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Abstract: This paper discusses the possibility of achieving partial power processing with non-isolated
DC-DC topologies. To this end, partial power converter architectures are seen as an interesting
solution for reducing the power processed by the converter. We observed via simulations that
single-inductor non-isolated topologies cannot achieve partial power processing since the obtained
current and voltage waveforms were the same as those found in a full-power converter. However,
when using double inductor non-isolated topologies, reduced current and improved efficiencies were
achieved. In order to confirm the results obtained from the simulations, single- and double-inductor
topologies were tested experimentally. Finally, it was concluded that a double-inductor non-isolated
topology can improve its performance by using partial power processing.

Keywords: partial power processing; partial power converter; series connected converter;

non-isolated topologies

1. Introduction

The increasing global energy demand over the last 20 years means that electric energy
is gaining more and more importance in our daily lives [1-3]. Furthermore, when taking
into account the imminent emergence of the electric vehicle (EV) [4-6], there is no doubt
that the electric energy sector will be of great importance in the immediate future. Inside
the electric energy sector, the power converter is a key device whose design and behavior
directly affect its efficiency, its cost, and the size of the final solution. Therefore, over the last
decade, with the aim of improving converter performance, partial power processing (PPP)-
based strategies have been presented as promising solutions regarding power converter
downsizing and system efficiency improvements. PPP strategies aim to reduce the amount
of power that needs to be processed by the power converter. To explain this, Figure 1
presents a power flow comparison between a full power processing (FPP) solution and
a PPP solution. As can be observed, an FPP converter (Figure 1a) processes 100% of the
source power, generating a given quantity of losses. However, a PPP (Figure 1b) converter
only processes a fraction of the power that flows from the source to the load. This allows
for a reduction in the size and power losses of the converter. According to the literature,
three different types of PPP strategies exist for DC-DC applications [7]: differential power
converters (DPCs), partial power converters (PPCs), and mixed strategies. On the one hand,
DPCs are aimed at correcting current imbalances that exist between different elements
connected in series to a common voltage bus [8,9]. On the other hand, PPCs’ main goal is
to control the power flow between a source and a load with different voltage or current
levels [10,11]. Finally, the mixed strategies group contains different solutions that can offer
better performance than DPCs and PPCs under specific conditions.
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Figure 1. Power flow diagram. (a) FPP. (b) PPP.

Focusing on PPCs, there exist two main groups: the architectures that, in order to avoid
a short-circuit, require isolated topologies and the ones that do not. Regarding the first
group, many different authors have achieved reduced sizes and more efficient solutions.
For example, authors in [12] prove that PPP can be achieved with a PPC architecture if
an adequate isolated topology is implemented; for example, a phase shifted full bridge
(PSFB). Additionally, [13] concludes that a dual active bridge (DAB) topology implemented
on a PPC architecture achieves a reduced electrical stress and efficiency improvement in
comparison to its FPP counterpart. However, when it comes to implementing non-isolated
topologies on PPC architectures, the authors of [10,14,15] show that using a buck-boost
topology on a PPC architecture results in FPP rather than PPP.

Regarding non-isolated DC-DC topologies, the literature presents many different
solutions. On the one hand, authors in [16] present and compare non-isolated DC-DC
converters for renewable applications. On the other hand, authors from [17] review the
main high-gain DC-DC topologies and address their main challenges. Additionally, the
authors of [18] present single- and multi-stage DC-DC converters for EV applications.

Bearing this in mind, the present paper aims to extend the analysis of non-isolated
topologies implemented on PPC architectures that achieve PPP. To be more precise, it
aims to prove that certain DC-DC, non-isolated topologies can improve their performance
when implemented on a PPC architecture. Indeed, there exists a lack of analysis around
non-isolated topologies on PPC architectures. The authors of [19] conclude that a double-
inductor topology can achieve PPP, but they do not demonstrate it experimentally. Thus,
Section 2 starts by describing the PPC architecture that will be implemented for this
analysis. Then, Sections 3 and 4 simulate and compare two different non-isolated topologies
implemented on a PPC architecture. Next, Section 5 confirms the results experimentally
obtained through the simulations. Finally, Section 6 discusses how PPP was achieved with
one of the topologies presented previously and Section 7 presents our conclusions.

