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A ZCS/ZNV'S DC-DC Partial Power Converter With
Reconfigurable H-Bridge and Variable Turns Ratio
for an Integrated On-Board Charger

Niwton Gabriel Feliciani dos Santos

and Mario Licio da Silva Martins

Abstract—Series-connected partial power converters (S-PPCs)
present the advantage of reduced losses due to part of the load
power be delivered without any processing, i.e., losslessly. The re-
maining amount of processed power is required to offer load voltage
or current regulation and it is subject of switching and conduction
losses. Hence, the efficiency of an S-PPC is quite dependent on
keeping its voltage regulation range (Av) as narrow as possible. For
electric vehicles battery chargers, Av must cover from discharged
to full charged traction battery pack voltage values, which often
cover a wide voltage range and, thus, may minimize the benefits in
employing S-PPC. To maintain the S-PPC advantages for such a
wider voltage regulation range, this article proposes a step-up/down
S-PPC with a reconfigurable H-bridge and variable turns ratio for
the dc—dc stage of an integrated on-board charger (OBC). This
way, Av is split into multiple regions, covering from narrow to
wider portions that allows the design of the S-PPC to be optimized
for the narrow Awv during most of the constant current charging
mode. This feature provides a significant efficiency improvement
and it is achieved by using a tapped primary winding that allows the
PWM switching pattern to be exchanged among the three primary-
side H-bridge legs yielding in a set of three distinct transformer
turns ratios specially designed to cover each region of Av and
reducing the current through the S-PPC. In addition, zero-current
switching is achieved for the primary switches and zero-voltage
switching for the secondary switches, which are ensured via two
fixed-frequency modulation strategies, i.e., without any additional
circuit component to suppress the high-voltage spikes across the
primary switches. To validate the analyzes, a scale-down prototype
was built for an OBC application example (2.2 kW), reaching a
peak efficiency of 98.7% during charging.

Index Terms—Integrated on-board charger (OBC), partial
power processing (PPP), reconfigurable h-bridge.
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I. INTRODUCTION

HE transportation electrification employing battery-based
T electric vehicles (EVs) has become a clear tendency in
order to reduce the consumption of fossil fuels and conse-
quent greenhouse emissions [1]. The high-voltage traction bat-
tery pack of EVs is typically charged from a charging station
(off-board) or from the utility ac grid via an on-board charger
(OBC) [2]. According to the SAE J1772 standard, the charging
power is limited to up to 1.92 kW (Level 1) when supplied by
a standard convenience outlet [3]. The charging power can be
increased to up to 19.2 kW (Level 2) with a dedicated EV supply
equipment installed at home or public locations [3]. For Level
1 and Level 2, the OBC is connected to ac grid, meanwhile, for
Level 3 chargers (above 19.2 kW) dc power supplies directly
the battery pack [2] by means of an off-board charger. This
off-board charge can handle high power levels (up to 350 kW) to
charge the battery pack of the EVs in less than one hour [3]. To
accomplish the adequate battery charging, conventional OBCs
generally consist of a frontend power factor correction ac—dc
converter followed by a dc—dc converter with the two sharing a
common intermediate dc bus [4], [5], [6], as shown in Fig. 1(a).
On the other hand, integrated OBCs have been developed by
reusing the ac machine windings and the traction inverter as
ac—dc stage, reducing their volume, weight and costs, [1], as
shown in Fig. 1(b). To further reduce the OBC losses and ratings,
the Type Il configuration of S-PPC is proposed as the dc—dc stage
[see Fig. 1(c)].

In EV charging applications, the battery pack voltage can
vary in a wide operation range [4], which is challenging for
the design and optimization of the power converters. In general,
frequency-modulated LLC' de—dc converters are the prominent
candidates [2], [6], [7] due to their characteristics, such as soft-
switching operation, low electromagnetic interference (EMI),
short-circuit protection capability, and also low components
count [5], [7]. However, the variable switching frequency of
LLC-based dc—dc converters vary in a quite wide range, which
yields in a relatively low overall efficiency [8]. It also makes
difficult to optimize the magnetics design in terms of volume
and efficiency [5].

To restrict the frequency, duty cycle, or phase shift range
and achieve a compromise between efficiency, power density,
and output voltage range (VR), many reconfigurable topologies
have been proposed for battery charging applications [8], [9],
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Fig. 1.  System configuration of a (a) conventional and an (b) integrated single-
phase OBC. (c) Type II configuration of a S-PPC.

[10], [11], [12], [13], [14], [15], where the use of different
configurations enables optimizations to be performed for each
one, thereby enhancing the performance throughout the entire
charging process. In Wang et al.’s [8] work, an improved LLC'
converter using a reconfigurable transformer is proposed to
charge a 250-450 V battery pack. In such a converter, the
transformer can reconfigure its secondary side with two sets
of turns ratios and tuned leakage inductances. A single-pole-
double-throw relay is used to select the configurations, which
is disadvantageous since relays typically have poor ON-state
resistance properties and are slow, demonstrating a long transient
regime. In Shu and Wang’s [9] work, the output VR can be
extended remarkably via three transformer turns ratios and a
half-bridge configuration (conf.). In Lin’s [10] work, an auxiliary
switch is used to reconfigure the secondary side with two sets
of turns ratios. The dc—dc converter includes an LLC'C' circuit
on the primary side and a reconfigurable push—pull circuit on
the secondary side. In Shahzad et al.’s [11] work, a half-bridge
2L LC resonant converter with two configurations is proposed
to extend the output VR. In short, the hybrid rectifier on the
secondary side can be reconfigured as a bridge rectifier or a
voltage doubler.

The partial power processing (PPP) concept has attracted
much attention recently [16], [17] and can be considered for EV
charging applications. However, the application in OBCs has
not been fully investigated, and few studies have been published
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in the top quality power electronics publications [18]. Recent
relevant papers mainly focus on the application in fast charging
stations (FCSs) [19], [20]. The concept of PPP relies on the idea
that a PPP converter (PPC) processes only a fraction of the total
active power supplied to the system [17]. In case of the series-
connected PPCs (S-PPCs), they regulate the voltage difference
between the input and output of the system (they are arranged as
a buffer in series with the input/output), and their benefits, such
as the reduction of losses, are fully achieved only if the voltage
gain range, duty cycle, and turns ratio are well designed [16].
Their configuration is usually Type I or II [14], where the
Type I connections resemble those of an input-parallel-output-
series architecture and the Type II connections resemble those
of an input-series—output-parallel architecture [18]. Although,
some S-PPCs in the literature can be reconfigured as Type I
or Type II [14]. Compared to step-up and step-down S-PPCs,
the use of voltage step-up/down S-PPCs culminates in a fur-
ther reduction of the active and nonactive power processed,
further reducing component stresses, converter losses, and
size.

According to dos Santos et al.’s [16] work, the Type II config-
uration shown in Fig. 1(c) is more suitable for use in step-down
systems or in step-up/down systems where the input voltage is
fixed, as in the typical case of the dc—dc stage of OBCs [5].
In this case, a boost-type current-fed (CF) isolated converter
needs to be selected as the step-down or step-up/down S-PPC. In
such converters, unfortunately, the current mismatching between
the leakage and input currents usually introduces high-voltage
spikes across the switches on the primary side at their turn-
OFF, which can increase the EMI, reduce the system reliability,
and further damage those expensive devices [21]. Wherefore,
passive snubbers or active-clamp circuits are generally used to
mitigate the voltage spikes, reduce oscillations, and assist in
soft-switching [22], [23]. However, additional hardware has a
negative impact on the efficiency, volume, and costs. Therefore,
modulation-oriented approaches are preferred in case of the
CF converters, including natural commutation techniques that
achieve soft-switching without auxiliary circuits [24], [25].

