologies are classified in
Table I at the end of this section.

A. Examples of Electrical Connections Cases for I-1I and
1I-111 Configurations

To better illustrate the possible electrical connections cases
for the R2P2 configurations, I-IIB and IIC-IIIB are taken as
examples in this section.

First, for the I-IIB configuration, observing carefully the
power flow paths (see Fig. 3) and considering the three rules
for realizing the connections of ports and A, B converters,
we conclude that Vi, 4 = Viy, V, 4 = Ve, Viu,p = Vin, and
Vo, =V, — Vi, where Vi, , and V, , are the input and output
voltages accordingly of the individual converters with x = A, B
denoting them, and Vj,,, V,,, and V are the input, output, and ca-
pacitor voltages (the three ports) of the overall converter, respec-
tively. So, V;, p is composed by the subtraction of V511 = V,,
and V},or12 = Vo, or alternatively the outputs of A and B con-
verters are in series, forming the overall output voltage. Thus,
according to Fig. 4(b), there are two possible cases of electrical
connections, namely Cases 1 and 2, as shown in Fig. 6.

Similarly, inspecting the power flow graph for IIC-IIIB con-
figuration, we conclude that Vi, 4 = Ve, Vo, 4 =V, — Vi,
Vin.p = Vin, and V, p =V, 4+ Vo. Therefore, according to
Fig. 4, there are four possible cases of electrical connections.
More analytically, since V, 4 is composed of the subtraction
of Vyort1 =V, and V142 = Viy, there are two possible sub-
cases of electrical connections for Conv.A, namely Subcase 1A
and Subcase 2A. Also, since V, p is composed by the sum of
Voort1 = Vo and Vo2 = Vo, there are other two possible sub-
cases of electrical connections for Conv.B, namely Subcase 1B
and Subcase 2B. Thus, combining the aforementioned subcases
for the implementation of the total IIC-IIIB configuration, four
possible equivalent circuits are formed, namely Subcases 1A,
1B— Case 1, Subcases 1A, 2B— Case 2, Subcases 2A, 1B—
Case 3, Subcases 2A, 2B— Case 4, that are depicted in Fig. 7.

B. Example of Identification of the Realizable Non-Isolated
Topologies for I-1IB Configuration

In this section, the R2P2 I-1IB configuration is taken as exam-
ple in order to identify the combinations of basic converters that
lead to implementable non-isolated R2P2 topologies. After cre-
ating the equivalent circuits (see Fig. 6), Case 1 [see Fig. 6(a)]
is selected as an example for investigation. Hence, a decision
tree can be formed, as depicted in Fig. 8, to examine all possible
combinations and find the realizable ones for the I-IIB config-
uration, corresponding to the selected Case 1. Therefore, the
realizable topologies produced by Case 1 of I-1IB configuration
are Conv. A: Bk- or Bt-, Conv. B: BB- and Conv. A: BB+,
Conv. B: Bk+ or Bt+. Similarly, analyzing the Case 2 for I-1IB
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TABLE I
NON-ISOLATED R2P2 TOPOLOGIES THAT CAN BE IMPLEMENTED IN REALITY
Configuration Conv. A Conv. B Case Configuration Conv. A Conv. B Case
1-1 any any - ITA-IITA - - -
BB+ any 1 BB+ BB+ 2
I-TTA ITA-IIIB
BB- any 2 BB- BB- 3
Bk- / Bt- BB-
BB+ Bk+/ Bt+ ! Bk- BB+ 2
1-1IB MA-IIIC
Bk+/Bt+ BB+ ) Bkt BB 3
BB- Bk- / Bt-
Bt- Bk+
Bk+ / Bt+ BB+ 1 BB- BB- 2
MIB-IIIA
LII BB+ Bk- / Bt- BB+ BB+ 3
- Bt+ Bk-
Bk- / Bt- BB- 2 1IB-111B - - -
- + / Bt+
BB Bk+ / Bt Bk- BB- )
Bk- / Bt- BB+ | HB-IIC
BB- Bk+ / Bt+
I-IITA Bt/ Bir BB- ) Bk+ BB+ 3
+ - -
BB Bk- / Bt BB- Bt )
BB- any 1
I-11IB TIC-ITTA
BB+ any 2 BB+ Bt 3
Bk- Bt+
Bk+B]/3BH BkBl/gl_:‘st ! BB+ Bt+ 2
I-I1IC - —— TIC-TITB
Bkt B BB- Bt- 3
Bk-/ Bt- BB+ 2
BB+ Bk+ / Bt+ 1IC-1TIC - - -
The output of Conv.B is SC.
+ +i
Conv. A J_+ (L8 + The input of the configuration is SC.
Vin, Vo, = Viny Vou - Ve
]_ T calizable topology.
P — BE =] The output of Conv.B is negative
il and fixed to -Vj,.
u nv.B *