2. PPC Architecture Description

Inside PPC architectures, there exist two main groups: the ones that, in order to avoid
a short circuit, require isolated topologies (Figure 2a) and the ones that do not (Figure 2b).
Architectures that require isolated topologies are known as input-parallel-output-series
(IPOS) and if a non-isolated topology is implemented in one there exists the risk of short-
circuiting Vsource. Regarding the architectures that permit non-isolated topologies, the
authors of [20] present them as fractional converters (FC). Figure 2b presents an FC-type
PPC for a voltage step-up application.
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Figure 2. PPC architectures. (a) IPOS. (b) FC.
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As can be observed, there exists no risk of short-circuiting any of the sources if a
non-isolated topology is implemented. On the other hand, the processed power ratio of the
converter (K, ) achieved by the FC is defined as Equation (1). It can be seen that it consists
of the division between the power processed by the converter (P;,) and the source power
(Psource). Analyzing Equation (1), it can be concluded that the FC is limited to a working
operation range where 1 < Gy < 2. Indeed, if this condition is fulfilled, the obtained K is
lower than 1, which means that the power processed by the converter is lower than that
supplied by the source. However, when Gy exceeds a value of 2, the resulting Kpr is higher
than 1. This means that the power converter is out of the PPP region and all the benefits
are lost.

KPTFC — b _ Vin-Iin =Gy -1 (1)

PSOlH’CE VSOMVCE'ISOLH’CE

where P, Vi, and [;;, are the input power, voltage, and current of the converter, respectively,
Psource, Vsource, and Lsource are the source power, voltage, and current, respectively, and Gy
is the static voltage gain of the application (V}ou3/ Vsource)-

As mentioned before, this paper aims to analyze the behavior of non-isolated topolo-
gies when they are implemented on a PPC architecture— on an FC, to be more precise.
To this end, two different case studies are proposed: a single-inductor topology and a
double-inductor topology. The reason for selecting these two topologies is their simplicity.
The single inductor consists of a well-known topology, the half-bridge (HB). On the other
hand, the double-inductor topology is the modified switched inductor boost converter
(MSIBC). This topology works in a similar way to the HB, but it is capable of parallelizing
or serializing the inductors. Other multi-stage or resonant non-isolated topologies are not
considered due to their complexity and number of components.

3. Single Inductor Topology Case Study

The present section will focus on the analysis of a conventional single-inductor topol-
ogy: a HB. With the aim of observing the benefits that the FC architecture may present,
Figure 3a,b show a comparison of two circuits: a full power converter (FPC)-HB and a
PPC-HB, respectively.

o)
o)
IsourceT in* Ql| S llload
L
V;ource 2 c Vload
In- Out-
————
(a) (b)

Figure 3. HB topology implemented on a (a) FPC architecture and a (b) FC-type PPC architecture.

Table 1 presents the main electrical parameters that define the simulation conditions.
As can be observed, the defined source and load voltage levels result in a Gy value of 1.25,
which meets the 1 < Gy < 2 working condition.

Table 1. Simulation conditions for the single-inductor topology case study.

Parameter Value
Vsource (V) 100
Vload (V) 125
f sw (kHZ) 50
P (kW) 1.5

The values defined in Tables 1 and 2 describe the design parameters of each of the
solutions presented in Figure 3. Comparing the results from both solutions, the first
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difference that exists between them is the input/output voltage levels. In the case of the
FPC-HB, they correspond to the source and load values. However, the input voltage of
the PPC-HB is proportional to the load and the output consists of the difference between
the source and the load. Regarding the K, it is expected to be a quarter in the PPC case,
achieving a maximum processed power of 375 W in the converter. Moreover, the power
flow inside each solution provokes two different working conditions. On the one hand, the
FPC-HB will work as a boost, whereas the PPC-HB will work as a buck. Finally, with the
aim of maintaining a fair comparison, the same storage elements and semiconductors are
implemented in both cases.

