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Abstract— This paper discusses the new possibilities that
partial power processing offers to implement silicon
semiconductors compared to wide-bandgap technologies. With
this purpose, an on-board charger application is presented as a
case study in which wide-bandgap semiconductors based full
power converters are compared with silicon semiconductors
based partial power converters. The comparison is made using
the total energy loss over a complete charge cycle. The total
energy loss is calculated using the switching loss and conduction
loss of the devices. The zero-voltage switching regions for both
full power and partial power topologies are also considered
while calculating switching losses. Using circuit simulations, it is
concluded that the partial power processing converters with
silicon based devices have better efficiency and reduced cost
than full power converters with wide-bandgap based devices.

Keywords—Silicon, wide-bandgap, partial power processing,
dual active bridge

I. INTRODUCTION

Higher energy efficiency, reduced power converter size
and prolonged reliability are the main benefits that wide-
bandgap (WBG) devices present against conventional Silicon
(Si) based semiconductors [1], [2]. Furthermore, these WBG
semiconductors permit devices to operate at much higher
voltages (typical application of Silicon Carbide, SiC), higher
frequencies (typical application of Gallium Nitride, GaN),
and temperatures than the conventional Si semiconductors
[3]. Consequently, crucial applications such as solar, traction,
and electric vehicles (EV) are already implementing power
converters with WBG-based devices [4]. On the other hand,
Si-based devices have matured, and so they still dominate the
market of power devices due to their reduced cost and
ruggedness. However, their performance has reached its
theoretical limitations in terms of power density and
switching capability [5].

Recent literature around power converter designing
presents partial power processing (PPP) based strategies as
promising solutions that help reduce the power converter's
footprint and improve system efficiency [6]. The PPP
strategies improve efficiency by reducing the power
processed by the power converter. To explain this, Fig. 1
presents a power flow comparison between a full power
processing (FPP) solution and a PPP one. As it can be
observed, an FPP converter (Fig. 1a) processes the 100% of
the source power. However, a PPP (Fig. 1b) converter only
processes a fraction of the power flowing from the source to
the load. According to the literature, three different types of
PPP strategies exist for DC-DC applications [7]: differential
power converters (DPC), partial power converters (PPC), and
mixed strategies. DPCs are aimed to correct the current
imbalances that exist between different elements connected
in series to a common voltage bus [8], [9]. The main goal of
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Fig. 1. Power flow diagram. A) FPP. B) PPP.

PPCs is to control the power flow between a source and a load
with a different voltage or current level [10], [11]. Finally, the
mixed strategies group contains other solutions that offer
better performance than DPCs and PPCs at specific
conditions.

Focusing on PPC architectures, many recent works have
achieved the reduced size and more efficient solutions than
FPP architectures. 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). Also, [13] concludes that a dual
active bridge (DAB) topology implemented on a PPC
architecture achieves a reduced electrical stress and
efficiency improvement compared to its FPP architecture due
to the reduction of the power processed by the converter. The
reduced power processed by the converter can help
conventional Si -based devices to compete with upcoming
SiC-based devices. Si-based devices are a very mature
technology, and their market offers highly competitive
semiconductors in terms of conduction resistance and current
capability. So, if these advantages are combined with the
benefits that PPP presents, Si semiconductors may provide
better solutions than WBG-based FPP solutions. For this
reason, the present paper aims to analyze the benefits that
PPP can bring to the life extension of Si-based technology.

The paper is organized as follows. Section II describes the
basis of PPC architectures. In Section III, details of the
application and the devices selected for the analysis are
presented. Section I'V presents simulation results and, finally,
Section V summarizes the main conclusions.

II. PPC ARCHITECTURES DESCRIPTION

There exist two main PPC architectures: Input-Parallel-
Output-Series (IPOS, Fig. 2a) and Input-Series-Output-
Parallel (ISOP, Fig. 2b). Depending on the operating
conditions, each architecture achieves a different reduction of
the power processed by the converter (P,,,). This can be
compared by calculating the partial power ratio (K,), which
consists of the ratio of the converter power to the system
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Fig. 2. PPC architectures. (4) IPOS. (B) ISOP.
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power ( 1 ). Applying Kirchhoff’s laws on both architectures,
their corresponding K, curves are obtained in function of the
static voltage gain (Gy), see ( 2 ), ( 4 ). Where 7 is the
efficiency of the system and K, . and Ky, ., are the
processed power ratios of the IPOS and ISOP architectures.
In this study, it is considered as ideal (n=1). Fig. 3 shows the
resulting curves.