* Conv.B +J

+ "
v, Via %) Ving Vog

(a) (b)
Fig. 6. Two possible cases of electrical connections for investigating the
possible topologies in I-IIB configuration. (a) Case 1. (b) Case 2.
—T L + i p— 1
* Conv.B vd + Conv.A + . Conv. B VJ: + Conv.A .
Via ?/i..B Vn.i _lijim vm- =:|:| I3 Vi ?’ina Voy, T Viny Vo, =:e|.\,'
: 1 I I
(a) (b)
+ Conv.B + . 7+ Conv.A +J . + Conv.B +-Jvff¢ Conv. A +| .
Via Ving Voo = | Vin, Vo, ==4!1] Vo Va Ving Voo ‘= | Vin,  Vou ==4¢_w
4 L il i
I
(©) (d)
Fig. 7. Four cases of electrical connections for investigating the possible

topologies for IIC-IIB configuration. (a) Case 1. (b) Case 2. (c) Case 3. (d) Case 4.

configuration, the realizable topologies are Conv. A: Bk+ or
Bt+, Conv. B: BB+ and Conv. A: BB-, Conv. B: Bk- or Bt-.

C. Realizable Topologies for All Configurations

Comparing the realizable topologies of the R2P2 I-IIB
configuration, it can be concluded that Cases 1 and 2 are
complementary. This means that for every realizable topology
that belongs to Case 1, there is an equivalent realizable topology
belonging to Case 2 and consisted of the same individual A and

The output of the configuration is
negative and fixed to -V,.

The capacitor is SC.

The output of Conv.A is fixed to
+Vin (M=1).

Conv.A: Bk-/Bt- The output of the configuration is SC.

Conv.A: Bk+/Bt+
The output of the configuration is SC.

The output of Conv.A is negative
and fixed to -Vj,.

The output of Conv.A is SC.
The output of the configuration is

negative and fixed to -Vi,.

The output of Conv.B is fixed to
+Vin (Mp=1).

This is a realizable topology.

The input of the configuration is SC.

The output of Conv.B is SC.

Fig. 8. Decision tree for identifying the implementable non-isolated R2P2
I-1IB topologies, based on Case 1.

B converters, which however come from the opposite polarity
group than in Case 1. For example, the combination Bk-/BB-
is one of the I-IIB realizable topologies belonging to Case 1,
where both A and B converters belong to negative polarity
group. Then, the equivalent I-IIB Bk+/BB+ topology can be
formed, based on Case 2 and the same A, B converters that now
belong to the positive polarity group. Furthermore, because of
the duality of the electrical connections’ cases, the operational
characteristics of the topologies belonging to one case of
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electrical connections are the same with their complementary
counterparts.

After detailed investigation, we conclude that the same ap-
plies for all I-II and I-III configurations, i.e., their two cases
are complementary. As far as the II-III configurations are con-
cerned, Cases 2 and 3 are also complementary while Cases 1
and 4 do not result in realizable topologies at all. Therefore,
the derivation process can be shortened to one case of electrical
connections examination per configuration.

Moreover, regarding the configurations ITA-IIIA, IIB-IIIB,
and IIC-IIIC, it is noted that while transforming their power
flow graphs into equivalent circuits, they were found to be unim-
plementable for non-isolated topologies, since SC are created,
namely:

1) ITA-IITA: SC of input voltage or capacitor;

2) IIB-IIB: SC of output voltage or capacitor;

3) HC-LIC: SC of Converter B input or Converter A output.

Hence, despite the fact that generally 16 possible R2P2 con-
figurations are reported in the literature, in the case of non-
isolated topologies, 13 can produce realizable topologies.

To sum up, all the realizable non-isolated R2P2 topologies
(a total resulting number of 108 implementable topologies) are
presented in Table I, which can be used as a source for fur-
ther investigation of various topologies and evaluation of their
characteristics and behavior.