Before analyzing the simulation results, it is important to mention that only semicon-
ductor power losses are considered in the simulated circuits. Indeed, the passive elements
are considered ideal and their internal resistances are neglected. Thus, in order to calculate
the theoretical switching losses of the semiconductors previously characterized curves have
been used.

Table 2. Estimated design parameters for each single-inductor topology.

Parameter FPC-HB PPC-HB
Vi (V) 100 125
Vout (V) 125 25
Kpr 1 0.25
Peonw (KW) 1.5 0.375
OPERATION MODE Boost Buck
L (uH) 150
C (uF) 200
Q12 (mQ) Rz =29

Figure 4a presents inductor voltage and current waveforms in the steady-state. It can
be observed that both architectures attain the same inductor voltage and current levels.
In addition, the current ripple obtained by each solution is exactly the same. Figure 4b
presents the current and voltage waveforms of the semiconductors. Due to the fact that
each HB is working in a different mode (boost and buck, respectively), their results are
different. The same conclusion is obtained when it comes to the capacitor; the capacitor
current and voltage waveforms obtained by both solutions are identical (Figure 4c). In
conclusion, it is observed that the PPC-HB does not offer any improvement in terms of
current or voltage reduction. Indeed, it results in a conventional HB converter working in
buck mode. These results demonstrate in a simple way that implementing a HB topology
in an FC-type PPC architecture does not present any benefits.

16 T : 0 ‘
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— . 100}
= 50 =
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Figure 4. Cont.
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Figure 4. Current and voltage steady-state waveforms at the single-inductor topology (a) inductor,
(b) semiconductor, and (c) capacitor.

Finally, Table 3 presents the obtained power losses, efficiencies (system and converter),
and K, results. As can be observed, the converter efficiency obtained by the FPC-HB is
higher than that obtained by the PPC-HB. However, when comparing the system efficiency,
both achieve the same value. Note that due to the non-ideal circuit, the K, is not exactly
0.25 as in the ideal circuit. The system and converter efficiencies of a PPC architecture are
related to the K, (Equation (2)). Regarding the power losses, as expected, they are equally
distributed across both solutions. In conclusion, both solutions can be defined as identical.

Nsys = 1-— Kpr'(l - Wconv) (2)

where 77sys and 77conv represent the efficiency of the system and the converter, respectively.

Table 3. Power losses, efficiency, and Kp,, results of the single-inductor topology.

Parameter FPC-HB PPC-HB
Pconduction (W) 6.5 6.5
Pswitching W) 50 50

sys (%) 96.23 96.23
Heono (%) 96.23 84.8
Kpr (pu.) 1 0.248

4. Double Inductor Topology Case Study

Similarly to the previous section, the present one aims to analyze the behavior of a
double-inductor non-isolated topology when it is implemented on an FC architecture.
For this case, a MSIBC is proposed [21]. This topology is recommended to achieve
high voltage by using the principle of parallel charging and series discharging of in-
ductors. Again, the two solutions to compare consist of an FPC-MSIBC and a PPC-MSIBC
(Figure 5a,b, respectively). With respect to the simulation conditions, Table 4 presents the
main electrical parameters.

The values defined in Tables 4 and 5 describe the design parameters of each solution
in Figure 5. Again, the input/output voltage values and the operation mode of the power
converter vary from the FPC-MSIBC to the PPC-MSIBC. When it comes to the passive and
active components, compared to the single-inductor topology, the only value changed is
that of the inductances, with each being half that of the single inductance.
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Figure 5. MSIBC topology implemented on a (a) FPC architecture, (b) an FC-type PPC architecture,
and (c) a switching sequence between an FPC-MSIBC and a PPC-MSIBC.

Table 4. Simulation conditions for the double-inductor topology case study.

Parameter Value
Vsource (V) 100
Vload (V) 125
fsw (kHz) 50
P (kW) 0.75

Table 5. Estimated design parameters for each double-inductor topology.

