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Investigation of a Non-isolated Reduced Redundant
Power Processing DC/DC Converter for High-Power
High Step-Up Applications

Charoula G. Zogogianni

Abstract—In this paper, a nonisolated high step-up dc/dc
converter, belonging to the family of reduced redundant power
processing converters (R2P2), is investigated for high-power appli-
cations. The selection of this topology as the most suitable for such
applications among those belonging to the R2P2 family is justified.
Emphasis is given on the theoretical analysis of the real step-up
voltage ratio of the converter, and voltage and current stresses un-
der continuous and discontinuous conduction modes of operation,
taking into account the nonideality of the topology components,
namely the parasitic resistances of semiconductor devices and in-
ductors and the voltage drop of diodes. The theoretical analysis
and the behavior of the selected converter are experimentally val-
idated through a 2 kW prototype. Moreover, the overall efficiency
of the chosen converter is experimentally investigated for various
step-up voltage ratios and for a high-power range, considering a
waste heat recovery system for a maritime application.

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

1. INTRODUCTION

N RECENT years, dc/dc converters have gained increased
I popularity, since they are employed in various applications,
such as industrial applications, automotive industry, electric
vehicles, renewable energy systems, etc., [1]-[4]. Particularly,
systems that include renewable sources (photovoltaics, wind tur-
bines, etc.), as well as fuel cells and thermoelectric generators
(TEGsS), require converters with wide voltage conversion ratios,
high power density and improved efficiency. To satisfy these re-
quirements, several voltage step-up dc/dc converters have been
proposed in literature [5]-[12].
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The traditional basic high step-up nonisolated dc/dc convert-
ers [boost (Bt) and buck—boost (BB)] need high duty ratios
to achieve high voltage conversion gain, resulting in high stress
on switching devices. Cascaded interconnection of them has
been proposed for a higher step-up voltage gain [13], [14].
However, the efficiency drops dramatically, because of their
series connection.

Generally speaking, transformer-based converters can
achieve large voltage gains and high efficiency for high power
applications [15]-[22]. For example, the following instances
are presented:

1) in [15], efficiencies of 96.8%—97.9% were achieved with

a current-fed full-bridge converter having a carefully
designed transformer and operating at 1.5 kW output
power, 400 V constant output voltage and 30-50 V input
voltage;

2) in [19], a current-fed resonant push-pull converter was
presented with efficiencies of 93.3%-93.6% for 1 kW
output power, 350 V output voltage and 30-70 V input
voltage.

It is worth noting that for such applications, most of the
topologies proposed in literature are current-fed push—pull, half-
bridge or full-bridge topologies, since their voltage-fed counter-
parts suffer from well-known problems, namely higher leakage
inductance and parasitic capacitance [15] due to the high trans-
former turns-ratio that is needed for a high voltage gain appli-
cation, since these topologies are buck (Bk)-derived [23]. The
aforementioned parasitic components cause voltage and current
spikes on the power devices and result in higher switching losses.
Thus, the efficiency and the reliability of the voltage-fed topolo-
gies are reduced [24]. Additionally, voltage-fed topologies ex-
perience also flux-imbalance problems leading to transformer
saturation [25], [26].

Despite the fact that current-fed topologies seem efficient for
high voltage gain and high-power applications, they experience
also several disadvantages. A large number of semiconductor
devices (e.g., full-bridge includes eight semiconductor devices)
leads to high cost, increased design and control complexity as
well as lower reliability. To these, contribute also the additional
passive or active snubbers and/or clamping circuits employed
to mitigate current/voltage spikes created by the leakage in-
ductance of the transformer. What is more, careful design of
the transformer (usually hand made) should be conducted to
maximize the coupling factor [16].

See http://www.ieee.org/publications_standards/publications/rights/index.html tor more intormation.
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Taking all the aforementioned facts into account, our study is
focused on the nonisolated reduced redundant power processing
(R2P2) topologies that offer simpler design and so higher relia-
bility. The basic idea of this family of converters is to produce
noncascaded configurations, employing a three-port network
(input port, output port, and energy storage element) and ele-
mentary converters (e.g., Bk, Bt, BB, Flyback, etc.), that can lead
to high step-up voltage ratios avoiding the double power pro-
cessing. Hence, all R2P2 configurations have better efficiency
than the cascaded one (referred as Configuration I-I in litera-
ture) and this is proven both theoretically and experimentally
in [27], [28]. Thus, this family seems promising for high-power
and high voltage gain applications, and it is chosen here for
further investigation.

Initially, R2P2 converters were presented and reported for
power factor correction (PFC) applications [27]-[32]. In ac/dc
applications, the energy storage element is required for power
balancing due to the difference between the instantaneous ac in-
put power and dc output power. In [27]-[29] the general concept
of R2P2 is analyzed, while in [30]-[34] specific applications
of R2P2 PFC are presented, employing different combinations
of elementary converters. For example, the R2P2 I-IIIB con-
figuration is employed both in [33], including a single-ended
primary-inductor converter (SEPIC) and a BB converter for LED
applications, as well as in [34], consisting of a three-phase recti-
fier and a BB converter. Most of the papers related to this subject,
present isolated topologies based on the R2P2 principle. How-
ever, the experimental results are of some hundreds of watts or,
in some cases, up to 1 kW [31], [32], with efficiencies of up to
90%, emphasizing mostly the functionality of the converter and
the total harmonic distortion of the input current.