From Fig. 3, several conclusions can be obtained. First, it
is observed that as Gy approaches 1, K- decreases for both
IPOS and ISOP architectures. This means that the smaller the
difference between the output and input voltage, the less
power the converter will process. Secondly, if the application
requires only voltage boost (Gy > 1), the architecture that
obtains lower K- values is IPOS. In fact, its K, curve never
exceeds the value of 1 when working in boost mode. On the
contrary, the ISOP architecture obtains Ky, values less than
-1 when Gy is greater than 2. When Gy, is greater than 2, the
converter does not operate in the partial power range, thus
losing all advantages. Thirdly, if the application requires only
to reduce the voltage (0 < Gy < 1), the architecture that
obtains lower K, values is the ISOP. As in the previous case,
in buck mode, the ISOP architecture never exceeds the value
of 1 for K,,,.. However, the IPOS architecture does when Gy,
is less than 0.5. Finally, if the application requires buck-boost
functionality, the power converter will enter in the shaded
blue (IPOS case) and red (ISOP case) areas from Fig. 3. At
these regions, the K, curve achieves negatives values, which
means that the power flow inside the converter is reversed
[11], [14], [15]. In the case of the IPOS, the polarization of
Voue 1s inverted and the flow of [;;,, changes its direction to the
opposite way. Same thing occurs with the ISOP step-down
(Fig. 2b) for step-up applications. In this case, the polarity of
Vi, and the direction of /,,,, must be inverted. To sum up, the
IPOS architecture is the optimal solution for purely boost
applications and the ISOP for purely buck applications. If the
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Fig. 3. Ky, curves of IPOS and ISOP architectures.

Table 1. Main electrical parameters of the concerned OBC
application.

Parameter Value
Voe [V] 340
Vev [V] 195+320

Ppc [kW] 20

Table 2. Design parameters of the DAB-FPC and the DAB-PPC.

Parameter DAB-FPC DAB-PPC
Vin [V] 340 14620
Voue [V] 195+320 195+320

no 112 02
(turns ratio)

L [uH] 153 2.72

C [pnF] 300 300

P convyuy [KW] 20 52

fsw [kHZ] 50 50

application consists of a buck-boost, the selection between
the IPOS and the ISOP is not that evident and it requires a
more complex comparison.

III. SYSTEM DESCRIPTION

A. Application definition

This paper focuses on an on-board charger (OBC)
application. Usually, an OBC is divided in two main stages
[16]: AC-DC rectification stage and DC-DC stage. The first
one operates as power factor corrector (PFC) and it is in
charge of supplying the DC link between both stages.
Whereas, the second one supplies the battery of the EV. This
work is focused on the design of the DC-DC converter. In
relation to the normative around EV charging systems, at
present, the majority of countries implement isolated DC-DC
converters. This negatively affects the implementation of the
PPC architectures as they proved non-isolated solutions.
However, the requirement of galvanic isolation for OBC
application is not a mandate, and the application of non-
isolated supply equipment is allowed for EV charging [17].
To be more precise, the only countries that are included at the
corrigendum of the IEC 61851-23 normative are the United
States and Canada. Table 1 presents the main electrical



Table 3. Selected MOSFETs for the analysis.

. Rps [mQ] Cost
ID Semiconductors ~ Technology Vps [V]  Ip [A] @ 25°C [$/unit]
UF3SC065007K4S  Q;_g (DAB-FPC) SiC 650 120 6.70 59.52
C3M0015065D Q:_g (DAB-FPC) SiC 650 120 10.5 28.18
TP65SHO15G5WS Q1_g (DAB-FPC) GaN 650 95 15 25.53
IPT111N20NFD Q1_4 (DAB-PPC) Si 200 96 9 8.78
IPT65R033G7 Qs_g (DAB-PPC) Si 650 69 29 11.04
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(B) Based on the application presented in Table 1, it can be

Fig. 4. Simplified electrical diagram. A) WBG-based DAB-FPC. B)
Si-based DAB-PPC.

parameters of the application. According to the SAE J1772
standard, the DC bus voltage can be established at 340 V
(peak value of a rectified 240 V single phase). Typically, the
maximum voltage of ESS also does not exceed 380 V [18]
For the considered system, the maximum voltage level of the
EV is defined at 320 V (which corresponds to the VW e-Golf)
and the maximum power is stablished at 20 kW.