Parameter FPC-MSIBC PPC-MSIBC
Vin(V) 100 125
Vour (V) 125 25
Kpr (p-u) 1 0.25
Peonv (KW) 0.75 0.187
OPERATION MODE Boost Buck
L1 & Ly (uH) 75
C (uF) 200
Q15 (mQ) Rgs =29

In the same way as in the previous section, the developed simulations do not consider
the switching losses; thus, these are obtained from previously characterized curves.

When it comes to the obtained results, Figure 6 presents inductors’ current and voltage
steady-state waveforms. Unlike the single-inductor comparison, the PPC-MSIBC attains a
lower inductor RMS current than the FPC-MSIBC; 4.67 A and 6.8 A, respectively. This will
directly affect the current that the semiconductors can handle.

On the other hand, when it comes to the capacitor, Figure 7 shows the voltage and
current waveforms obtained by both architectures. In this case, the resulting capacitor
RMS current of the MSIBC-PPC is higher than that of the MSIBC-FPC; 4.72 A and 2.27 A,
respectively. As a consequence, for the same capacitance value the output voltage ripple is
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higher at the MSIBC-PPC. In short, for the MSIBC-PPC the current through the inductors is
reduced, whereas at the output capacitor it is increased.

8 T T T
——FPC-MSIBC
<6 ——PPC-MSIBC |
-}
4l ]

0 10 20 30 40

t [us]
100
= 50
>_l
0
0 10 20 30 40
t[us]

Figure 6. Inductor’s current and voltage steady-state waveforms for the double-inductor topology.
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Figure 7. Capacitor’s current and voltage steady-state waveforms for the double-inductor topology.

Finally, Table 6 shows the power loss, efficiency (system and converter), and K,
results. Similar to the single inductor analysis, the converter efficiency obtained by the
FPC-MSIBC is higher than that obtained by the PPC-MSIBC. However, in this case, the
PPC-MSIBC achieves a better system efficiency. This means that the total amount of losses
produced by the converter has been reduced by using an FC-type PPC architecture.

Table 6. Power losses, efficiency, and Ky, results of the double-inductor topology.

Parameter FPC-MSIBC PPC-MSIBC
Peonduction (W) 3.3 0.66
Pswitching W) 35 21

Nsys (%) 94.89 97.1
Heono (%) 94.89 88.31
Kyr (p-u.) 1 0.248

5. Experimental Results
5.1. Prototype Design

For the design of the prototype, the system specifications presented in Table 2 (for
single inductor) and Table 5 (for double inductor) are defined.

Two different designs were mounted in the laboratory: a single 150 uH inductance for
the HB (Figure 8a) and two 75 uH inductances for the MSIBC (Figure 8b). For the magnetic
cores, a PM8770H and a PM6249 were used, respectively (both cases with CF139 ferrite).
Then, the same semiconductor and capacitor components were used for both cases, see
Table 7.
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Figure 8. Mounted inductance for the (a) HB (L = 150 pH and R} = 26 m(}) and (b) MSIBC
(L =75 uH and R}, = 31 mQ)).

Table 7. Selected capacitor, semiconductor, and heatsink for the single and the double
inductor topologies.

Component Reference Value
C MKP1848C C = 200 uF (2 in parallel)
Q IPT65R033G7 Ris =29 mQ
Heatsink LA 9/150 24V Ry, = 018 K/W

Figure 9 shows the constructed full bridge for the experimental tests. As can be
observed, it consists of two main layers. The first one, presented in Figure 9b, represents
the power layer, which contains only the connectors and semiconductors. The second one
(Figure 9c¢) represents the driver layer, which contains the necessary components to adapt
the signals coming from the controller to the gate of the semiconductors. This prototype will
be used for testing both topologies: the single-inductor topology and the double-inductor
topology. In the case of the HB, a single branch is required. Thus, based on Figure 9a, Q; y
and Q1 will act as Q1 and Q, in Figure 3, respectively. However, for the MSIBC, two
power blocks are needed:

e Power block 1 uses Qr g, Qry, and Qg to act as Q3, Q4 and Q», respectively
(Figure 5).

e Power block 2 uses Qr iy and Qg 1 to act as Qs and Q1, respectively (Figure 5).