IV. ANALYTICAL VOLTAGE GAIN AND EFFICIENCY
CALCULATION OF R2P2 CONFIGURATIONS

To complete the analysis for each R2P2 non-isolated config-
uration, the overall step-up voltage ratio M and the efficiency 7
can be derived from the voltage ratios and efficiencies of the in-
dividual converters (M4, Mp, na, npg, respectively), if
we inspect carefully the power flow paths of each configuration,
depicted in Fig. 3. The resulting voltage ratio and efficiency
are valid for all the equivalent circuits belonging to one con-
figuration. In addition to this, these relations are also valid for
both continuous conduction mode (CCM) and discontinuous
conduction mode of converters, as proven in authors’ previ-
ous work [26]. However, since this paper is focused on high-
power applications, only CCM has been considered for this
work.

Configurations of I-II and I-III types employ only the k vari-
able, since one node is present in their power flow graphs, while
configurations of II-III type employ both k and m, since their
graphs include two nodes. Calculation of k& and m for all con-
figurations are presented in this paper. Two examples show an-
alytically the procedure of k, m, 1, and M calculation.

A. I-1IB Configuration

Observing Fig. 6, the overall voltage ratio M for I-1IB con-
figuration, denoted as Mj_11p, can be calculated as follows:

Vo Voa+Vos Voa  Von
Mims = 3= = = V. W
V. Vo
=24 4 208 Mg = Ma+ Mg, (1)
Mn,A VEn,B
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kel

3
NakPin

NakPin
kP,
~ - Conv.A +
— Vo
ns(1-k)Pi, \ ~
> Conv. B > >

Power flow paths for the I-1IB configuration.

Fig. 9.

Considering that the average value of capacitor current is zero
under steady-state conditions (/- = 0), we can also write
Io,A = IU,B = Io~ (2)
To calculate the efficiency of I-IIB configuration 7;_115, the
power flow paths are depicted in Fig. 9, showing how the input
power is split between A and B converters with a portion of k
and / — k accordingly.
So, based on Fig. 9, the following relations can be extracted:

o i o PO,A + PO,B o kRnnA (]- - k) -PinnB
e N N P,
=m-us = kna + (1 —k)np. (3)
Moreover, based on Figs. 9 and 6
P, 4 kPuna MaVinl,  kna
PO,B (1 - k) PinnB MB ‘/inIo (1 - k) nB
M
ko AN @

Mynp + Mpna

where I, ., P, ., and P, , are the output current, input and
output power of the individual converters with x = A, B denoting
them, while the same symbols without the subscript x refer to
the overall converter.

Substituting (4) into (3) yields in

P My + Mp 5)
fh-ns = ]Din - s MAnB + MB”A '

B. IIC-1IIB Configuration

Similarly, based on the circuit diagram of Case 2 (or Case 3)
of Fig. 7, the overall voltage ratio Mijc_iip for IIC-IIIB con-
figuration can be calculated as

VvoA V;)*‘/in ‘/()*V;n
My =——= =>Vo=—— 6
AT Vaa Ve ¢ My ©
Voob Vo4 Vo Vo
My = 2B _ — Myc_
’ ‘/in?B V;n ne s Vvin
(6) V, MsMp +1
C Miroqmp = 2 = AT 7
HC-MB = - M1 (N

Also, considering that Io =0, the following relations for the
currents of A and B as parts of the IIC-IIIB configuration can
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Fig. 10. Power flow paths for the IIC-IIIB configuration.
be written:
Io,B = Iin.A (8)
(8)
Io = IimA + Io,A = Io = [o,A + Io,B (9)

Iin = lin,B + IO,A (10)

where [, , is the input current of individual converters with
x = A, B denoting them, while the same symbol without the
subscript x refers to the overall converter input current.

In Fig. 10, it is shown how the power is split in each branch
of the power flow graph for the IIC-IIIB configuration.