Nevertheless, this family of converters can be also employed
towards the development of new topologies of dc/dc converters
for high step-up applications [35]-[37]. In dc/dc applications,
the energy storage element, e.g., capacitor in R2P2 concept, does
not serve for power balancing between the input and output of
the converter, but it is acting as a buffer for the instantaneous
power balancing between the two internal elementary converters
A and B. Therefore, the R2P2 concept can be applied in dc/dc
applications in order to avoid redundant power processing and
so increase the overall efficiency.

Palomo and Morales were the first to employ the R2P2 prin-
ciple to produce single-input single-output (SISO) dc/dc con-
verters [35], focusing on topologies that can be transformed in
single-switch equivalent topologies. Nevertheless, the experi-
ments were up to 100 W and the step-up voltage ratio up to 7.
In addition to this, in [38] it is proven that single-switch R2P2
topologies are not necessarily more efficient, since the con-
duction losses in the switch are increased dramatically, lead-
ing to efficiency degradation. In [36], the R2P2 principle and
the appropriate power flow graphs are employed to synthesize
double-input single-output converters, so the three-port network
consists of two input sources and load instead of input port, en-
ergy storage element and output port that is employed for SISO
converters. This modified network produces different possible
configurations compared to SISO ones, dedicated for applica-
tions with two different types of renewable energy sources. Their
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systematic study is out of the scope of the work presented in
this paper.

In this paper, a nonisolated SISO R2P2 topology, namely
I-1IB BB/Bt, is selected as the most suitable among the R2P2
converters, comparing their voltage gain and efficiencies, to be
employed as a highly efficient high step-up dc/dc converter for
high-power applications (up to 2 kW). Since the chosen con-
verter is desired to operate at high power, emphasis is given in
the analysis of converter, taking into account the nonidealities of
the topology components in all operational modes, namely con-
tinuous and discontinuous conduction mode (CCM and DCM,
respectively) in order to estimate their effect on the real step-up
voltage ratio and the stresses in semiconductor devices. Experi-
ments are conducted employing a prototype designed to handle
a power up to 2 kW to prove the high efficiency of the converter,
operating at high power and with high step-up voltage ratio, as
well as to validate the theoretical analysis. To increase further
the efficiency of the proposed converter, silicon carbide (SiC)
semiconductor devices are employed.

This paper is organized as follows. In Section II, an anal-
ysis of the R2P2 family for nonisolated SISO configurations
is presented and the choice of the converter under investiga-
tion is justified. In Section III, the operation, as well as the
analysis of voltage gain and voltage and current stresses of the
proposed step-up converter, is presented, considering ideal ele-
ments. Analysis of the voltage gain and stresses of the converter,
considering nonideal components, is presented in Section IV,
for both operational modes, namely CCM and DCM. Experi-
mental results are shown and compared with theoretical ones
in Section V to prove the validity of the analysis and to show
the high efficiency of the converter. Finally, conclusions are
discussed in Section VI.

II. SELECTION OF A NON-ISOLATED R2P2 CONVERTER

Each SISO R2P2 configuration consists of a three-port net-
work, namely input port, output port, and energy storage ele-
ment, e.g., capacitor, and two basic converters A and B, placed
in different power flow paths, as shown in [27], [39]. For a com-
plete overview and easy comparison, the voltage gain M and the
efficiency 1 were calculated and tabulated in Table I, for each
of the 16 nonisolated R2P2 configurations, as a function of the
voltage ratios and efficiencies of the individual basic converters
(My,Mp,n4, and np, respectively). Due to cumbersome cal-
culations, we don’t include further details on these calculations,
as this is not the scope of this paper.

First, the configurations ITA-IIIA, IIB-1IIB, IIC-IIIC cannot
be implemented in reality for nonisolated topologies because
short circuits (SC) are created, specifically,

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

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

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

Therefore, despite the fact that 16 possible R2P2 configura-
tions are reported in literature, in the case of nonisolated SISO
topologies, 13 can be implemented in reality and so, the effi-
ciency and the voltage gain for the rest three configurations are
not shown in Table I.
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TABLE I
VOLTAGE GAIN AND EFFICIENCY FOR THE 16 NON-ISOLATED R2P2 CONFIGURATIONS
Configuration Voltage ratio M Efficiency 7 Configuration Voltage ratio M Efficiency
M,(1 + Mp) (My +n2)(Mp + 1)
L1 MMy Nalls A-ITIB T M g+ 1My + )
M, +1 M, (1 + Mg) (MsMp + nanp)(Mp + 1)
-IIA My(1 + M,) MaMs 3 HA-IIIC T LM+ DM, + 1)
M, + Mp Mg (1 + M,) na(My + 1)(Mp + 1)
B s+ My Malte Mg + Mpn, HB-HA Mz +1 (Mg +1,)(Mp +1)
LIIC MMy +1 MaMp +1 TIB-INIB
- 'aMp NaNs MMy + a5 -
M, Mg Mynp + Mpn, M, + Mg Na(My + Mg)(Mp + 1p)
-ITA e TIB-ITIC
My + Mg M, + Mp Mp +1 (Mg + 1)(Manp + Mgn,)
M,Mp My + 1, Mp(1+ M,) (M + 1) (Mynp + Mgn,)
B My +1 75 M, +1 HC-ITA M, + My My + 1) (M, + Mp)
M, Mg MyMp + 1405 MyMp +1 N5 (Ma +14)(MyMp + 1)
e M Mg + 1 MMy + 1 HIC-HB My+1 (My + 1) (MyMg + 1415)
TA-TTTA - - TIC-ITC
Observing carefully Table I, it is concluded that configu- Conv. A: Buck Cone. A: Boost
rations I-IIIC, ITA-IIIC, and IIB-IIIC result always in voltage S o ) r“j
. . . + L + + +
step-down topologies, considering Bk, Bt or BB as possible Vi @) Vou VB vou
topologies for individual converters A and B. Moreover, the >
configurations I[-1IIA, I-IIIB, and IIC-IIIB result in voltage gain Cour B B ol
M lower than M4 or Mp and the configurations IIA-IIIB, IIB- — . v. e
IITA, and IIC-IITA result generally in low M. Therefore, these Vinm Sy Nvon Vingy éLX\,
six configurations are not suitable for high step-up applications. - - -
Hence, we conclude that I-ITA, I-1IB, and I-IIC have the highest @ )
voltage gain among all. From these three configurations though,
I-1IB has the highest efficiency (see Appendix), so this is chosen . Sonv. A; Buck-Boost.
in the present paper for further investigation. +va..m,L'“‘ : Ving :
Considering the basic nonisolated dc/dc converters Bk, Bt, ) G\%"“ D B (S_S) D J\
and BB as potential candidates for A and/or B and employing = =
them for the I-IIB configuration, we conclude that there are Conv. B: Buck Conv. B: Buost
only four possible nonisolated topologies, namely (a) Bk/BB, Ve * Du Yo o
(b) Bt/BB, (c) BB/BK, and (d) BB/Bt, as shown in Fig. 1. V"'“: Son Yi"r”z'm r%v(._“.
The topologies (a), (c) and (b), (d), respectively, are equivalent LS e
as far as the functionality is concerned. However, the topologies © @
(a), (c) result in lower M compared to (b), (d), since a Bk con- Fig. 1.  Four possible non-isolated topologies for R2P2 I-1IB configuration.