Connector

Driver

Gate signal

(b) (©
Figure 9. Assembled full-bridge prototype. (a) High level schematic. (b) Power layer. (c) Driver layer.
5.2. Description of the Experimental Set-up

Figure 10 shows a simplified electric diagram of the implemented configurations. On
the one hand, Figure 10a presents the set-up for measuring the current and voltage values
of the FPC architectures. The system and converter current/voltage waveforms coincide
and thus only two voltage and two current measures are necessary:
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o Vi, and Vi, which also represent Vigyree and Vig,g.
e [, and Iy, which also represent Isoyrce and Ijg4.

On the other hand, for FC (Figure 10b) six different parameters are required to measure
the voltage and current of the converter and the system:
o Vsource, Vout, and Vi, where the latter coincides with Vj,,,.
o Iioad, Lin, and Igoyrce, Wwhere the latter coincides with I;;.

Additionally, the current through the inductors (Ir) and the temperature of each
semiconductor is measured.

(a) (b)

Figure 10. Experimental set-up. (a) FPC. (b) FC-type PPC.

Finally, Figure 11 shows a real image of the set-up used for the experimental tests.
More detailed information is given in Appendix A.

Power meter

Power

Oscilloscope ;
conversion stage
y

Temperature
measurement

Figure 11. The setup for the experimental tests.

5.3. Results
5.3.1. Single Inductor Topology

Figure 12 shows the experimental results obtained for a single-inductor topology.
When it comes to the inductor current, it is observed that both solutions present the same
current levels. Additionally, similar waveforms are obtained with the FPC and the PPC
in terms of semiconductor voltage. Nevertheless, when in detail the overshoot that the
semiconductors must withstand in detail, the PPC provokes higher values. It must be
mentioned that the great overshoot values are produced due to the non-optimized layout
of the power converter.

Table 8 presents the obtained power loss, efficiency, and Ky, values. Compared to
Table 3, higher conduction losses were observed. This is mainly due to the inherent
resistance of the inductor. It can also be observed that the converter efficiency achieved by
the PPC is worse than that of the FPC, but, due to its reduced K,,, the system efficiency
increases. By comparing both system efficiencies, it is observed that both values are
very similar. Indeed, there exists just a negligible difference of 0.2%. In conclusion, a
single-inductor topology, such as the HB, does not improve its performance when it is
implemented on an FC-type PPC architecture. As a consequence, it cannot be considered a
PPP solution.
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Figure 12. Experimental inductor current obtained by the single-inductor topology.

Table 8. Experimental power loss, efficiency, and K, results obtained with the single-inductor topology.

Parameter FPC-HB PPC-HB
Peonduction (W) 11.36 11.49
Pswitching W) 49.63 46.5

Tsys (%) 95.93 96.13
Hconv (%) 95.93 84.27
Kyr (p-u.) 1 0.246

5.3.2. Double Inductor Topology

Figure 13 presents the inductor current obtained by each solution. As can be observed,
the obtained current levels are different. In the case of the FPC, the RMS current is around
6.45 A, whereas for the PPC it is 4.62 A. Additionally, although the PPC presents a higher
ripple, its peak value is lower than that obtained by the FPC.

—I, FPC(2.5A/DIV) —— I PPC(2.5A/D1V)

0 10 20 30 40
tus]

Figure 13. Experimental inductor current attained by the double-inductor topology.

With the aim of observing the thermal behavior of each solution, Figure 14a,b show
the temperature evolution of the switches on the FPC and the PPC, respectively. As can
be observed, there is a critical semiconductor that heats more easily than the rest of the
components in both solutions. In the case of the FPC-MSIBC, the semiconductor that heats
the most is Q1. In fact, it achieves a maximum temperature of 50.6 °C, whereas the next
semiconductor only heats up to 28 °C. On the other hand, when it comes to the PPC-MSIBC,
Q3 is the most critical semiconductor. However, its maximum temperature is around
45.83 °C (5 °C less than the FPC-MSIBC). The other semiconductors barely reach 25 °C.