Based on Fig. 10, the following relation for the efficiency of
[IC-IIIB configuration nr¢—111p can be extracted:

{k+ (1 =k)Ingm+nans (1 —m)]} P,

MIC—111B =

Bll

= nuc-mp =k+ (1 —k)[npm+nans (1 —m)]. (1)
The portion m can be easily obtained as follows:

Po‘B o nB (1 - k) ]Din @ ‘/OA,B _ 1

-Pin,A _nB (1_k)(1_m)-Pln VIn,A B 1-m

; My M, 1
6N = PaMB ¥R (12)
Mp (MA + 1)

Moreover, based on Figs. 7 and 10, it can be written
PO,A +-Pin,B = (1 _k) [UAﬁB (1_m)+1] Pin (13)

(10)
= VZ),AVvinIin = U,ARU = o,APin,B + ‘/EIIPU,A

(13)
= ‘/OAARn = (1 - k) [‘/innAnB (1 - m) + ‘/(L,A] P,

Vin
= k= v nanp (1 —k) (1 —m)
0,A
(6),(7)
=k nane (1 —k)(L—m). (14)

"~ Myc-ms — 1
So, substituting (7) and (12) into (14), the quantity k can be
extracted
L — 1ANB .
nans + MaMp
Relations (12) and (15) are substituted into (11), the efficiency
of IIC-IIIB is calculated as follows:
- P, e (Ma+na) (MaMp + 1).
(Ma +1) (MaMp +nans)

(15)

Rn (16)

8497

C. Overall Voltage Ratio and Efficiency for All R2P2
Non-Isolated Configurations

In a similar way, the voltage ratio and efficiency for all
R2P2 non-isolated topologies were calculated and tabulated in
Table II. Based on this table, one can estimate the voltage gain
and efficiency of the overall R2P2 converter, if the voltage gain
and efficiency values are available for the individual converters
A and B. This will be further illustrated and proven experimen-
tally in Section VL.

V. SELECTION OF A NON-ISOLATED R2P2 TOPOLOGY FOR
HiGH STEP-UP HIGH-POWER APPLICATIONS

Taking all the aforementioned analysis into account and ob-
serving carefully Tables I and II, it can be concluded that con-
figurations I-IIIC, ITA-IIIC, and IIB-IIIC (see Section II-A for
nomenclature) result always in voltage step-down topologies.
For I-IIIC configuration, this is proven from the relation of M.
For ITA-IIIC and IIB-IIIC configurations, Converter A can be
only Bk (M4 < 1), leading only to step-down topologies.

Furthermore, the configurations I-IIIA and I-IIIB result in
voltage gain M lower than My or Mp. This is obvious from
their relation of M. For IIC-IIIB configuration, Converter B
can be only Bt, which means that My > 1 and so the voltage
gain M of this configuration is lower than Mp. Moreover, the
configurations ITA-IIIB, IIB-IITA, and IIC-IIIA result generally
in relatively low M and because their possible configurations
include BB, the maximum M that can be achieved tends to be
Max — Mpp + 1. Therefore, all these six configurations are
not suitable for high step-up applications.

Hence, we conclude that I-ITA, I-IIB, and I-IIC have the
highest step-up voltage ratio among all. Since high-power ap-
plications are the aim of this paper, these three configurations
should be also compared in terms of efficiency.

Let us suppose that 7;_11g > Mr—11¢. According to Table II,
this means that

My + Mp
Mang + Mpna

MasMp +1
MaMp +nanp
= Mp (M3 —n4) (1—ng)

+ My (Mp —np) (1 —n4) > 0.
(17)

AT B > NANB

Taking into account that high voltage gain and high efficiency
are a prerequisite, M4 and M p are considered to be greater than
1. Therefore, the above inequality is valid, because M3 > 14
and M?, > np. So, the efficiency of I-1IB configuration is higher
than the efficiency of I-IIC configuration.

Let us suppose now that nmr_rig > mr_11a. According to
Table II, this means that

My + Mp > nan My +1
_MATVE o np—AT
Mynp + Mpna By + 14

= My (1 =np)+Mp (1 —n4)+na >ns5.

NANB

(18)

This inequality is valid because, generally, 74 and np have
quite similar values in reality. So, the efficiency of I-IIB con-
figuration is higher than the efficiency of I-IIA configuration.
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TABLE II
VOLTAGE RATIO AND EFFICIENCY FOR THE NON-ISOLATED R2P2 CONFIGURATIONS