verter is included, and M is derived from the sum of M4 and
Mp . Therefore, topologies (a) and (c) are not suitable for high
step-up applications.

Despite the fact that topologies (b), (d) are equivalent, in
Bt/BB case, the voltage stress of the capacitor Vi is bigger
(Ve = Vo + Vi) compared to BB/Bt case (Vo = Vo — Vi),
where Vi, and V) are the input and output voltages of the
overall converter, respectively. Therefore, the topology R2P2
[-1IB BB/Bt is chosen to be further analyzed.

III. R2P2 I-1IB BB/Bt CONVERTER ANALYSIS
CONSIDERING IDEAL ELEMENTS

The R2P2 I-IIB BB/Bt converter topology is redesigned in
Fig. 2 for simplicity reasons. This converter seems to be some-
what similar to this presented in [40]. However, in reality, the
absence of C; and Ds in the proposed topology in [40] causes

oscillations and overvoltages [41], making it unsuitable for high-
power applications.

For our analysis, the two inductors are of the same value for
symmetrical functionality. Also, to have a simple driver circuit,
we consider that the switches are turned ON simultaneously, with
the same duty cycle.

When the switches S7, S5 are turned ON, the inductors L1, Lo
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 D, D-, releasing their energy to the
load and the output capacitor.

Considering whether the inductors current is decreased to zero
for a time interval or not, two operating modes can be defined:
CCM and DCM for both inductors simultaneously, since during
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Fig. 2. R2P2 I-1IB BB/Bt converter under investigation.

TABLE 11
VOLTAGE STRESSES OF R2P2 I-1IB BB/Bt CONVERTER
UNDER IDEAL CONDITIONS IN CCM AND DCM

Voltage Transistors ON Transistors OFF  Transistors OFF
stresses  CCM & DCM (I, #0) (I,=0)
CCM & DCM DCM only
VDS 0 (Vin+Vo)/ 2 Vin
VL Vin (Vin'Va)/ 2 0
Vb (Vint15)/2 0 Vin-Vo)/12

OFF time they are connected in series through the diodes and
they are forced to operate in the same mode. For the analysis
that follows, it is considered that inductors are of the same value
(L1 = Ly = L) and both switches and diodes are identical to
each other.

For a complete overview of the converter functionality, the
voltage stresses on the transistors Vpg, = Vpg, = Vpg, induc-
tors Vi, = V1, =V, and the output diodes Vp, = Vp, = Vp
are shown in Table II for CCM and DCM under ideal condi-
tions. The output voltage V,, can be expressed as Vi, Vl\(;g‘oCﬂCM

(ideal) (ideal) (ideal)
or Vi, V O‘DCM where VNO‘CCM and VNO|DCM is the ideal

step-up voltage ratio of the converter in CCM and DCM
accordingly.

Moreover, waveforms of the voltages and currents of the
converter elements are depicted in Fig. 3(a) and (b) for CCM
and DCM, respectively.

The analysis of the converter operation will be first performed
considering ideal elements. Since voltage of capacitor C is
constant (Vo = Vp — Vi), the capacitor does not affect the
steady-state characteristics of the converter and according to
authors’ previous work [41], the following step-up voltage ratios
Vxo canbe achieved, depending on which mode, CCM or DCM,
the converter is operating:

(idead) _ Vo . _d 1
VNO\CCM_E_M_MA—"_MB =14t 1-4
= Violoon = —— (1)
(ideal)
VNO\DCM 7 @

where d is the duty cycle, I, is the output current, R, =V, /1,
is the output load, and f; is the switching frequency.
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Fig. 3. Voltage and current waveforms of the converter operating in (a) CCM

and (b) DCM. From top to bottom: pulses, voltage and current of L, voltage
and current of Sp, pulses, voltage and current of D1, input current.