In order to overcome all the challenges associated with OBCs
and achieve a good compromise between power processing,
efficiency, and battery VR, this article proposes a Type II S-
PPC with a reconfigurable H-bridge for the dc—dc stage of an
integrated OBC. The concepts of S-PPCs and reconfigurable
converters are not new; however, their combined application
remains unexplored in the literature, particularly in the field
of battery-based EVs [14]. With the reconfigurable H-bridge
implemented in the proposed S-PPC, it can reconfigure its
transformer primary side with three (3) sets of turns ratios, which
are designed to cope with a wide voltage regulation range (Awv)
and extend it only when necessary, reducing the conversion effort
on the converter (reducing conduction losses) by minimizing the
circulating currents. With an appropriate design, the proposed
S-PPC can operate predominantly within a VR where the turns
ratio is higher and the circulating currents are lower in compari-
son with the S-PPC based on a nonreconfigurable H-bridge. The
additional advantages of the proposed reconfigurable S-PPC are
summarized as follows.
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1) The variable turns ratio approach allows the S-PPC to
operate in a wide VR with high performance. Equally
important, it is bidirectional and has the capability to step
up or step down the voltage in both directions of power
flow (the dc bus voltage during charging and the battery
pack voltage during the discharging mode). In this case,
a design procedure to select the turns ratios and leakage
inductances is proposed in this article.

2) The proposed S-PPC has an inductor connection on both
the input and output terminals of the dc—dc stage. Hence,
nonpulsating current with low high-frequency (HF) ripple
can be achieved on both sides of such a stage [21].

3) A full-range zero-current switching (ZCS) is achieved
for the switches on the primary side, while zero-voltage
switching (ZVS) is achieved for the secondary switches.
The soft-switching operation in step-down and step-
up modes is ensured with two modulation-oriented ap-
proaches proposed here.

4) These two modulation-oriented approaches are actually
pulsewidth modulation (PWM) strategies. The fixed-
frequency operation makes it easy to optimize the mag-
netics design [25] and simplifies the control implementa-
tion [24].

5) Finally, any passive snubber and/or active-clamp circuit
is employed to suppress the high turn-OFF voltage spikes
across the primary switches, being the absence of snubbers
an advantage, since one of the major reasons for efficiency
degradation is the presence of snubber losses [24], [25].
In addition, the proposed S-PPC does not require any
additional relays or contactors for reconfiguration.

II. STEADY-STATE ANALYSIS OF THE PROPOSED S-PPC

In this section, the proposed current-fed full-bridge/output-
series half-bridge (CFFB/OSHB) Type II S-PPC is put forward
and its steady-state behavior for continuous conduction mode is
described in detail. Here, three assumptions are made in order to
simplify the evaluation of the proposed S-PPC in the following.

1) The switching and energy-storage devices are ideal and
lossless.

2) The capacitors are large enough to consider their voltages
constant during one switching period.

3) The transformer is modeled with a magnetizing induc-
tance (L) and a leakage inductance (Ly,) referred to the
primary side. However, L), is assumed to be large enough
to consider its current as null.

A. Step-Up/Down Type Il S-PPC Topology Derivation

Fig. 2 illustrates the different circuits that can be used to
implement the current-ripple-friendly ports of the proposed bidi-
rectional step-up/down Type II S-PPC system. In such a case, the
port 1 of the isolated dc—dc converter [see Fig. 1(c)] comprises
the CF full-bridge [see Fig. 2(a)], half-bridge [see Fig. 2(b)], and
push—pull [see Fig. 2(c)] reconfigurable circuits. Meanwhile, the
port 2 comprises the CF full-bridge [see Fig. 2(d)], symmet-
rical half-bridge [see Fig. 2(e)], and asymmetrical half-bridge
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Fig. 2. Design examples of possible circuits for the current-ripple-friendly
ports of the proposed step-up/down Type II S-PPC system. Possible circuits for
(a)—(c) port 1 (reconfigurable) and (d)—(f) port 2.

TABLE I
CHARACTERISTICS OF THE TYPE II S-PPCS DERIVED FROM FIG. 2

Combination S C L T, Confs. I3
I—i 6 1 3 3 3 7.7
I—ii 4 2 2 3 3 7.0
I—iii 4 2 2 3 3 7.0 |
I1—i 6 1 5 3 3 8.3
II—ii 14 2 4 3 3 7.7
I1—iii 14 2 4 3 3 7.7
I1I—i 2 1 3 5 2 10.5 W
II1—ii 0 2 2 5 2 9.50 M
ITI—iii 0 2 2 5 2 9.50 M

[see Fig. 2(f)] voltage clamped circuits, where the transformer
winding voltage is clamped with the capacitors, mitigating
any voltage spike across the switches, as in voltage-fed (VF)
ports [21].

The main characteristics of the Type II S-PPCs derived from
the combination of the circuits shown in Fig. 2 are listed in
Table 1. These characteristics are the number of switches (.5),
capacitors (C'), inductors (L), transformer windings (7%,), as
well as the number of possible configurations (NoC). Based
on these values, the following quantitative factor (§) has been
employed to evaluate the combinations:

S+C+L+T,
§= NoC )]
which indicates that having many components or few possible
confs. results in a high factor, which is disadvantageous.

As can be seen in Table I, combinations III—i, III—ii, and
III—iii exhibit the worst characteristic in terms of £ (despite
employing fewer switches), while combinations IT—i, IT—ii, and
IT—iii exhibit middling characteristics similar to I—i. Therefore,
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Fig. 3. Proposed step-up/down CFFB/OSHB S-PPC.

the S-PPCs derived from combinations I—ii and I—iii are the
ones that offer more benefits than the others, i.e., are the best
balance approaches for the proposed application.

B. Proposed Step-Up/Down Type Il S-PPC Description

Fig. 3 shows the topology of the step-up/down CFFB/OSHB
S-PPC, which is derived from combination I—ii. As shown,
it is composed of six four-quadrant switches (S7,—Sg;) on
the primary side (CFFB circuit), four two-quadrant switches
(S5—95s) on the secondary side (OSHB circuit), two inductors
(L1 and L), and six capacitors (a dc bus capacitor C,., an output
capacitor Cyp, and C;—C}). Here, V. and V}, are the dc bus and
battery voltages, as well as I,. and I, are the dc bus and battery
currents, respectively. Finally, V; and I; are used to denote the
voltage and current of port ¢ ( = 1, 2).

A high-current ripple has a negative impact on the battery
management system, performance, and lifetime of the EVs
lithium-ion batteries [21]. Therefore, limiting the battery cur-
rent ripple is quite important. As mentioned in Section I, the
CFFB/OSHB S-PPC has an inductor connection on both the
ports 1 and 2, which is possible because it presents two middle
section capacitive buffers (C;—C5 in cell 1 and C5—CYy in cell
2) connected to the secondary side current section [26]. Hence,
nonpulsating current with low HF ripple can be achieved on both
sides of the dc—dc stage. The use of two stacked half-bridge cells
at port 2 is made to reduce the maximum voltages across the
switches.

The CFFB and OSHB equivalent circuits are coupled with
a reconfigurable transformer composed of a HF transformer
with a tapped primary winding and two separated secondary
windings, as illustrated in Fig. 4. This transformer provides the
functional isolation required for the system to function properly,
but the dc bus and the battery pack are grounded to the same
reference. Since the high-voltage battery pack is generally not
grounded to the chassis of an EV for safety reasons, the proposed
integrated OBC satisfies the SAE J1772 standard for conductive
chargers [27]. It refers to the system grounding; however, the
battery pack enclosure is also generally not grounded to the
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Fig. 4. Reconfigurable transformer of the proposed CFFB/OSHB S-PPC.

Conf. II Conf. III

Fig. 5. Different configurations of the CFFB equivalent circuit. (a) Conf. I
(legs A and B). (b) Conf. II (legs B and C). (c) Conf. III (legs A and C).

chassis (equipment grounding). Hence, the prevention of po-
tential electrical hazards is ensured in normal scenarios, also
culminating in a reduction of the risk of electric shock in the
event of a collision.

C. Operation Principles

1) Reconfigurable H-Bridge: In the S-PPC, the use of four-
quadrant switches on the primary side serves for two purposes:
i) to operate within a bipolar voltage regulation range at port
1 (thereby narrowing Av); and ii) to select the appropriate VR
from a set of narrow ranges and change it when necessary. This is
achieved by controlling the ON/OFF states of the switches of legs
A-C; S11—S41 in step-down and S15—Sg2 in step-up modes.
Here, two active switches are arranged back-to-back to form
each four-quadrant switch [28].