Lastly, Table 9 shows the power loss, efficiency, and Kp, results. As one can see,
although the converter efficiency of the PPC-MSIBC is poor, due to the reduced K, the
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achieved system efficiency of the PPC-MSIBC is two points higher than that of the FPC-
MSIBC. In conclusion, an FC-type PPC architecture can improve the system efficiency and
reduce the current stress of the inductors and semiconductors of a MSIBC. In other words,
it can achieve PPP.

When it comes to the power losses, Table 9 concludes that the switching losses
predominate.—they account for 86% of the total losses. When implementing a MSIBC topol-
ogy on a PPC architecture, both the conduction losses and the switching losses are reduced
by 40%. This reduction in the losses causes an efficiency improvement of around 2.25%.

50
45
— %] 407 9
— Q| o —Q,
Q, =35 Q1
—Q,|] —aQ,
—Q| | 30 —Q

100 150 200 0 50 100 150
t[s] t[s]

(a) (b)
Figure 14. Semiconductors’ temperature evolution at the MSIBC. (a) FPC. (b) PPC.

Table 9. Experimental power loss, efficiency, and K, results obtained with the double-inductor topology.

Parameter FPC-MSIBC PPC-MSIBC
Peonduction (W) 5.63 3.38
Pswitching (W) 34.36 20.61

1sys (%) 94.67 96.8
Heono (%) 94.67 86.9
Kpr (p-u) 1 0.245

6. Discussion

The present section aims to explain the reason we achieved PPP with a MSIBC and
not with a HB. With this in mind, it is essential to compare the voltage observed by the
inductor when it is implemented on an FPC and a PPC architecture.

In the first place, when it comes to the HB (see Figure 15a), the voltage observed by its
inductor can be defined by two switching states (Equation (3)).

Q L, Q
. L Q1 v s .—(MMT.S/.—oV(z)
€Y —0'(2) Vi Q4 0,
QZ_L Ly Q2
=V L
- = Vo
(a) (b)
Figure 15. (a) Simplified diagram of a HB topology. (b) Simplified diagram of a MSIBC topology.
Vi) =V,
v, = { 0~ Vo) } 3)
Vin =V

Since the values of V(g), V(q), and V() vary depending on the architecture in which
the HB is implemented, the next step is to substitute them for their corresponding values.
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In the case of the FPC-HB, V(l) =V, and V(z) = V,ut (from Table 2), whereas in the case of
the PPC-HB, V(1) = Vour and V() = Vi, (Table 2). Regarding V|, for both solutions it has a
value of 0. The results are shown in Equations (4) and (5), where the same absolute voltage
values are achieved with an FPC-HB and a PPC-HB. In conclusion, the voltage observed by
the inductor does not change whether it is implemented on an FPC or a PPC architecture.

Vi1y = Vigy = 100 — 0 = 100V
— (1)~ 70
Viercus { Vi) = Vig) =100 =125 = =25V } @
Vipy — Vi) = 25 — 0 = 25V
_ (1) — ¥(0)
VLPPC,HB o { V(l) — V(Z) =25—-125 = —100V } (5)

When it comes to the MSIBC (Figure 15b), a different result is obtained. In this case, the
inductors’ voltage is defined by Equation (6). It is divided by two at the second switching
state due to the series connection of L1 and L.

Vi) = Voo
Vi, = { g/(1)*"(2() ! } ©)
7

The next step is to substitute V|, V(1), and V|, for their corresponding values. In
the case of the FPC-MSIBC, V(l) =V, and V(z) = Vout (from Table 5), whereas in the case
of the PPC-MSIBC, Vi) = Vour and Vip) = Vjy (from Table 5). The obtained results are
shown in Equations (7) and (8). As can be seen, the voltage observed by the inductors
varies depending on whether they are implemented on an FPC or PPC architecture. As
a consequence, the duty cycle at which the converter will work is affected (Equations (9)
and (10)). More detailed information about the origin of Equations (9) and (10) is given in
the appendix.