Also, for DCM, the output boundary current [, is expressed
as an equation of the maximum value of the inductors current
I L,max

V,d(1 —d)*
2(1+d)Lf,

The normalized output current of the converter is defined
as the ratio between I, and the maximum value of the output
boundary current I,jmax and is denoted as Ino,, or INO,i>
whether V, or V, is considered constant accordingly.

IL,max ‘/;nd(l B d)
Iob = ) (1 - d) = 2Lf =

5 3

1, I,
Inoo = = v, = -
e Iob|max 0.0567- ‘/:)/(f9 L) cons ( )
1, I,
fvos = - , Vin = const. (5)
NO, Iob|maX Vin/(8-f5~L)

Taking (5) into account, the step-up voltage ratio for DCM,
while V4, is constant, can be written as follows:

plidea Vo d* + (Ixo.i/8)

NOIDCM ™ V' T T (Ing .1 /8) ©
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TABLE III
CURRENT STRESSES OF R2P2 I-1IB BB/Bt CONVERTER

Current

CCM DCM
stresses
2 2
Isw,rms ‘/'-_"JE N ( lo ) + l(‘/l"d) g N I/lnd
2 1-d 12\ Lf; 3 Lf;
I Vind

I ° S (d+d

Lavg T 2p @+ )
ID,avg 10 [0

[y
7]

14 -
13 -
12
11
10 -
8
> 91
~
> ]
7 4
I
QS 69
7z
> 5
4 4
3 4
2 4
1 4
0
00 01 02 03 04 05 06 07 08 09 10 11 12 13
Ino;
Fig. 4. Theoretical characteristic curves Vxo = f(Ino ;) for the converter

with d as parameter, while Vj,, is constant.

Moreover, when the converter operates in DCM with constant
V,, duty cycle can be calculated as follows:

2

2
0.0567 - Ino,o - | | —ger— — L
VNojpeu

1
a=3 1. @

Moreover, the current stresses, namely the rms current in
transistors I, rms, the average current in inductors Iy, .., and
diodes Ip v, are presented in Table III for CCM and DCM. The
quantity d; denotes the duration that diode conducts in DCM
and is equal to

(ideal)
g — 2V,Lf,  2Vxopow ~ Lfs ®)
TR Vid R,d '

The output characteristic curves of the converter are pre-
sented in Fig. 4, based on (1), (6). It can be noticed that for a
specific voltage gain, smaller duty cycle is needed for this con-
verter, compared to the classical Bt one. In other words, with
the same duty cycle for both converters, bigger voltage gain can
be achieved with this converter, rather than with the traditional
Bt. Moreover, the dependency of the duty cycle from Ino , in
both CCM and DCM for different values of Vxg, is shown
in Fig. 5.
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Vao=12,33

Duty cycle (d)
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o
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N

Fig.5. Theoretical characteristic curves d = f(Ixo ) for the converter with
Vxo as parameter, while V,, is constant.

<

Fig. 6.  Equivalent circuit of the converter for analysis with nonideal elements.

IV. R2P2 I-1IB BB/Bt CONVERTER ANALYSIS
CONSIDERING NONIDEAL ELEMENTS

A. Continuous Conduction Mode

The effect of nonideal components on the step-up voltage
ratio in CCM will be analyzed in this section. The equivalent
circuit model of the step-up converter with parasitic elements is
depicted in Fig. 6. Parasitic resistances of switches Rpg, and
inductors Ry are taken into account, as well as diodes forward
voltages Vp, and resistances RRp,, with © = 1, 2 denoting the
different elements of the converter. Due to the symmetrical na-
ture of the circuit, it is assumed that Rps, = Rps, = Rps, on,
RL1 = RL2 = RL, RDl = RD2 = RD7 and VFL = VF2 = VF.

The equivalent circuits when the transistors are ON and OFF
are shown in Fig. 7. The capacitor C does not affect the steady
state characteristics of the converter, so it is omitted from this
analysis.

Because of the parasitic resistances of the converter elements,
the currents flowing through these elements will not have tri-
angular shape (such as in Fig. 3), but exponential, depending
on the R-L circuits shown in Fig. 6. However, since in reality
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Fig. 7. Equivalent circuit of the converter when transistors are (a) ON (first

state) and (b) OFF (second state).

the parasitic resistances are of small value, linear approximation

has been assumed in order to calculate converter currents.
Based on the circuits presented in Fig. 7, the voltage across in-

ductor L, for the first and second state (u(LOl_dT'*) and u(LdIT 1) ,

respectively) can be written accordingly as follows:

a0 = Vi — i, (8) - (R + Rps.on) ©)

LT T Vin —ip (t) - (2Rp +2Ry) — (V, +2Vp)
Ly - 9

(10)

where the switch and diode currents are denoted as 4, and ip,
respectively, and Ty = 1/ f; is the switching period.

Since steady-state is assumed, volt-second balance for induc-
tor L; can be applied as follows:

1 s o—ar T ar-r
= U up)” ”)dt+/ uf' ")dt} =0. (11
s 0 dT

Substituting (9) and (10) in (11), it is obtained as follows:

Mn - (‘/;J +2VF)
2

‘/in -d — (RL + RDS,on) . Isu‘.avg +

-(1 —d) — (RD +RL)'ID_,an =0.