Fig. 4 shows the schematic of the two topologies which
are compared. Fig. 4a shows the schematic of a WBG based
dual active bridge full power converter (DAB-FPC), and Fig.
4D Si based dual active bridge partial power converter (DAB-
PPC). Regarding the DAB-PPC, since the application
consists of a voltage step-down, an ISOP architecture is
implemented. This way, reduced voltage level is expected at
the primary side (V;;, = Vp¢ — Vi) and reduced current at the
secondary side (I, = Igy — Ipc). Topology wise, the DAB
is selected for its bi-directionality and zero voltage switching
(ZVS) operation. In this work, DAB is controlled with single
phase-shift modulation (PSM) [19].

Table 2 specifies the design parameters of the DAB-FPC
and the DAB-PPC. As it can be observed, the maximum input
voltage of the DAB-PPC is expected around 140V.
Therefore, lower voltage rated Si-based devices which offer
much less on-state resistance than the higher voltage rated
WBG-based devices can be implemented. This will result in
lower conduction losses in the primary bridge of the
converter. A detailed comparison of the semiconductors that
will be implemented for the analysis is presented in Table 3.

observed that the DAB-FPC will work with a fixed input
voltage (V;,, = Vp¢) and a variable output voltage (V,,: =
Vgv). Whereas, the DAB-PPC contains a variable input voltage
(Vin, = Vpe — Vi) and a variable output voltage (V,,: = Viy).
In consequence the voltage gain observed by the converter
M =

the PPC 1s affected This is discussed later in this section.

The comparison of the two topologies is made by
considering the open-circuit voltage (OCV) vs. state of
charge (SOC) of the traction battery. The typical OCV vs.
SOC characteristics are shown in Fig. 5 [20]. Focusing on the
OCV curve, it is observed that it varies from 195 V to 320 V
and it completes a charging range up to 100 %.

) extends its operation range and the ZVS region of

B. Energy losses calculation

The total energy losses produced by the power converter
through the charging process from Fig. 5 are computed by
applying (5 ) and ( 6 ). The energy loss at the i time is given
by Ejess; and it is obtained by using ( 5 ). Here, Py, is the
power loss at the i time instant and Pioss;_, is the power loss
at the i — 1™ time instant. The total energy loss over the
complete cycle is obtained by summing the energy loss at
each time instant and it is given by ( 6 ).

Plossi + Plossi_ (5)
Eloss = fl ' (ti - ti—l)
k
(6)
Elosstotal = Z Elossi

Where k is the total number of time instants.
The total Py, ¢ is given by ( 7 ) and is the sum of the
switching and conduction losses. The conduction loss, P.,pnq
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Fig. 6. Switching states during the turn on of a hard switched semiconductor.
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is given by ( 8 ). It is obtained using the RMS of the current
and the on-state resistance of the devices.

(7)

Pioss = Peona + Pow

Peona = Ros * s (5

Where, R is the on resistance of the semiconductor and
Lgpus its RMS current.

Estimation of switching loss requires inclusion of the
ZVS boundary for both of the architectures. For this analysis,
turn-off losses are neglected [21], [22] and only turn on
switching losses that occur out of the ZVS region will be
taken into account. Therefore, as a first step, the boundaries
of the ZVS regions of each solution are calculated following
the steps described in [23]. Fig. 6 shows the characteristic
switching states and waveforms during the turn on of a hard
switched semiconductor. At the beginning of the transition
(interval A), the inductor current is free-wheeling through Q,
and the output capacitor of @, is fully charged to the
capacitor voltage (V). At t,, the gate signal of Q, is turned
off and, consequently, the inductor current flows through its
body diode until ¢; (interval B). At this point, the gate signal
of Q, reaches the threshold voltage and its drain current rises
to I, (interval C). However, the drain current of Q; continues
increasing due to the reverse recovery effect of the body
diode of Q, (interval D). Once the body diode of Q, starts
blocking the voltage, its output capacitor charges to V.
(interval E). Here it ends the switching process. To sum up,
the power losses that will be considered when hard switching
occurs are calculated using ( 9 ). There, the next losses are
considered: the conduction losses of the body diode ( 10 ), the
losses related to the coexistence of the drain-source voltage
and current ( 11 ), the reverse recovery losses ( 12 ) and the
resonant transition ( 13 ).
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Fig. 8. ZVS regions and boundaries for primary and secondary side
semiconductors using PSM. (4) DAB-FPC. (B) DAB-PPC.