Configuration k m Voltage ratio M Efficiency n
H ! - MMy Nang
M M, +1
I-1IA —_— - Mg(1+ M,)
My + 14 5(1+M, Ml 3
Mans M, + M,
I-IB —A - M+ M ATl ——A B
Mynp + Mgn, 4 i 478 Mymg + Mgn,
MaMg MMy + 1
I-1IC — - MMz +1 sz =
M Mg +nang ATE Malls MyMg + nnp
LIIIA My ) MaMp Mang + Mpna
M, + Mg M, + My M, + Mg
1 MM, M, +
I-11IB - A™'B s AT Na
M, +1 M, +1 M, +1
[-IIIC _ ) _MaMp MM + nans
MMy, + 1 MM, + 1 MM, + 1
ITA-IITA - _ _ R
TA-IIIB L M,(1 + M) Ma(1 + Mg) My +02) (Mg + 1)
15 + Mg My (1+ M,) M, +1 T M, + D)(M, + 1)
TA-ITIC L M,y(1 + Ms) Ma(1 + M) (MM + nan5) (Mg + 1)
ng + Mp MMz +1 MMy + 1 (M Mg + 1) (Mg + 1)
1IB-IITA My My — M, Mp(1+ M) 1a(Ms + 1)(M5 + n5)
Ma+ M My +1 My +1 My + 1) (M5 + 1)
1IB-1IIB - - _ R
1IB-IIIC _ Mans My + Mg My + Mg 1a(My + Mp) (Mg + 1)
Mynp + Mgn, Mp+1 Mg +1 (Mg + 1)(Manp + Mgn,)
TIC-TITA My M1 Mp(1+ M,) (Ma + 1)(Manp + Mpn,)
N+ M, M, + Mg M, + Mg (My + 1) (M, + Mp)
1IC-11B LU — MaMp +1 MaMp +1 15 (M + 1.2) (MM + 1)
MyMp +1anp Mg(1+ M) My +1 My + 1)(MyMg + nym5)
TIC-IIIC - _ _ R

Therefore, the highest efficiency is within I-IIB. Hence, I-1IB is
chosen in this paper for further investigation, since it exhibits a
good tradeoff between high step-up ratio and high efficiency and
so it is suitable for high-power high step-up ratio applications
that this work aims for.

The four implementable non-isolated topologies of I-IIB con-
figuration, namely Bk-/ BB-, Bt-/ BB-, BB+/ Bk+, and BB+/
Bt+ (see Table I), are depicted in Fig. 11. The topologies (a),
(c) and (b), (d) are equivalent as far as the functionality is con-
cerned. However, the topologies (a), (c) have lower M compared
to (b), (d), since they include Bk converter and M is the sum of
M4, Mp. Therefore, we choose the topologies (b), (d). In fact,
since capacitor C; does not affect the steady-state characteris-
tics of the converter, the two topologies (Bt-/ BB- and BB+/
Bt+) are equivalent. However, in Bt-/BB- topology, the voltage
stress in this capacitor is higher [V = (V, 4+ Vi,)/2] than in
BB+/Bt+ [Vo = (V, — Vin)/2]. Therefore, the topology I-IIB
BB+/Bt+, which is redesigned in Fig. 12 for simplicity reasons,
is chosen here as the most promising candidate for high-power
high step-up applications.

When the switches S;, S» are turned ON, the inductors L;, Ls
are charged in parallel from the dc source. The energy demand
from the load R, is covered by the output capacitor C,. When
the switches are turned OFF, the two inductors are connected in
series through the diodes Dy, Ds, releasing their energy to the
load and the output capacitor.

VI. EXPERIMENTAL RESULTS

A. Specifications and Design Guidelines of the
Experimental Prototype

To validate the presented theoretical analysis and above-
calculated relationships, as well as the functionality of the
chosen converter in high power, experimental results are
conducted in a prototype made in the laboratory. In order to
specify the design characteristics of the experimental prototype
for a high step-up high-power application, we consider a WHRS
with TEGs for a ship with a dc bus of 625 V [29]. The R2P2
[-1IB BB+/Bt+ converter is employed for the interconnection
of TEGs to the dc bus. Therefore, it is desired to evaluate its
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Fig. 11.  Four realizable non-isolated topologies for I-IIB configuration of
R2P2 family.
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Fig. 12. Non-Isolated R2P2 I-1IB BB+/Bt+ converter.

efficiency under various step-up voltage ratios, while keeping
the output voltage constant at V, = 625 V.

In addition to this, experimental results are conducted on the
individual converters BB and Bt as parts of the I-1IB BB+/Bt+
topology in order to investigate the percentage of the total power
that each converter is handling and so to validate the theoretical
analysis presented in Sections III and IV.