In order to calculate the voltage ratio M, (12) dictates the
evaluation of the average value of the switch and diode currents,
Isy ave and Ip 4y, , respectively. Therefore, taking into account
the waveforms of the currents in Fig. 3 and above-mentioned
assumptions, it can be written

12)

CCM + ICCM

L, min L,max
Isw,avg = d (13)
2
JECM + JECM
~ T L,min L,max
Ip ave = 5 (1—=d) (14)
where [ E%}\fn and Eg}\a{x are the minimum and maximum value

of inductor current, respectively, in CCM. Moreover
Vo

R,’

since the average value of the current flowing through the output

capacitor C,, is zero because of the steady-state consideration.
Consequently

ID,avg =1, = (15)

ICCM +ICCM ~

L,min L,max —

(16)
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TABLE IV
OPERATING CONDITIONS OF THE PROTOTYPE OF THE CONVERTER FOR CCM
Vin (V) R, (Q) L,=L, (mH) fs (kHz)
50 150 1 50
TABLE V
PARASITIC ELEMENTS OF THE PROTOTYPE OF THE CONVERTER
Rps,on (£2) Rp () Ve (V) R, (Q)
0,16 0,3 1,5 0,25

Substituting (15), (16) in (12) and after some mathematical
manipulations, (17) is extracted, where the real voltage ratio
between output and input voltage of the converter operating in

CCM is denoted as Vl\(IrC()TCl)C o
V(real) _ VfO _ 1+ d _ 2VF(1 — d)
NO|CCM ‘/;n 1—d ‘/in(l + d)

1

2(Rp+Ry)
1+ R()D(lde) +

Qd(RDS.(xl\+RL) (17)

Ro (1-d)?

Taking into account (1), the relation (17) can be rewritten
into (18), with the intention to emphasize the effect of parasitic
elements on the ideal voltage ratio

(real) _ y(ideal) 2VvF(l — d)
VNO\CCM - VNO\CCM' {1 B Mn(l er)
1
2R 2dRps . on 2R
1+ R()(l{d) + Ro (1—-d)* + Ro(lfd)‘z

(18)

In order to clearly show the effect of each parasitic element
on the voltage gain, different graphs are presented hereafter,
varying each one of the parasitic elements, while eliminating
the others (zero value). All the following graphs are produced,
assuming that the converter is operating under the conditions
and values shown in Tables IV and V. These values are the real
values of the converter prototype, which will be presented in
Section V, and are used for the following graphs, in order to
have a real evaluation of the converter behavior.

The effect on Vo as a function of duty cycle d for differ-
ent values of parameter Rps ., is presented in Fig. 8. It is
obvious that the difference between ideal and real voltage ra-
tio becomes significant after d = 0, 7. This is expected, since
after d = 0.7, the conduction time of transistors becomes high
enough and therefore conduction losses play an important role.
It can be noticed that the bigger the Rpg .., the bigger the rel-
ative difference between the ideal and real step-up voltage ratio
is. For example, if Rps o, is three times its nominal value, while
d = 0.75, the loss in voltage gain is up to 7.1%. This must be
taken into account, while designing the converter and integrate
it in a system. For instance, knowing the real step-up voltage
ratio of the converter, the designer is able to predict how many
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TEGs (or other renewable sources) must be connected in series
in order to achieve required values of the output voltage.

In Fig. 9, the voltage gain as a function of Rps ,, for several
duty cycles is presented. It is obvious that the voltage gain is
significantly affected, particularly for high duty ratios. Dou-
bling the Rps,, value, e.g., from 1 to 2 p.u., will almost
double the percentage loss, if the converter is operating with
d=10..

In a similar way, diagrams for all other parasitic elements can
be obtained. Figs. 10 and 11 show the effect of R; variation
on the voltage gain, while the effect of Rp and Vp are shown
in Fig. 12(a) and (b), respectively. It is worth noticing that the
diodes resistance and their voltage drop don’t have significant
effect in voltage gain loss, compared to the effects of Rpg on
and Ry . The voltage gain is the most sensitive to the change
of Ry, and then to Rpg ,y. This is logical, since the resistance
of the inductors is present during the whole period of converter
operation and also because its value is bigger than this of the
transistor. Doubling the R; value, e.g., from 1 to 2 p.u., will
almost double the percentage loss, if the converter is operating
with d = 0.8, like with the case of Rps o, but the percentage
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loss is bigger in value (as shown in Fig. 11) compared with the
case of Rps on-

Comparing the previous results, one can conclude that to
achieve high voltage gain, the most important is to choose in-
ductors and transistors with as low resistance as possible, while
designing the converter. For low Rpg ., and Ry, the tempera-
ture of the components must be also kept low. For the transistors,
this can be achieved either with huge heatsinks or by using new
semiconductor devices, like SiC, gallium nitride, etc. For this
reason, in this paper, the transistors for the experimental proto-
type were chosen to be SiC MOSFETS.