9
Py = Pyioge + Pyr + B + Pogs (9)
tap 10
Pyioae = (Wsp - Isp + Rgp - 18p) - —— (10)
T
1 t-+tf 11
PVIZE'IL'VDC'HT—SU (1)
12
Prerrr'VDC'fsw (12)
(13)

Poss = (E055Q1 + EDSSQz) * fow

Where, ty;, is the dead band time (3% of the period), ¢,;
is the rise time of the current ( 14 ) and tf,, is the fall time of
the voltage ( 15).

Q;

Igate

Qi ' Rgate
(Ve + V1)
2

(14)

Ly =

driver —
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Q; from ( 14 ) is the amount of charge that must be
supplied while the gate voltage increases from the threshold
voltage to the plateau voltage. Q,, from ( 15) is the amount of
charge that must be supplied through the plateau. Both values
can be extracted from the datasheet of the semiconductor
[24]-[28].

IV. SIMULATION RESULTS

An analytical model of the DAB is developed to obtain
the current waveforms of the power devices. As example, Fig.
7 shows the steady-state waveforms of the inductor’s current
at initial charging conditions.

In the first place, Fig. 8 presents the ZVS regions of each
solution in function of M and the phase-shift (¢p). The yellow
line represents the working points of the converter through a
complete charging process. As it can be observed, at both
solutions, this line maintains a constant ¢ value at 90°
through great part of the charging process. This corresponds
to the constant current region from Fig. 5. Then, the value of
¢ starts decreasing as the power consumed by the EV
decreases (constant voltage region). In the case of the DAB-
FPC (Fig. 8a), the yellow line never enters in to the grey area,
which means that the semiconductors will always work inside
the ZVS region. However, the DAB-PPC (Fig. 8b) does enter
at the end of the charging process. At this moment, the
semiconductors from the primary side do not commute in
ZVS and their switching losses must be quantified.
Nevertheless, these switching losses are expected to be very
low due to the reduced switched voltage and current. Indeed,
since the battery is at the constant voltage region, its voltage
value (Vg ) is at its maximum, 320 V. Consequently, the
voltage commuted by the primary side semiconductors will
only be 20 V.

Finally, Fig. 9 presents the total energy losses generated
over one charge with each semiconductor and the energy loss
in percentage. In the case of the Si-based DAB-PPC, the
energy losses due to the hard switching that occurs at the end
of the charging process are differentiated with a lighter color.
As it can be observed, they only represent an 8.2% of the total
result. This is because they occur when the K, and Vi,
(voltage switched by the primary semiconductors) are at their
lowest values. Then, it can be concluded that the Si-based
DAB-PPC is the most efficient solution. Compared to the
most efficient SiC device (UF3SC065007K4S), the Si-based

DAB-PPC solution achieves an energy loss reduction of
18.37 %. When it comes to the WBG devices, it is observed
that SiC semiconductors offer better performance than GaN
for the considered application.

V. CONCLUSION

This paper presents an efficiency comparison between a
WBG-based DAB-FPC and a Si-based DAB-PPC for an
OBC application. Using simulations, it has been validated
that the lower power rated DAB-PPC topology significantly
reduces the converter losses by a 18.37 %. This is mainly due
to the low conduction losses achieved by the DAB-PPC due
to the reduced on-state resistance of the primary side Si
semiconductors. Also, the hard switching losses that are
computed for the DAB-PPC (Fig. 8b), are not significant, due
to the low power level conditions and reduced switched
voltage. Additionally, Si-based devices are considerably
cheaper than SiC semiconductors, which reduces the final
cost of the converter. So, it can be concluded that by
combining PPP strategies and Si technology, highly efficient
and reduced cost converters can be achieved. Hence, PPP
strategies are attractive solutions to life extension of Si power
devices.
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