Fig. 5 shows the three configurations of the CFFB equivalent
circuit. In short, conf. I is activated when leg C is disabled
for the entire switching period (T's) and the CFFB is operated
by modulating the four-quadrant switches S7,—S4,, as shown
in Fig. 5(a). The switching frequency is given by fs = 1/Tg.
Analogously, conf. II is activated when leg A is disabled and
the CFFB is operated by modulating Ss,—Se., as shown in
Fig. 5(b). Finally, conf. III is activated when leg B is disabled
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Fig. 6. Power flow between the ports of the proposed S-PPC during charging
(using conf. I as an example). (a) Step-down. (b) Step-up modes.

and the CFFB is operated by controlling the other switches on
the primary side, as shown in Fig. 5(c).
Due to the reconfiguration, the transformer has three turns
ratios (n), magnetizing inductances, and leakage inductances
Nsy

n=ng,= , Lyg = Lo, L = Ly, in Conf. I
Np1
n=ny =22 Ly = Ly, Ly = Ly, in Conf. Il
Tp2
n=ne =% Ly = Lye, Ly = Lo, inConf. 1 (2)
pc

where ng, = N1 = Ns2, Npe = Np1 + Np2,and L, = Ly + Ly,
Accordingly, v, and v, are the voltages across the primary
(including the leakage inductance) and secondary sides (for
h =1, 2), respectively. The equivalent primary voltage presents
three levels in each conf. (— ;%’ 0, and +¥—Z), and the secondary
voltage presents only two levels (— V5 and +V5).

Therefore, by adopting the reconfigurable H-bridge approach,
there is a design degree of freedom in customizing the turns
ratios and tune the leakage inductances of the transformer, which
can be designed to reduce the nonactive power processed [16].
Since this reduces the nonactive power losses by reducing the
circulating currents, the efficiency can be improved.

2) Step-Up/down Conversion Ratio: Fig. 6 shows the power
flow between the ports of the CFFB/OSHB S-PPC during charg-
ing (using conf. I as an example). During the charging mode
of the EV battery pack, the charging power (Fq,) is transferred
from the intermediate dc bus to the battery pack. In this case, the
charging power flows through two paths [16]. The amount that
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TABLE II
VOLTAGE, CURRENT, AND POWER FLOW: PORTS 1 AND 2

Variable Equation Step-down mode  Step-up mode
Vi Vi—V, positive (+) negative (—)
Va 13 positive (+) positive (+)
I I positive (+) positive (+)
I I, — I, positive (+) negative (—)
Pina Peoha — Pgir port 1 to 2 port 2 to 1

flows through the bottom path represents the direct power (Py;;),
which is directly transferred from the dc bus to the battery pack
without being processed, which means that this path is highly
efficient (n ~ 1 [18]). On the contrary, the amount flowing
through the top path represents the indirect power (F;,q), which
is processed by the circuit devices and yields in power losses.
Therefore, it can be written that

Pcha = Pdir + }Dind
Vil = VoI, + V1 1)
Voly = Vol + Vals (3)

in case of an ideal lossless S-PPC, where P, = P,.

As can be seen, the Py, and Py, paths are unidirectional.
Conversely, the indirect power flows in both directions, which
occurs because the CFFB/OSHB S-PPC operates with bipolar
voltage at port 1 and bidirectional current at port 2. Hence, the
proposed integrated OBC system operates in step-down (FPipg >
0) and step-up modes (P;,g < 0). These two modes with different
voltage gain ranges are selected based on the actual battery pack
voltage value. Table II presents a summary regarding the voltage
polarity and current direction at ports 1 and 2 during the charging
mode.

The detailed operation of the CFFB/OSHB Type II S-PPC in
step-down and step-up modes (during charging) is explained in
the following. During the discharging mode, the system active
power is transferred from the battery pack to the dc bus [see
Fig. 1(b)], but the operation is similar to that during charging.

Step-down  mode: When V. >V,, the proposed
CFFB/OSHB S-PPC operates in step-down mode, where
Vi > 0and I> > 0. In conf. I, for instance, the bottom switches
of S1,—S4; (S12—S42) are ON for the entire switching
period, while the PWM strategy is applied to the top switches
(S11—9541). The diagonal switch pairs of the CFFB equivalent
circuit (511, S41 and Sa1, S31) are operated with identical gating
signals phase-shifted by 180° with an overlap. On the secondary
side, the switches operate with a fixed duty cycle of 0.5 pu. The
gating signals of S5 and S; are the same, as well as the gating
signals of Sg and Sg, and these two signals are complementary
to each other. The operation in conf. II and conf. III is similar
to that in conf. L.

The key waveforms of the proposed CFFB/OSHB S-PPC
operating in step-down mode (using conf. I as an example) are
illustrated in Fig. 7. Omitting the dead time intervals, the S-PPC
presents six operating circuit stages ((1)-(6)), where the relation
between the PWM duty cycle (d,,), overlapping duty cycle (d.,),
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Fig. 7. Steady-state waveforms of the proposed step-up/down CFFB/OSHB
S-PPC in step-down mode (using conf. I as an example).

and actual duty cycle (d.) is given by

(1+dy)
= - = = —_— — 4
dp 9 ’ de dv + 67 6 dv ) [C ( )

where w is the normalized leakage inductance defined in (17)
and M¢ = V,/V;. Considering the continuous loop and the
voltage balance of Ly, d;, and d. can vary between 0.5-1 and
0-1, respectively. If § = 0, .". d. =~ d,,.

In Figs. 7 and 8, vg1, and 751, are the instantaneous voltage
and current of Sy, vgs and ig5 are the voltage and current of
Ss, and i1, is the instantaneous leakage current. The primary
switches present similar operation waveforms, as well as the
switches S5—Sg. In addition, “—-—"" in the very top waveforms
represent the increment by which the pulse width of the gate—
source signals (v4g) of the primary switches must be increased
for the implementation of the synchronous rectification (SR). It
helps in reducing conduction losses by preventing current from
flowing through the body diodes [29].

In this mode, the peak value of 71 is given by

. dy M
zk,pk:h(%wc —1). (5)

Snw
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Fig. 8.  Steady-state waveforms of the proposed step-up/down CFFB/OSHB
S-PPC in step-up mode (using conf. I as an example).

As a result of the proper operation of the S-PPC with the
proposed PWM strategy shown in Fig. 7, ZCS turn-ON and
turn-OFF are naturally achieved for all the switches on the
primary side. The switches S11 —S¢1 turn-OFF with ZCS owing
to the conduction of their body diodes (or their conductive
channel with the SR [29]) and turn-ON with ZCS due to the low
rise rate of the turn-ON currents (di/dt) [30]. In addition, the
dead time (t4) between the secondary switches on the same cell
provides ZVS turn-ON for S5—Ss owing to the reverse current
(conduction of their body diodes) generated to discharge their
output capacitances (C,s) before the switches are turned ON.
These four switches are also turned OFF with ZV'S, which occurs
due to the low rise rate of the turn-OFF voltages (dv/dt) [30].

In summary, the key condition for achieving the true ZVS
turn-ON and true ZCS turn-OFF operations is the reverse current
generated before the switches are turned ON or OFF, respectively.
On the other hand, the ZVS-OFF and ZCS-ON are not real
soft-switching forms and only occur by employing snubber
capacitors (or the output capacitances) to limit the rise rate
of the turn-OFF voltages (false ZVS turn-OFF), or small induc-
tors to limit the rise rate of the turn-ON currents (false ZCS
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turn-ON) [30]. In this article, the snubber capacitors are not used,
and the small inductors are composed of the intrinsic leakage
inductances of the transformer and two series inductors.

Step-up mode: When V,. < V},, the S-PPC operates in step-
up mode, where V; < 0 and I3 < 0. In conf. I, for instance, the
top switches of Sy, —S4, (S11—S41) are ON for the entire period
Ts, while the PWM strategy is applied to the bottom switches
(S12—S42). As in step-down mode, the diagonal switch pairs
are operated with identical gating signals phase-shifted by 180°.
On the secondary side, the switches operate almost the same as
in step-down mode. The gating signals of S5 and S7 are still
the same, as well as the gating signals of Sg and Sg; however,
the ON/OFF states of these two-quadrant switches are inverted in
relation to those in that mode.