. { Vi) — V(o) = 100 — 0 = 100V } )
Lrpc,msiBC — Vay—Vi2) _ 100-125 _
FPC,MSIB (1 5 (2) — < — —125V
VLPPC,MSIBC = { Viy—V, 25-125 ®)
0@ = 25715 = _50v
Vout — Vi 125 —100
D — — =0.11 9
FPC,MSIBC Vout ¥+ Vin 100 + 225 ( )
2-V, 2-25
Dppc,msiBc = ot — =0.33 (10)

Vout + Vin B 25+125

Comparing both duty cycles from (9) and (10), it can be observed that the one achieved
by the FPC-MSIBC is more extreme (closer to 0), which involves an increase in the RMS
current of the inductor and the other semiconductors.

7. Conclusions

With the aim of extending the analysis of power converters that achieve PPP, this
paper was focused on studying the applicability of non-isolated topologies on FC-type PPC
architectures. Through simulations, it was observed that a conventional single-inductor
topology (such as the HB) did not improve the results obtained by its full power version.
In fact, the current and voltage waveforms of the components inside the converter were
identical on an FPC-HB and a PPC-HB. On the other hand, when a double-inductor
topology (such as the MSIBC) was implemented on an FC-type PPC architecture, the
current through the inductors was reduced, along with that of the other semiconductors.
As a consequence, the power losses were reduced and the efficiency of the system was
improved. This was experimentally proven in Section 5. To sum up, this paper proves that
a non-isolated double-inductor topology (in this case a MSIBC) can achieve PPP when it is
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implemented on an FC-type PPC architecture. This way, the current stress of its components
and the losses produced by them is reduced.

Author Contributions: Investigation, J.A. and A.A ; resources, A.A.; supervision, l.A., ].5.A.-S. and
C.B,; validation, J.A.; writing—original draft, J.A.; writing—review and editing, J].A., I.A., A.A. and
J.S.A.-S. All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Conflicts of Interest: The authors declare no conflict of interest.

Appendix A

The objective of this appendix is (i) to list the equipment that was used in the experi-
mental tests and (ii) to define the main analytical equations that describe the behavior of
the MSIBC.

Table Al details the equipment used in the experimental tests described in Section 5.

Table Al. Equipment used in the experimental tests.

Description Reference
Source ITECH IT6012C-800-40
Load EA-ELR 9750-22
Power meter YOKOGAWA WT500
Temperature measurement Pico TC-08

Additionally, we here present an analysis of the continuous conduction mode (CCM)
of the MSIBC. This topology allows for bidirectional power flow and can be represented
by two switching states. In state 1 semiconductors Q;, Q2, and Q3 are switched on (and
Q4 and Qs are switched off), while in state 2 semiconductors Q4 and Qs are switched on
(and Q1, Qy, and Qs are switched off). In state 1, both inductors are connected in parallel,
whereas in state 2 they are connected in series.

Figure A1 shows the two switching states of a boost mode operation, which is related
to the FPC-MSIBC (Figure 5a). Then, by equalizing the voltage observed by the inductors
in each period (A1), the duty cycle is obtained (A2).

POWER POWER
FLOW FLOW
N L L

It lIout

Vin Ll L2 CT Vout
(a)

(b)

Figure A1. Boost mode operation. (a) Switching state 1. (b) Switching state 2.

V., —V,
Vin-Drpc,msiBc = —mfout'(l — Drpc,msiBc) (A1)
Vour — V;
Drpc,msiBc = 7‘/0”2 T ‘;n (A2)
ou m

Figure A2 shows the two switching states of a buck mode operation, which are related
to the PPC-MSIBC (Figure 5b). By equalizing the voltage observed by the inductors in each
period (A3), the duty cycle is obtained (A4).
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POWER

FLOW
Ioutl J_ Tlm
Vout Ll LZ c Vm

(a) (b)

Figure A2. Buck mode operation. (a) Switching state 1. (b) Switching state 2.

Vout-Dppc,msipc = W'(l — Dppc,msiBc) (A3)
2-Vout
Dppc,msisc Vo T Vo (A4)
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