B. Discontinuous Conduction Mode

Using the same equivalent circuits shown in Fig. 7, analysis
of the voltage gain can be conducted, taking into account the
nonideality of the converter elements, while operating in DCM.
The difference here is that the time interval that diodes are con-
ducting is not anymore (1 — d)T}, but d; T. This time interval
needs to be defined by the circuit equations, making the analysis
more complicated and the equations more complex compared
to CCM.
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So, applying the volt-second balance to L; and using (9) and
(10) for d; T, it can be deduced as follows:

V- d = (Ry + Ros on) - s + 2
—(Rp + Rr) - Ipavg =0 (19)
where
Vi = Vi — (Vo +2Vp). (20)

Again, in order to calculate the voltage gain, it is necessary to
evaluate the average values of the transistor and diode currents,
Isy,ave and Ip ., respectively, as well as the quantity d;.
Therefore, it can be written as follows:

DCl\‘rI Y
Lupavg & 0% -d = TP & =088 (1)
DCM
~ ~L,max -~ 21,
ID avg & ; dy =1, = dy IDT;I (22)
L,max
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TABLE VI
OPERATING CONDITIONS OF THE PROTOTYPE OF THE
CONVERTER FOR DCM

Vin V) | R, ()
50 150

L,=L, (mH) fs (kHz)
0,05 20

I iax 18 the maximum value of inductor currentin DCM
(the minimum value IPSY is of course zero). Furthermore, for
the time interval 0 — dT, using (9), it can be deduced as

follows:

where [P¢M

1 dT L Ir max
e ‘/in - Z.Sl t)- RL + RDS.on dt = 7/ di
| (t)- ol = |

DCM
L,max*

= V;n -d— (RL + RDS,on) ' Isw.avg = Lfs :
(23)

Substituting (21) to (23), I ave can be calculated as follows:

‘/in : d2
Lo ave = . 24
sae 2Lfs +d(RL +RDS,0n) ( )
So, it can be concluded that
dy = L 2Lfs+d(R, + R )] (25)
1 = Ro } Vin d s L DS.,on /]| -

Substituting (15) and (24) in (19), a 2-degree polynomial of
W~ o is formed, where only the positive solution can be accepted,
as presented the following:

(real) 1 2d(Rr + Rp) 2Vp
VN(()TDCM D) {1 +A = f - Vi (26)
where
2 2
k:\/lﬁLfS?Rod +[1_2d(RL +RD)_2VF] o
P p Vi
pP= 2Lfs + d(RL + RDS,on) . (28)

It can be easily observed that the equation of the voltage gain
for DCM is more complex than this for CCM [see (18)].

In order to evaluate the effect of nonideal elements on the volt-
age ratio of DCM, different graphs are presented here, assuming
that the converter is operating under the conditions described in
Table VI. Note that now the inductor is 20 times smaller than
the one used in CCM (see Table IV), so its resistance R, is also
assumed to be 20 times smaller (R, = 0,25/20). This value
was on purpose selected to assure that the converter is operating
in DCM under the whole range of the duty cycle. The other
parasitic elements are the same with those presented in Table V.

Similar graphs like those presented in CCM, can be obtained
here by varying one parameter, while eliminating the others.
Figs. 13 and 14 show the effect of pg ,, on the voltage gain.
Because R, is very small, now the dominant role for the effect
on the voltage gain plays the resistance Rpg on. This is proven
through Fig. 15, where one can notice the smaller effect of R,
on the voltage gain.
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C. Voltage and Current Stresses Under Nonideal Conditions

The voltage stresses

under nonideal conditions, when the con-

verter is operating in CCM or DCM, are presented in Table VII,

calculated with the us

e of the equivalent circuits presented in

Fig. 7. As far as the current stresses is concerned, we consider

these presented in Tabl
adopted.

e II1, since linear approximation has been

Practically, the equations describing the voltage stresses in
DCM are the same with these in CCM (see Table VII), since
the same equivalent circuits (see Fig. 7) are employed. However,
the equations describing the voltage gain [see (18) and (26)] and
extrema of inductor current [see (29)—(31)] in CCM and DCM
differ, resulting in different values in voltage stresses.

The extrema of inductor current in CCM and DCM can be
easily calculated as follows:

CCM

L,max

= Vin

(real)
VNO\CCM

R, (1 _d)

d
2Lfs

(29)
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TABLE VII

VOLTAGE STRESSES OF R2P2 I-1IB BB/Bt CONVERTER
UNDER NON-IDEAL CONDITIONS IN CCM AND DCM

Voltage stress CCM DCM

Vin (real) Vin (real)

3 Vvoicem + 1) P (VN0|DCM + 1)
Vs ccM peM

+RDIL,max + VF +RD1L,max + I/F
Vin (real) Vin (real)

- 7 (VN:)e\‘Ll‘CM - 1) - 7 (VNzi%CM - 1)

15
(R, + Rp)I{max = Ve | —(Ru+ Ro)l i = Ve
Vin (real)

_7 (VNO\CCM + 1) Vin V(real) 1

Vp _7( woipem T )
+R 1eem
DS,on'Lmin
(real)
JeCM s VNolceu _d (30)
L min — Yin
,In1n Rg (1 _ d) 2Lfg
DCM __ ‘/ind (31)
L max —
max ‘[/f'g
: DCM ;
while I} [ is equal to zero.

Observing Table VII, it is clear that the real voltage gain
Vno is playing the protagonist role in the effect on the volt-
age stresses. This means that the diagrams showing the relative
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Fig. 16. Relative difference of the ideal and real voltage stress on switch for
different duty cycles a) in CCM as a function of Ry, and b) in DCM as a function
of Bps on-

difference of the ideal and real voltage stresses, while varying
each one of the parasitic elements, are very similar to those pre-
sented for the relative difference of the ideal and real voltage
gain in CCM (see Figs. 9, 11, and 12) and DCM (see Figs. 14
and 15). To further illustrate this, the relative difference of the
ideal and real voltage stress on the switch is depicted in Fig. 16
as an example, while the converter is operating in CCM and
DCM. The parasitic elements Ry and Rpg ., are considered
for this example as variables in CCM [see Fig. 16(a)] and DCM
[see Fig. 16(b)], respectively, because of their dominant role in
the real voltage gain, as stated and presented in Sections IV-A
and I'V-B accordingly.