In this mode, the true ZVS turn-ON and false ZVSS turn-OFF are
also achieved for all the two-quadrant switches on the secondary
side of the CFFB/OSHB S-PPC. Furthermore, the true ZCS turn-
OFF and false ZCS turn-ON are also naturally achieved for all the
switches on the primary side. Consequently, the proposed S-PPC
can reduce or almost eliminate all the switching losses [30],
enabling operation at higher switching frequencies to improve
power density [12].

The key waveforms of the proposed CFFB/OSHB S-PPC
operating in step-up mode (using conf. I as an example) are
illustrated in Fig. 8, where d. = d,, + 9. Here, however

0= dv + -,

dyMc
) =17 1).
Me Uk ! <4nw + ) ©

3) Soft-Switching Conditions: In step-down mode, when one
diagonal switch pair of the CFFB equivalent circuit turns OFF,
there could be two types of voltage components across the
primary switches: voltage oscillation (ves) and voltage spike
(vspk)- The primary switches achieve ZCS turn-OFF operation
onlyifir;, > +1I; (assuming small-ripple approximation [28]) at
the end of stage (1) and i, < —I; at the end of stage (4), causing
the required reverse current to flow through their body diodes
or conductive channels before the turn-OFF moment. Thus, to
ensure ZCS-OFF for S1;—Sg; in step-down mode

| +ikprl > | £ 1,
i.e., this condition naturally ensures the high turn-OFF voltage
spike suppression of the switches without any passive snubber
and/or active-clamp circuit (commonly used in conventional CF
converters [24]), because the soft-switching effectively absorbs
all the energy accumulated in the leakage inductance in this case.
The condition also ensures false ZCS-ON for S11—Sg1.

By manipulating the expressions in (5) and (7), one can find
the ZCS condition as a function of L,

8nw

resulting in vgp = 0 @)

1\84 C dv‘/l . (8)
Tlf sI 1

Fig. 9(a) illustrates all the three attainable leakage current
waveforms (in function of Lj) during the switching transition
of S11—S61 from stage (1) to (3), in case of the step-down
mode. Basically, if the ZCS condition in (8) is not satisfied,
the current mismatching between i, and /; will cause a high
rise rate in the leakage current during the transition, which will
introduce high-voltage spikes across the primary switches. In
this case, the amplitude of vy can reach thousands of volts

Ly, < L, where L =
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Fig. 10. Simulation waveforms of the leakage current and voltage across

the switches S7,—S2, in step-down mode (using conf. I as an example).
(a) Complete (L < L¢r). (b) Incomplete (Ly, > L) ZCS transitions.

and damage the switches, reducing the system reliability. For
example, by considering an ON-resistance (R,,) of 64 m{2 and
a Cos of 70 pF for the primary switches, Fig. 10 shows the
simulation waveforms of the leakage current and voltage across
the switches S, —S5, in step-down mode (using conf. I as an
example); Fig. 10(a) for a complete ZCS transition with the
voltage spike suppression and Fig. 10(b) for an incomplete ZCS
transition (Ly > L) where vy > 750 V.

In general, the value of Ly is practically constant, while the
duty cycle varies according to the voltage gain variation. Thus,
for a given Ly, the ZCS condition needs to be rewritten as

dy > — (€))

which is mandatory for the proper operation of the S-PPC with
the proposed PWM strategy shown in Fig. 7.

To ensure ZCS for S15—S¢2 in step-up mode, there are no
necessary conditions. Indeed, only the following restrictions
need to be satisfied: Ly > 0 and d,, > 0. Fig. 9(b) illustrates
the two attainable leakage current waveforms (in function of
d,) during the switching transition of S12—Ss2 from stage 3)
to (5), in step-up mode. Here, there are no operation conditions
that culminate in the current mismatching between i1 and Iy
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during the transition, because 71 is always equal to or greater
than /; at these moments. Hence, the high-voltage spikes across
the primary switches are naturally avoided.

Since the proposed CFFB/OSHB S-PPC is snubberless, the
voltage oscillation cannot be eliminated in both the step-down
and step-up modes. The oscillation energy is related to the 1)
leakage inductance and the 2) equivalent capacitance (Ceq) that
includes both the parasitic capacitances of the transformer and
the output capacitance of the switches. In short, the amplitude
of v, 1s calculated as follows:

Vose = V1 [1 — cos (wt)] £ Va/(2n) (10)
where “+£” is “+” in step-down mode and is “—” in step-up
mode, and w is the time constant given by

w=1/y/Lj Ceq. (11

Regarding the two-quadrant switches on the secondary side
of the CFFB/OSHB S-PPC, S5 and S7 achieve ZVS turn-ON
operation only if the following condition is satisfied [31]:

at the end of step-down
Figph > +2nisp O (step-down) ),
at the end of (4) (step-up).
Similarly, Sg and Sg achieve ZVS turn-ON only if
. . at the end of step-down
ik < F21ia, @ (step-down) 3,
at the end of (1) (step-up).
In (12) and (13), i3 ,, and i3 ,, are defined as
12.n :IQ_AiL2/27 i27p:IQ+A7;L2/2 (14)

where Aip, is the current ripple of the inductor at port 2.

In order to ensure enough time for discharging the output
capacitances of the secondary switches before they are turned
ON, the dead time between the switches on the same half-bridge
cell must comply with the following constraint:
—4nw(Mc + 2n)

ME

As long as the values of Cy are sufficient, the condition in
(15) also ensures ZVS-OFF for the secondary switches.

4) Static Voltage Gain: By applying the principle of inductor
volt—second balance [28] to the dc bus inductor (L), through
which flows a current whose average value is I;; = I, the
voltage gain V5 /V; can be derived as shown in (16) shown at
the bottom of this page, where

w:kas (p:Llfs K:& Rlzﬁ

Ry’ Ry’ Ly’ L
where ¢ is the normalized dc bus filter inductance, « is the ratio
of inductances, and R; is the resistance of port 1.

In (16), “+” is also “+4” in step-down and “—"" in step-up
modes, where M varies from positive to negative gains via the
energy stored in the passive filters. Due to the inherent boost
function between ports 1 and 2, |M¢| > 1.

T
tg < 75 d, + (15)

a7
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The voltage gain of the de—dc stage (M) is given by
Vo b Mo
V. I, 14+ DMc
It is worth mentioning that the magnetization/demagnetization
of the port 2 inductor (L) does not affect M and M. The
average value of the current through Lo is I1o = I5.

By considering the battery pack VR defined later in Sec-
tion III, Fig. 11(a) shows the voltage gain variation of the
CFFB/OSHB S-PPC for arbitrary values of n (for L; = 500 pH
and x = 0.01), considering only one conf. of the CFFB circuit
(such as a traditional nonreconfigurable H-bridge) and the pro-
posed H-bridge reconfiguration. On the other hand, Fig. 11(b)
shows the voltage gain variation for different values of x (for
Ly =500 pH and n = 1.30). For the same values of n and Ly,
varying only the inductance of L has little effect on the static
voltage gain and operation of the S-PPC.

In Fig. 11(a) and (b), the light red shaded areas represent the
inoperable regions where the voltage regulation is lost due to
the incomplete ZCS transition, i.e., where the overlapping duty
cycle does not comply with the constraint in (9). Accordingly,
the proper design of the turns ratios and leakage inductances
of the proposed reconfigurable S-PPC must ensure operation
with ZCS throughout the entire battery pack VR, in both the
step-down (M < 1) and step-up (M > 1) modes.

Fig. 11(c) shows the theoretical and circuit simulation results
referring to the voltage gain of the proposed reconfigurable S-
PPC, considering the same values of n as in Fig. 11(a) and the
VR of the constant current (CC) mode defined later in Section I11.
In this figure, the lines correspond to the numerical solution of
(16) and (18), and the markers correspond to some data points
from the circuit simulation. As can be seen, the data points are
compatible with the numerical solution.

5) Voltage Stresses: Ideally, the OFF-state voltage of the
primary switches S1;—S6z (Vps,max) and secondary switches
S5—S5s (Vss,max), and the average voltage of the capacitors
C1—Cy of the CFFB/OSHB S-PPC are given by

VpS,max = :tVQ/(QTL), VvsS,max = ‘/27 VC14 = V2/2 (19)
However, the maximum value of vo in (10) implies that
‘/pS,max = 2‘/1 + ‘/2/(2’”‘) (20)

which will only occur when cos (wt) in (10) is equal to —1.