Hence, a 2-kW prototype of the R2P2 I-IIB BB+/Bt—+ dc/dc
converter, shown in Fig. 13, was designed and built with the
intention to operate in different input voltage levels. Special
attention was given to the design of the printed circuit, so as
to achieve low inductance layout, enabling fast switching with
minimal ringing. The converter is controlled with the micro-
controller TMS320F28335. The power analyzer LMG500 was
employed in the setup for accurate measurements.

For our application, the two inductors of the converter are cho-
sen to be of the same value for symmetrical functionality. Also,
to have a simple driver circuit, we consider that the switches are
fired simultaneously, with the same duty cycle d. Considering
that the two individual converters are operating in CCM and so
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Fig. 13.

2-kW prototype of the I-1IB BB+/Bt+ converter.

TABLE III
CALCULATION OF INDUCTORS VALUE FOR CCM OPERATION OF THE
CONVERTER UNDER VARIOUS VOLTAGE RATIOS

M Vin (V) d Luin (WH) Lecnosen (WH)
5 125 0.667 868.1 900
7 89.28 0.75 523.2 600
9 69.44 0.8 347.2 400
11 56.82 0.833 246.6 300
13 48.08 0.857 183.9 200

the overall I-IIB converter does, and based on (3), as well as the
ideal voltage ratios of BB and Bt, we can write

- v d 1 1+d
B Yoo Mp, — —
BB/Bt — e e R e Rl
M-IB g
BB/Bt
= d=—ifm— — (19)
BB/ Bt

For the experimental results, we set as common criterion that
the converter should operate at CCM from 10% of its nominal
power Py and above, for each overall voltage ratio M under
constant switching frequency f; = 50kHz. To assure the op-
eration of converter in CCM, the minimum needed inductors
value Iy min = Lo min = Lmin has been calculated, using the
following relation [30]:

V2d(1 —d)°
2Po|minfs

Therefore, considering constant the values of Py, =
10% Py = 10% - 2kW =200W and V, = 625V while M
changes, Vi, and so d must change accordingly. This dictates
different inductor value for each M, calculated in Table III, using
(19) and (20).

Lcposen are the inductors values used in the experimental pro-
totype. Since many different setups should be evaluated, com-
mercial inductor units of 100 pH (1140-101K-RC) are com-
bined in parallel and/or series to achieve the L, osen Values and
to meet the current ratings.

Ll,min = LZ,min = Lmin > (20)
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TABLE IV
CONVERTER COMPONENTS FOR EFFICIENCY EVALUATION

Component Type
51,8, SCH2080KEC, 1200 V, 40 A, 80 mQ
Dy, D, STPSC20065D, 650 V, 20 A
Ly, L, 1140-101K-RC, 100 uH, L:n=10.5 A, 1;,=20.6 A
Cy 50 uF
C, 280 uF

TABLE V
STEP-UP RATIOS AND VOLTAGE OUTPUT FOR INDIVIDUAL CONVERTERS

Vin =Vinps =

M d Mpgg Mg Vinse (V) Vope (V) Vope (V)
5 0.667 2 3 125 250 375

7 0.75 3 4 89.28 267.84 357.12
9 0.8 4 5 69.44 277.76 347.2
11 0.833 5 6 56.82 284.1 340.92
13 0.857 6 7 48.08 288.48 336.56

Efficiency of Buck-Boost-Various step-up voltage ratios
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Fig. 14.  Efficiency of BB converter under various step-up voltage ratios and
a high-power range.

The components chosen for the prototype are shown in
Table IV. The employed semiconductor devices are of SiC, so as
to achieve minimum switching losses and small heatsink. High
voltage-breakdown transistors were chosen for this prototype to
assure the safe operation of the converter, even in possible over-
voltages/spikes. This means that the prototype was built mainly
for demonstrating the functionality of an R2P2 converter and it
is not necessarily an optimal design.

Calculating the needed duty cycle for each desired step-up
voltage ratio of the overall converter (see Table III), it is possible
to determine the step-up voltage ratios of the individual convert-
ers as well as their output voltage, since Vi, = Vi, 4 = Viy B.
These calculations are shown in Table V for various step-up
voltage ratios of the R2P2 I-IIB BB+/Bt+ converter.

B. Experimental Evaluation of I-1IB BB+/Bt+
Converter Efficiency

Based on Table V, experimental results were conducted for
BB and Bt converters separately to evaluate their efficiency for
various step-up voltage ratios, as shown in Figs. 14 and 15,
respectively.
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Fig. 15.  Efficiency of Bt converter under various step-up voltage ratios and a
high power range.