To conclude this analysis, considering the operating condi-
tions of the converter and all of its parasitic elements, one can
predict its real voltage gain, as well as the voltage and current
stresses in the semiconductor devices.

V. EXPERIMENTAL RESULTS

A 2-kW prototype of the dc/dc R2P2 I-1IB BB/Bt converter,
shown in Fig. 17, was designed and built with the intention to
operate in different input voltage levels.

Special attention was given to the design of printed circuit,
so as to achieve low inductance layout, enabling fast switch-
ing with minimal ringing. The converter is controlled with the
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Fig. 17.

2-kW prototype of the I-IIB BB/Bt converter.

TABLE VIII
CONVERTER COMPONENTS FOR CCM OPERATION

Component Type
51,5, C2M0160120D
Dy, D, IDHO5G120C5
C; 50 uF
L, L, 1140-101K-RC (10 in series)

microcontroller TMS320F28335. The power analyzer LMGS500
was employed in the setup for accurate measurements.

Three sets of experiments were conducted with this prototype
to test the converter operation and verify the theoretical analysis
presented in Section I'V.

The first two sets are conducted to evaluate the theoretical
analysis in case of CCM and DCM operation, accordingly. The
semiconductor devices were selected to have significant para-
sitic values, so that the difference between the ideal and real
characteristics is easily noticeable.

The third set of experiments is conducted in order to evaluate
the converter efficiency, assuming a maritime application of a
waste heat recovery system (WHRS) for a real ship [42]. For this
experimental set, semiconductor devices with improved charac-
teristics are selected, to achieve the highest possible efficiency.

A. Validation of CCM Operation

To have a clearly noticeable difference between the ideal
and real voltage gain, this set of experiments was conducted
with low input voltage and high current. The selected compo-
nents are presented in Table VIII, the corresponding values of
the parasitic elements are shown in Table V and the operating
conditions have been presented in Table IV. Therefore, keeping
input voltage constant at V;, = 50 V and switching frequency at
fs = 50 kHz, the output voltage of the converter was measured,
varying duty cycle for two different loads of R, = 150 Ohm
and R, = 300 Ohm.

The experimental results together with the theoretical ones
are depicted in Fig. 18 for the whole range of duty cycle.
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Fig. 18.  Experimental and theoretical results for output voltage of the con-

verter in CCM for a) R, = 150 Ohm and b) R, = 300 Ohm.

The experimental results are in good accordance with the the-
oretical ones, which proves the correctness of the linear approx-
imation and the validity of the theoretical analysis. Furthermore,
it can be easily observed that the difference between the ideal
and real step-up voltage ratio is negligible in low duty ratios and
becomes more significant for duty ratios higher than 0.6. Also,
the heavier the load of the converter is, the bigger the declination
of the real step-up voltage ratio from the ideal one is, since the
currents flown via the components of the converter are higher
and produce more losses.

B. Validation of DCM Operation

Like the first set, the output voltage of the converter was
measured, keeping the input voltage constant at Vi, = 50 V and
changing the duty cycle. The components used in this set are the
same, except that the inductors value is now 100 pH (one 1140-
101K-RC used for each inductor) and R;, = 0.025 Q. This set
of experiments was conducted for two loads of R, = 60 2 and
R, = 120 €2 and for a switching frequency of f; = 20 kHz. The
experimental results are presented in Fig. 19.

The experimental data follow the theoretical lines in a very
good fashion, which confirms the validity of the theoretical
analysis.

5239

Voltage ratio-Ro=60 Ohm

w
«

,2 =—Vno_Ideal
>
e 3 = ==Vno_real_theory
=
- B Vno_real_experim
@
825
=
=4
> /i
2 2 -
E ‘,-(
= ar
2 el
wn 15 =
/
r
1
0.1 0.2 0.3 0.4 0.5 0.6
Duty cycle

(@)

Voltage ratio-Ro=1200hm

L)

o
wn
Ay

==¥Vno_ideal -
— /

no_real_theory

»
now
'
]
.
2
\
.\
[\
Y
=\

-
® Vno_real_experim 51 i

»

w
«n

N
[

Step-up voltage ratio Vyo
~

0.1 0.2 0.3 0.4 0.5 0.6 0.7
Duty cycle

(b)
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of the converter for DCM operating with f; = 20 kHz when a) R, = 60 Ohm
and b) R, = 120 Ohm.

TABLE IX
CONVERTER COMPONENTS FOR EFFICIENCY EVALUATION

Component Type
S, S, SCH2080KEC
D;, D, STPSC20065D

C. Efficiency Evaluation

This set of experiments is conducted to prove that R2P2
I-1IB BB/Bt converter can operate with high efficiency for high
power applications and for high step-up voltage ratios. The con-
verter components employed for this set of experiments are
shown in Table IX.

We consider a WHRS with TEGs for a ship with dc bus of
625V [42]. The R2P2 I-1IB BB/Bt converter is employed for the
interconnection of TEGs to the dc bus. Therefore, it is desired
to evaluate its efficiency under various step-up voltage ratios,
while keeping the output voltage constant at V, = 625 V.

Taking this application into account, the converter operating
conditions are presented in Table X.