(18)

III. INTEGRATED OBC SYSTEM DESIGN

In this section, the battery pack is modeled, the OBC system
is designed, and the design of the turns ratios is performed.

A. Lithium-Ion Battery Pack Modeling

Table III describes the specifications of the 40 kWh Nissan
LEAF battery pack, which is selected for analysis and design
purposes. These specifications were either supplied directly by
the manufacturer or derived from a literature review [32]. The

v, En [1 + ({4 — 1)2 + {160 + 4} r dy + 482{d2 — 4p})"* + 25 {d, — 299}}

Mc =

=y, =

1—2d,) (1o
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Voltage gain of the S-PPC, considering only one conf. of the CFFB circuit and the proposed H-bridge reconfiguration. For different values of (a) n and
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Fig. 12.  (a) Modeling of the Nissan LEAF battery pack. (b) CC/CV charging profile. (c) PPF of the Type II S-PPC in the CC and CV modes.
TABLE III The state of charge (SoC) of the batteries defines the energy
NISSAN LEAF BATTERY PACK SPECIFICATIONS capacity that is still available for discharge, i.e., SoC = 100% —
DoD. A DoD of 100% implies that SoC = 0%, so the battery
Parameter Specification pack is fully discharged and needs to be recharged [33].

Lithium-ion—Laminate type
2 parallel strings of 96 in series
3.65 V/350.40 V
2.50 V/4.20 V
112.6 Ah/40 kWh
240 — 403.20 V usable range

Battery type

Cells configuration

Nominal cell/pack voltage
Minimum/maximum cell voltage
Rated pack capacity/energy
Battery pack discharge voltage

LEAF has two ac charging options: 1) charging at a home socket,
where the 40 kWh battery pack can be charged up to 2.2 kW
(Level 1), and 2) charging at a wallbox, where the battery pack
can be charged up to 6.6 kW (Level 2). This EV can only be
charged via the OBC from a 1—¢ ac grid.

Fig. 12(a) shows the capacity behavior at the beginning of life
of the Nissan LEAF battery pack between the maximum and
minimum voltages when discharged at 25 °C and considering
a CC discharge rate [32]. Fig. 12(a) also shows the result of
the battery modeling, for which the piecewise cubic Hermite
interpolating polynomial of the MATLAB software is used to
fit the data points extracted from the battery datasheet. For
simplicity, the charge potential has been approached to the
discharge potential.

Based on it, the depth of discharge (DoD) can be used to
describe how deeply the batteries are discharged [33], i.e.,

DoD = 100% x Available capacity / Rated capacity. (21)

B. Integrated OBC System Design

An EV battery pack must ideally be charged within a limited
SoC range (e.g., 10%—90%). Continuously operating a battery
pack outside the specified SoC limits is harmful to the battery
lifetime [34]. If the LEAF battery pack is charged from 10%
to 90% SoC, the fixed intermediate dc bus voltage can be set
as equal to the battery voltage at 10% SoC. In such a case,
the 10%—100% SoC range will coincide with the operation in
step-up mode, while the operation in step-down mode will be
restricted to an emergency (0% —10% SoC range), like if the
EV is stuck in the road and needs more energy to pull over. The
90%—100% SoC range should only be used if the drivers will
be taking the EV on a long road trip. Taking into account the
battery model in Fig. 12(a), it is defined that V. ~ 325 V.

The battery pack is charged using the conventional
CC/constant voltage (CV) charging method shown in Fig. 12(b),
whose control block diagram is shown in Fig. 13 [35]. In this
method, the battery pack is initially charged with a CC (Ic¢) to
prevent overcurrent conditions and later with a CV (Vvy), where
the injected current decreases to prevent overcharging [12].
The mode transition occurs when the EV battery pack voltage
reaches the voltage boundary Vv [33] and the charging power
is maximum [6]. In this case study, the voltage boundary for
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Outer voltage loop

Inner current loop
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¢

Fig. 13.  Control block diagram of the CC/CV charging method.

the CV mode is set as equal to the battery pack voltage at 80%
SoC [19]. It provides a safety voltage margin, ensuring that the
benefits from regenerative braking can be experienced without
exposing the battery pack to the risk of overvoltage. Based on
the battery model in Fig. 12(a), it is obtained that Vey ~ 373 V.

For the proposed integrated OBC system intended for the
Nissan LEAF, the total charging time can be approximated as
equal to the CC charging time (¢.) [33], [36] given by

Rated capacity

t. = ASoC’ x (22)

Icc
where ASoC' is the normalized SoC range. This approximation
is valid only for lower CCs (as in Levels 1 and 2), because a
larger I¢c shortens t. and extends the CV charging time (%,,) [33],
rendering ¢,, nonnegligible.
Based on it, the total charging time (¢;) for Levels 1 and 2
charging of the 40 kWh lithium-ion battery pack are

112.6 Ah x 373V

=0. ~ 19.1h
t; = 0.8 x 5 KW 9
112.6 Ah x 373V
= 0. ~ 6.40 h. 2
t; = 0.8 x GGKW 6.40 (23)

In general, a lower charging power means a lower CC Icc,
resulting in a slower charging process. However, lower CCs
result in higher capacity utilization, higher charging efficiency,
and longer battery life, reducing the total cost of the energy per
cycle [33]. On the other hand, higher CCs provide a quick charge
but significantly affect the aging process of the battery pack [33].
Moreover, the local distribution grid may become overloaded by
fast chargers due to the high power usage during peak times [3].

C. Active Power Processing

From (3) and Fig. 12(b), it is possible to evaluate the active
power actually processed by the Type II S-PPC via the figure of
merit called power processing factor (PPF) [16]

]Dind 1
P, cha 1+ M C
which depends solely on the configuration and voltage gain.

Fig. 12(c) shows the PPF behavior of the proposed integrated
OBC power system during the CC and CV charging modes. As
illustrated, PPF = 0 at 10% SoC (M = 1), where the charging
power is transferred to the battery pack without being processed
by the dc—dc stage. However, the PPF of the Type II S-PPC
gradually becomes more expressive when the SoC moves away
from 10%. It varies from zero to 0.2616 in step-down mode
(0% —10% SoC range) and from zero to 0.1465 in step-up mode
(10%—100% SoC range). For P, = 2.2 kW, the largest amount

PPF = =|1— M| 24)
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Fig. 14.  Curves for the design of the turns ratios intended for the Nissan LEAF.

(a) Conf. I and (b) conf. II, considering different values of L and dy, min. ()
and (d) Curves for the design related to another model of EV.

of active power processed by the OBC system is | Pg| = 371 W,
due to the operation with PPP.

D. Variable Transformer Turns Ratio

In summary, to obtain six possible operation ranges with
confs. I-III (three in step-down mode and three in step-up mode),
the following restrictions need to be satisfied:

Nne = (ngnp)/(Na + np) (25)

where n. is the maximum value of n (in conf. III) capable of not
restraining the voltage regulation range of the proposed S-PPC,
given a specific EV battery pack.

One drawback of soft-switching converters is the existence of
elevated circulating currents. A high circulating current implies
that the nonactive power (V) processed is high in relation to the
active power, i.e., a significant amount of energy that does not
conduct work circulates through the converter. This circulation
leads to increased conduction losses and enlarges the component
ratings. In this article, the turns ratios have been designed to
minimize the circulating currents [25].

Due to simplification purposes, the turns ratio for conf. I (n,)
has been designed to ensure its utilization throughout the entire
VR in step-up mode. By simplifying (16) and considering the
end of the CC mode (M¢ ~ —7.8)

Ng < (2 dv?min — 1)MC
T 1+4dw—1)
where d, min represents the minimum overlapping duty cycle
selected by the designer to maintain d,, > 0 and d,, > 0.5.