TABLE VI
ESTIMATION OF I-1IB BB+/BT+ EFFICIENCY FROM INDIVIDUAL
CONVERTERS CHARACTERISTICS

Vin Poge  Pop: Mpp NBe Kcaic nZ
Mowy Me Me G W) R ) ) (%)
5 125 2 3 400 600 95.8 97.1 40.3 96.5
7 89.3 3 4 428.6 571.4 94.9 96.1 43.2 95.6
9 69.4 4 5 444.5 555.6 93.6 95 44.8 94.4

Hence, for a given step-up voltage ratio and output power
of the overall R2P2 converter and considering that I, = I, 4 =
1, B (4), it is possible to specify the output power of each one
of the incorporated converters on the R2P2 I-IIB BB+/Bt+
topology. This is further clarified in Table VI, where analytical
calculations are shown as example, for three different step-up
voltage ratios and for 1-kW total output power, namely output
current of 1.6 A. Knowing the efficiency and the voltage ratios
of the individual converters for the calculated power (see Figs.
14 and 15), we can apply (4) and (5) to calculate k and the effi-
ciency of I-IIB BB+/Bt+ topology, shown as k. and 715 in
Table VI, respectively.

It is worth noticing that the higher the overall step-up voltage
ratio, the bigger the k value becomes. This means that higher
percentage of the total input power is processed by the BB which
generally has lower efficiency than Bt (see Figs. 14 and 15). So,
it is expected that the efficiency of the R2P2 I-1IB BB+/Bt+
converter drops when step-up voltage ratio is increased.

Applying the same calculations for the whole range of output
power of [-IIB converter, it is possible to theoretically calculate
its efficiency from the individual converters’ characteristics. Ex-
perimental results for the efficiency of the overall I-1IB BB+/
Bt+ converter are presented in Fig. 16 along with their cal-
culated values for the three aforementioned step-up ratios for
comparison.

Itis obvious that the experimental and estimated values of the
efficiency of R2P2 I-IIB BB+/Bt+ converter are well matched,
which proves the validity of the aforementioned theoretical anal-
ysis and calculations. Furthermore, it is verified that the R2P2
I-1IB BB+/Bt+ converter can operate with high efficiency and
high voltage gain, in a high-power range, making it suitable for
high-power high step-up applications.

The gate—source and drain—source voltage waveforms of tran-
sistor S; and current waveform of inductor L; are shown in
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Efficiency of I-IIB BB/Bt-Various step-up voltage ratios
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Fig. 16.  Efficiency of the R2P2 I-IIB BB+/Bt+ converter under various step-
up voltage ratios and a high-power range.
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Fig. 17. Transistors voltage and inductors current waveforms of the R2P2

I-1IB BB+/Bt+ converter for (a) M = 5 and P, = 600 W, (b) M = 5 and P, =
2000 W, (¢) M = 9 and P, = 1400 W, and (d) M = 13 and P, = 800 W.

Fig. 17 for different step-up voltage ratios (5, 9, and 13) and
various output power levels. It is proven that the converter op-
erates well, due to the improved layout design, even in such
high step-up ratio, high power and high duty cycle [d = 0.863
in Fig. 17(d)]. Also, it is confirmed that the converter operates
in CCM region for all cases.

VII. CONCLUSION

In this paper, a systematic investigation for non-isolated
topologies of the R2P2 family of converters was conducted
to identify all the realizable non-isolated topologies and to find
a suitable one for high voltage gain high-power applications.
Moreover, relations for the voltage ratio and efficiency for ev-
ery configuration were also extracted. Analytical examples clar-
ified each step of this study. The analysis showed that 13 out
of 16 R2P2 configurations can produce implementable non-
isolated topologies. Also, three out of them result in voltage
step-down topologies, while other six configurations produce
step-up topologies but with low voltage gain. Among the re-
maining R2P2 configurations, the topology I-1IB BB+/Bt+ was
selected, because it exhibits a good combination of high step-up
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ratio and high efficiency for high-power applications. Experi-
ments conducted in a 2-kW prototype proved its high efficiency
for various step-up ratios and in a high-power range, and so its
suitability for high-power applications, such as WHRSs. What is
more, the theoretical analysis and calculation of the efficiency of
the overall converter was validated through experimental results
conducted separately on its individual converters.
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