To achieve different step-up voltage ratios, the input volt-
age of the converter is changed. For every step-up voltage
ratio, the efficiency of the R2P2 I-IIB BB/Bt converter is
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TABLE X
CONVERTER OPERATING CONDITIONS

Description Value
Input voltage 48 V-125 V
Output Voltage 625V
Output Power range 200 W-2000 W
Switching frequency 50 kHz

Efficiency-Various step-up ratios

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 34, NO. 6, JUNE 2019

RIGOL

Horizontal| g >4

D 39.5000000us

H 500us {5okpts

100
99 #step-up=5-experim
o8 = step-up=i7-experim
Aistep-up=9-experim
@ 7 i ®istep-up=11-expefim
< o . 2% % 04 B - = [
L d X -up=13- 3 =l i i
Z ‘:: asssamnn,, * ., .swp up13-expefim Width | frag=50.0kHz “Duty=86.00 % AvG=2.61 A Rms=268 A Rms=277 A
.
§ O s W=y /2=y /3 - o f on ] / ls
2] i " »
g% - Ly
= o . s )
% B R N Fig. 22.  Waveforms of the R2P2 I-IIB BB/Bt converter for step-up voltage
92 0] BT ratio equal to 13.
o e .
91 X
.
90

100 300 500 700 900 1100 1300 1500 1700 1900 2100 2300
Output Power (W)

Fig. 20.  Efficiency of the I-IIB BB/Bt converter under various step-up voltage
ratios and a high-power range.

Losses for 700W output power and various step-up voltage ratios

Total
losses

10.0%
9.0%
8.0% &

MOSFETs - -
losses

= Core losses

Switching losses
Inductors

losses

& Conduction losses

Losses over output power (%)

2.0%

1.0% +

|

0.0%
1 13 7 11 13 7
Types of losses

Step-up ratio= 7 1 13 7

Fig.21. Breakdown of losses of the I-IIB BB/Bt prototype, operating at 700 W
output power for various step-up voltage ratios.

measured, varying the power demanded by the load and ad-
justing the duty cycle in order the output voltage to be kept
constant.

In Fig. 20, the efficiency of the converter is depicted. It
is verified that this converter can operate with high effi-
ciency and high voltage gain, in a high-power range, mak-
ing it suitable for high power high step-up applications, con-
sidering also its simple design and so its increased reliabil-
ity, which is one of the most important priorities in marine
applications.

For a complete overview, breakdown of power losses for the
prototype at 700 W output power and three different step-up
voltage ratios, namely 7, 11, and 13, can be found in Fig. 21
[43], [44].

It is worth noticing that conduction losses on switches play
an important role in overall efficiency, so transistors with low
Rps,on should be selected. Also, the reverse recovery losses of
diodes are negligible, since SiC Schottky diodes were employed
in this prototype.

In Fig. 22, waveforms of transistors’ voltages and inductors’
currents are shown for step-up voltage ratio = 13 and output
power P, =200 W. It is proven that the converter operates
well without any noise and spikes in the waveforms, due to the
improved layout design, even in such high step-up voltage ratio
and high duty cycle (d = 0.86). Also, it is confirmed that the
converter operates in CCM region.

VI. CONCLUSION

In this paper, the nonisolated high step-up I-1IB BB/Bt con-
verter was selected as the most suitable among the SISO R2P2
family to be used for high power applications. Particularly, em-
phasis was given on the prediction of the real step-up voltage
ratio and semiconductor stresses, taking into consideration the
effect of the nonideality of the topology elements. Theoreti-
cal analyses were presented for this converter in all operational
modes, showing the declination of the real step-up voltage ra-
tio and voltage stresses from their ideal values. It is proven
that the leading role in affecting the step-up voltage ratio and
so the voltage stresses, is the parasitic resistance of the tran-
sistors and inductors. Experiments conducted in a high-power
range and high step-up voltage ratios validated the theoretical
analysis and proved the high efficiency of the converter and so
the suitability for high power applications, such as waste heat
recovery systems. Moreover, experimental results verified the
accuracy of the theoretical analysis considering the influence of
the parasitic elements.

APPENDIX

Here, a comparison of efficiencies of R2P2 I-IIA, I-1IB, and
I-1IC configurations is presented, with the intention to prove that
I-1IB has the highest efficiency among them.
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Let us suppose that n;_;rp > n7—r7¢c. According to Table I,
this means that

My + Mp MyMp +1
————— >
Manp + Mpna MaMp +nanp

= (Mg + Mp)(MaMp +nang) > (MaMp +1)
(Manp + Mpna)
= MiMB + Muanang +MAM]23 + Mpnang > MiMBWB

NANB

+ MaMpna + Mang + Mpna
= MiMp (1 —np) + MaMj (1 —n4) > Manp (1 —na)

+ Mpna (1 —ns)
= Mp (M3 —na) (1 —np) + Ma (Mj —np)

x (1 —=mna)>0.

Taking into account that high voltage gain and high effi-
ciency are a prerequisite, it is considered that M4 and Mp
are greater than one. Therefore, the above inequality is valid,
because M3 > na and M3 > np. So, the efficiency of I-1IB
configuration is higher than the efficiency of I-IIC configuration.

Let us suppose that n;_r7p > nr—774. According to Table I,
this means that

My + Mp My +1
Mang + Mpna My +na

= (Ma + Mp) (Ma +na) > (Manp + Mpna) (Ma + 1)
= M3 + Mana + MaMp + Mpna > M3ng

+ MaMpna + Mang + Mpna
= My (1 —np)+Mp (1 —n4)+n4 >ng5.

NANB > NANB

This inequality is valid because, generally, 4 and 7p are of
similar value in reality. So, the efficiency of I-IIB configuration
is higher than the efficiency of I-IIA configuration.
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