Fig. 14(a) presents the curves for the design of the turns ratio
for conf. I, considering different values of L, and d, min. In
this figure, the light red shaded area represents the inoperable
regions where d, < 0, and “x” represents the selected limit

value for n,, which is the maximum acceptable value of n, for
L, =12 pH and 2.2 kW (Level 1). Basically, to achieve a good

Ng > Np > Ne,

(26)
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TABLE IV
TF COEFFICIENTS FOR THE TWO QOPS
Coefs. Step-up / Conf. I Step-down / Conf. I
in (32) C O € O € € S € A €
ag x 100 0 0 —746 0 0 570
az x 106 0 0 —2.4 0 0 2.4
as x 109 0.303 0.203 —197 0.303 +0.040 269
a4 x 102 0.005 0.007 —4.5 0.010 -0.003 7.3
B1 x 100 1 1 1 1 1 1
B2 x 103 3.2 3.2 3.2 4.2 4.2 4.2
B3 x 109 366 366 366 366 366 366
Ba x 10° 7.6 7.6 7.6 9.5 9.5 9.5
TABLE V
SPECIFICATIONS OF THE CFFB/OSHB S-PPC PROTOTYPE
Parameter Part
Dc bus (C) and battery (Cp) capacitors 5 pF (film)
Buffer capacitors (C1—C4) 27 pF (film)
Port 1 (L1) and port 2 (L2) inductors 660 pH and 3.2 mH
Port 1 inductor turns / core 80/2x0077867A7

118/2x0077192A7
50 kHz / 600 ns

Port 2 inductor turns / core
Switching frequency (fs) and dead time (t4)

Switches UJ4C075023K4S
Transformer core MMT520T80.50.15B
np1 / np2 / ns1 / ng2 5/10/12/12

Na, Np, Ne 2.4,1.2,0.8

Ltas Lvivs Lvie 1.4,5.4,and 12.4 mH

Ly, Li2, Lis 0.6,0.8, and 1.9 uH
L;, Ly 11.4 and 9.8 uH
La, Ly, Lc 12, 10.6, and 23.1 pH

tradeoff among different factors, such as system performance

and reliability, n, < 2.66 is adopted in this case.
Complementarily, the turns ratio for conf. II (n;) has been

designed to ensure the operation at the begin of the CC charging

mode (M¢ ~ +2.8), in step-down mode. By using (9)

MC dv_min
Sw

np 27

Fig. 14(b) presents the curves for the design of the turns ratio
for conf. II. In this figure, the light red shaded area represents
the inoperable regions where the voltage regulation is lost due to
the incomplete ZCS transition, and “x” represents the selected
limit value for n;, which is the maximum acceptable value of
nyp. In this case, n, < 1.25 is adopted.

Based on it, the actual turns ratios and the resulting leakage
inductances obtained for the realistic OBC application example
are listed in Table V. These values of n and L guarantee ZCS
turn-ON and turn-OFF for all the primary switches throughout the
entire battery pack VR. In addition, by using (12) and (13) with
the parameters in Table V, Fig. 15 presents the operation regions
that guarantee ZVS turn-ON for all the secondary switches. Here,
one can conclude that, even with variations in n and L, the
secondary switches achieve ZVS-ON operation throughout the
entire charging process.

Fig. 16 presents the root-mean-square (rms) value of the
instantaneous leakage current during the CC mode, considering
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the values of n and Ly listed in Table V. Mathematically

. 1 [Ts
ikl = TiS/O irk(t)?dt.

13 ”»

In this analysis, the “—-—" curves represent the use of a
traditional nonreconfigurable H-bridge and “—” represents the
use of the proposed reconfigurable H-bridge. In case of the
nonreconfigurable S-PPC, the greater the value of n, the lower
the rms leakage current (and lower the circulating currents), but
the voltage gain range is narrower. Therefore, the greater the
desired battery VR, the lower the required value of n and higher
the circulating currents, which will lead to high conduction
losses. Compared to the nonreconfigurable S-PPC, the proposed
variable turns ratio approach allows the S-PPC to operate in a
wide VR with low circulating currents by reconfiguring the HF
transformer primary side to the optimal configuration at each
operation point (OP).

The procedure for designing the turns ratios of the S-PPC
intended for the LEAF is identical for any other EV model. In
such a case, the design objective is always to select the values
of n, Ly, and d, min that yield a set as close as possible to the
boundary of the inoperable regions, because this minimizes the
circulating currents. For instance, Fig. 14(c) and (d) presents the
curves for the design of the CFFB/OSHB S-PPC intended for the
Tesla Model 3, where Vy ~ 398 V. Based on the selected limits
(ng < 2.08 and ny < 1.44), the actual values of n obtained
for this second example (design 2) are n, = 2.00, n, = 1.43,

(28)
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Fig. 17.  Behavior of the battery pack voltage in response to a step change in

the ac perturbations. (a) Step-down. (b) step-up modes.

and n. = 0.83. The leakage inductances are practically equal to
those presented in Table V.

E. Small-Signal Modeling

In this article, the small-signal ac models of the CFFB/OSHB
S-PPC have been derived utilizing the state-space averaging
approach described in Erickson and Maksimovi¢’s [28] work.
However, due to simplification purposes, the derivation process
is omitted. Basically, the small-signal linear models are obtained
by applying perturbations to the variables of interest and sub-
sequently linearizing all the models around a given quiescent
operation point (QOP). Here, the perturbed signals are expressed
as

() g = Vi + 0r(2) (29)
<Uc<t)>Ts =V.+ {)c(t) (30)
de(t) = D, + de(t) 31)

where V., V.., and D, are the quiescent values, while 0,.(t), 0.(t),
and cie (t) are the small ac perturbations [28]. In this case, (30)
refers to the voltages across the buffer capacitors C; —C'y, which
have been replaced by voltage sources.

Based on it, the generalized transfer function (TF) that repre-
sents the relation between the perturbed voltage of the batteries
and the ac perturbations can be expressed as

G (s) = io(s) _ ons’tons?toazstay 32)
7 g(s)  B18®+ P2s?+ B3s+ Pa
where g = v,., v, or d,. In consequence, (0y(s)) is calculated
by summing the three TFs multiplied by their respective ac
perturbations plus the quiescent value V3, and the perturbed
battery current is calculated by dividing 9,(s) by Ry.

Since the operation of the CFFB/OSHB S-PPC is aligned
with conf. I (see Section IV-C), the models have been linearized
around the following QOPs: V;, = 285V, in step-down, and
Vi, = 373V, in step-up mode. By considering the specifications
defined later, Table IV presents the values of the TF coefficients
for the two QOPs. As can be seen, the TFs for the step-down
and step-up modes are different from each other; therefore, the
step-up/down CFFB/OSHB S-PPC is essentially a system with
two subsystems, each requiring a specific controller.

Fig. 17(a) and (b) shows the behavior of the battery pack
voltage in response to a step change in the ac perturbations. In
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short, the errors between the simulation results and the models
are due to the high-order nature of the circuit (eighth order) and
the simplification of the models as third-order systems, where
the dynamics imposed by Lj, and C;—C} are disregarded.

IV. EXPERIMENTAL RESULTS AND DISCUSSIONS

In order to validate the analyzes, a scale-down prototype of the
CFFB/OSHB S-PPC has been built to charge the LEAF battery
pack up to 2.2kW (hence, Icc = 2.2kW/373V = 5.9 A), em-
ulating the Level 1 charging, which is especially appropriate for
long-time or overnight charging of the EV [3]. The specifications
and components used are listed in Table V. The components
have been designed according to ordinary methodologies such
as those found in text books [28]. For the laboratory evaluation,
the lithium-ion battery pack has been emulated by a dynamic
electronic load (NHR 4760).

A. Transformer Characteristics

In the prototype, the leakage inductances L,, L;, and L,
include the intrinsic leakage inductances of the transformer
(Lk1, Lia, and Lig) and two small-sized series inductors (L,
and L;). These small-sized inductors have been added to assist
in soft-switching, and their use is necessary because the intrinsic
leakage inductances are smaller than the values selected accord-
ing to (26) and (27). From Table V

L,=Li+L;, in Conf. I
Ly = Lo + Ly, in Conf. IT
L.=Lygs+ L. + L;, inConf.IIL. 33)

The magnetic coupling coefficients (k) [28] related to the
primary and secondary windings of the HF transformer (dis-
regarding the two series inductors) are given by

ST L a .
oy = Zsr__ ZMa (9996,  in Conf. I
npl (Lkl + LMa) Na
L
fog = sr __ ZMb__ _()9999,  in Conf. II
np2 (Lr2 + L)
ST L 1cC .
foy = M =0.9998, in Conf. IIl. (34)

Npe (Lk:S + L]\/[c) Ne

A magnetic coupling coefficient can vary between 0 and 1. In
atransformer with perfect magnetic coupling, itis equal to 1, and
this perfect coupling ensures maximum energy transfer between
the windings, leading to an efficient power transfer within the
transformer [28]. As shown in (34), the built transformer has
coupling coefficients exceeding 0.9996.

B. Modulation Strategies for Soft-Switching Operation

The photograph of the experimental setup system is shown
in Fig. 18. The TMS320F28335 digital controller is employed
to generate the switching signals for the active switches. It is
equipped with six enhanced pulse width modulator (ePWM)
modules, providing twelve PWM output signals. Since the
CFFB/OSHB S-PPC comprises 16 switches, an auxiliary
Boolean logic circuit (BLC) has been developed to generate the
12 switching signals for the primary switches from three ePWM
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Fig. 18.  Photograph of the experimental setup.
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Fig. 19. Block diagram of the BLC exemplified for leg A.
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Fig. 20. PWM strategies applied to the CFFB/OSHB S-PPC in (a) step-down
and (b) step-up modes (using conf. I as an example).

modules instead of six. Fig. 19 shows the block diagram of the
BLC exemplified for leg A (ePWM1), where 10,4 and 1012
are the general-purpose input/output signals used to select the
appropriate configuration.

Fig. 20 shows the proposed fixed-frequency PWM strategies
applied to the step-up/down CFFB/OSHB S-PPC in step-down
and step-up modes (using conf. I as an example). In such cases,
simplifying by disregarding the dead-time intervals

1 =0, without SR
&5 = (d 35
» (f’“ﬁ){w:g’ with SR &)
— 0, without SR
¢:<dv_¢> 1804 ¥ = 0 without S (36)
2 =5, withSR

where ¢ is the phase shift between the triangular carriers.
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C. CC/CV Charging Method

Fig. 21 shows the behavior of the battery voltage, current,
power (F}), and equivalent resistance (1) during the charging
process of the EV battery pack with the CFFB/OSHB S-PPC. In
these figures, the lines correspond to the numerical simulation
of the models, while the markers correspond to some data points
from the experimental evaluation. In CC mode, the EV battery
pack is modeled using the model presented in Section III, while
in CV mode it is modeled as a simple RC' equivalent circuit.
Although this RC' average model is not suitable to express the
short term dynamic behavior of the battery pack, it is enough to
represent the long term behavior.

Thus, Fig. 21 demonstrates the effectiveness of charging the
LEAF battery pack within the defined VR. However, based on
the values of n and Ly, the actual battery VR can indeed be
divided into four segments

S1: Vi, > Vs,

S2: Vig < Vi < Vis,
S3: Vi1 < Vi < Vig, for VR of conf. II
S4: Vi, < Vi, for VR of conf. III

where V1 =~ 236V, Vio =279V, and Vi3 ~ 389V are the
threshold voltages that trigger the transitions. In this way, the
operation is aligned with the S2 range, which is the one that
presents the lowest rms leakage current and circulating currents,
and the reconfiguration is only performed when necessary. If a
different voltage boundary Vey > Vis is selected, the S-PPC can
simply change its configuration to the S1 range.

In order to illustrate that the CFFB/OSHB S-PPC is able to
operate in a wide VR with effective performance, Fig. 21(c)
shows the values of voltage, current, power, efficiency, and
voltage gain in the prototype, considering the operation in conf.
IT with V;, = 485V and P, = 2.2kW. At this OP, the system
efficiency is equal to 96.23%, and the indirect power is equal
to 1.08 kW (PPF = 0.5), which occurs because P,,q becomes
more significant when M is far from unity, increasing power
losses. The limits for the VR (219.4 — 533.4V in this case)
are defined by the limits of d, and d}, as well as by the
expressions in (19) and (20). The VR can be extended by using a
variable intermediate dc bus voltage approach [37] and/or com-
ponents with higher ratings, but the S-PPC needs to be properly
redesigned.

for VR of conf. IT or 111

for VR of conf. I 37)

D. Converter Operation

Aiming to verify the S-PPC operation, Fig. 22 presents the
experimental voltage and current waveforms measured at the
HF transformer, the four-quadrant switch Sy, (highlighting the
ZCS operation), and the two-quadrant switch S5 (highlighting
the ZVS operation). In this case, the operation is in CC charging
mode (with V, = 285V), where the prototype operates with SR
in step-down mode and in conf. I (S2 range).

Similarly, Fig. 23 presents the waveforms measured at the
same circuit devices, but in step-up mode (with V;, =373V)
and in conf. I (S2 range). As discussed in Section II, the HF
oscillations observed in the voltages across the transformer
primary winding and the four-quadrant switch Ss, are caused
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Fig.21.

CC/CV charging method with the CFFB/OSHB S-PPC. (a) Battery pack voltage and current. (b) Battery power and equivalent resistance. (c) Measurements

of voltage, current, power, efficiency, and voltage gain in the S-PPC prototype (conf. II), for V, = 485V and P, = 2.2kW.
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Fig. 22. CFFB/OSHB S-PPC experimental waveforms in step-down mode (conf. I), during the CC charging mode of the EV battery pack, where V}, = 285V.

(a) At the reconfigurable transformer. (b) At the four-quadrant switch Sa,. (c) At the two-quadrant switch Si.
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Fig. 23.  CFFB/OSHB S-PPC experimental waveforms in step-up mode (conf. I), during the CC charging mode of the EV battery pack, where V}, = 373 V.

(a) At the reconfigurable transformer. (b) At the four-quadrant switch Sa,.. (c) At the two-quadrant switch S’s.
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Fig. 24.  Experimental waveforms of the transition from confs. II to I during
the CC charging mode, in step-down mode.

by the resonance between the leakage inductance and both
the parasitic capacitances of the transformer and the output
capacitance of the primary switches. These voltage oscillations
are quite significant because no additional snubber circuit is
used, being the absence of such circuit an advantage of the

proposed topology. In summary, the HF oscillations slightly
increase EMI emissions and switching losses [see the additional
losses highlighted in yellow in Fig. 25(b)]. Furthermore, they
can indirectly increase conduction losses due to the propagation
of the oscillation into the current waveforms.

The increase in EMI emissions introduced by ves 1S not
highly significant because the major sources of EMI in power
electronics circuits are the high dv/dt and di/dt involved in
the switching operation of the power electronics devices [38].
Since the proposed CFFB/OSHB S-PPC operates with full-
range ZCS and ZVS, where the switching transitions begin with
limited dv/dt or di/dt after the turn-ON and turn-OFF moments,
both the conducted and radiated EMI emissions can indeed be
substantially reduced by using the proposed fixed-frequency
PWM strategies that ensure soft-switching operation, even in
the absence of EMI filters, enclosure, and/or shielding. Hence,
this increases the reliability of the converter.
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Experimental results of the proposed S-PPC. (a) Overall system efficiency (74) during the CC and CV charging modes. (b) Analysis of the estimated

power loss distribution in the S-PPC. (c) System efficiency with synchronous and non-SR during the CC charging mode.

Ignoring the voltage oscillations, the waveforms are in line
with the theoretical waveforms, confirming proper operation of
the S-PPC in step-down and step-up modes.

Fig. 24 shows the transition from ranges S3 to S2 during the
CC charging mode, i.e., the transition from confs. II to I, with
this exact point indicated in Fig. 16. In this case, the S-PPC
prototype operates in step-down mode with a fixed equivalent
resistance equal to 48.7 Q). In short, iy, = iy and i1, = O prior
to the transition. Subsequent to this, however, 71, assumes the
entire transformer current, while the 7,2 winding is disabled.
Consequently, the actual turns ratio is increased from 1.2 to 2.4,
reducing both the peak and rms leakage currents (reducing the
circulating currents). As can be seen, good dynamic response
is achieved during the transition. Furthermore, no current and
voltage spikes are generated during this moment.

E. Overall System Efficiency

Fig. 25(a) shows the overall system efficiency (7,) of the
CFFB/OSHB S-PPC with SR during the CC and CV charging
modes, where “—” and “—-—" denote interpolated data. Due
to the previously defined specifications, the S-PPC operates
only in confs. I and II in this case, but Fig. 25(a) shows the
operation outside the range within which the S-PPC operates in
conf. IIT (S4 range). The peak efficiency for the proposed S-PPC
with SR is equal to 98.7% (experimental), and the minimum
efficiency is equal to 92.5% (at the end of the CV mode, where
I, = 20% Icc). The peak efficiency occurs at the lower limit
of the S3 range, where FPh, =~ 1.68kW [see Fig. 21(b)] and,
hence, the losses are approximately equal to 22 W, as shown in
Fig. 25(b). The time-weighted average efficiency [39] is equal
to 97%, which represents the average weight of conversion
efficiency during charging.

Fig. 25(b) illustrates the estimated power loss distribution
referring the reconfigurable S-PPC with SR, considering the OPs
indicated in Fig. 25(a). It is evident that the primary sources
of losses are the conduction losses of the switches and the
copper/core losses of the magnetic devices. As anticipated, the
S-PPC exhibits low switching losses. In this analysis, losses in
the printed circuit board tracks and auxiliary systems are not
taking into account.

Finally, Fig. 25(c) shows the system efficiency of the S-PPC
with synchronous (device channel) and nonsynchronous (body

Battery pack discharging, voltage decreasing

100 !

_ 1 | cp I z
K 9 cd6eo——oc0-0b 22 &
[y
>

S 98 23 .o
B £
=] o
o 97 -24 o
‘S ,2,',2, %)
& : —H— 7y .
= 96 25 M
: m-allid I RS
g5 26 A

08 09 1 1.1 1.2 1.3

Voltage Gain, M

Fig.26. Overall efficiency and system active power during the CP discharging
mode, considering the sets of n and Ly, corresponding to design 2.

diode) rectification, during the CC charging mode. As can be
seen, both approaches exhibit similar performance, with the SR
yielding slightly higher overall system efficiency.

F. Discharging Mode

To validate the flexibility of the proposed integrated OBC
system, Fig. 26 shows the overall efficiency and system active
power during the constant power (CP) discharging mode of the
EV battery pack, considering the three sets of turns ratios and
tuned leakage inductances corresponding to the design of the
CFFB/OSHB S-PPC intended for the Tesla Model 3 (design 2 in
Section III-D). Since the forward conduction direction during
charging has been defined as the positive value, the constant dis-
charging power is negative (—2.2 kW) and flows from the battery
pack to the dc bus. In this case, the peak efficiency is equal to
98.6%, and the minimum efficiency is equal to 96.1%, indicating
that the CFFB/OSHB S-PPC is efficient in both charging and dis-
charging the batteries. The capacity to operate with bidirectional
active power flow enables the proposed integrated OBC system
to facilitate vehicle-to-grid, vehicle-to-home, vehicle-to-load,
and vehicle-to-vehicle functionalities, which are a trend in the
EV market and can be very useful for users [40].

G. Comparative Evaluation

Table VI demonstrates a comprehensive comparison between
the CFFB/OSHB S-PPC and some reconfigurable full power
converters published in the literature for EV applications, which
have been applied to OBCs [9], [13], [15] and FCSs [41]. They
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COMPARISON BETWEEN THE CFFB/OSHB S-PPC AND SOME RECONFIGURABLE CONVERTERS FOR EV CHARGING APPLICATIONS

Parameter [15] 2018 [9] 2021 [41] 2023 [13] 2023 Proposed
Topology LLC resonant LLC' resonant Semi-DAB Multi-resonant CFFB/OSHB S-PPC
Dc bus and battery terminals VF and VF VF and VF VF and VF VF and VF CF and CF
Modulation PWM + Phase shift Singular frequency Phase shift + PWM Pulse frequency PWM + Phase shift
Reconfiguration Voltage rectifier Turns ratio/H-bridge ~ Turns ratio/H-bridge Resonant tank Turns ratio
Possible confs. 3 4 4 3 3
Switches (S) + diodes (D) 58 +6D 85 +6D 105 + 2D 128 16S

Max. number of HF switches 55 45 6S 8S 85
Transformers (77) 17T (two windings) 17T (three windings) 17 (three windings) 17" (two windings) 17T (four windings)
Soft-switching ZVS/ZCS ZVSIZCS ZNS/ZCS ZVS/ZCS ZCS/ZNS
Active power flow capability Unidirectional Unidirectional Unidirectional Bidirectional Bidirectional
Active power processed Full Full Full Full Partial

Dc bus voltage 390 V 390 V 350 — 550 V 400 V 325V
Battery voltage 250 — 420 V 60 — 450 V 150 — 450 V 160 — 400 V 219 - 533 V
Switching frequency 100 kHz < 250 kHz 100 kHz 80 — 180 kHz 50 kHz
Power level (Pr,) 1.3 kW 1.8 kW 10 kW 1 kW 2.2 kW

o (3/W) 0.0261 0.0594 0.0745 0.1162 0.0549

Peak efficiency 93.94% 97.50% 98.50% 93.00% 98.7%
Wide-load-range efficiency ~ 84% < 90% ~ 94% < 87% 92.5%

are compared based on the topology and modulation strategy,
reconfigurable parameter, number of confs., number of semicon-
ductors and transformer windings, soft-switching characteris-
tics, active power behavior, voltages and power levels, switching
frequency, and system efficiency. In addition, the following
relative cost-effectiveness factor (o) is employed to compare
the cost of the semiconductors (as they are typically the most
expensive parts of a converter)

(csS + cqD)
PrF
where ¢, and ¢ are the cost per unit of the switches and diodes,
respectively, and F is a factor equal to 1 for unidirectional
converters and 2 for bidirectional converters, indicating that the
bidirectional active power flow capability results in a low factor,
which is advantageous. For this analysis, the costs per unit have

been obtained from DigiKey on 15 May 2024.

In summary, some of the most commonly used reconfigurable
topologies for the 400 V EV charging applications are based on
resonant [9], [13], [15] and dual-active-bridge (DAB) convert-
ers [41], which can reconfigure the secondary side rectifier, the
resonant tank, or both the turns ratio and primary side inverter.
In such cases, while the converters in [15] and [41] operate with
a fixed switching frequency, such as the CFFB/OSHB S-PPC,
those in [9] and [13] operate with variable frequency, increasing
the control implementation complexity [24]. All the evaluated
topologies (including the CFFB/OSHB S-PPC) present three
or four possible confs., employ a single HF transformer with
two or more windings, and achieve soft-switching operation.
However, it is noteworthy that only the proposed CFFB/OSHB
S-PPC performs PPP and presents nonpulsating current with
low ripple on both sides of the dc—dc stage. In addition,
only it and the converter in Reddy and Das’s [13] work are
bidirectional.

The CFFB/OSHB S-PPC presents a higher peak efficiency
than all the converters in Table VI, and a higher wide-load-range
efficiency than all those applied to OBCs [9], [13], [15]. The
converter in Rafi and Bauman’s [41] work presents a higher

o8/ W] = (38)

wide-load-range efficiency of approximately 94%; however,
only the CC mode has been evaluated by the authors, with a
minimum power of 3.75kW (due to its application in an FCS).
On the other hand, it can be seen that Shang and Wang [15]
employed the most cost-effective semiconductors (0.0261$ /W),
despite being unidirectional. Meanwhile, the converters in [13]
and [41] are the least cost-effective, and the converter in Shu and
Wang’s [9] work exhibits middling cost-effectiveness similar to
the CFFB/OSHB S-PPC. Therefore, although the number of
semiconductors in the proposed S-PPC is slightly higher than
in the other converters, 1) its efficiencies are notably high, and
2) the relative cost of the semiconductors is acceptable.

In short, there are two ways to reduce the semiconductor count
in the S-PPC to a minimum of eight discrete devices. First, the
use of 1200-V switches enables the utilization of only one half-
bridge cell at port 2, i.e., only two switches. The second way
involves the use of monolithic bidirectional (MBD) instead of
back-to-back switches in the CFFB equivalent circuit. In this
technology, dual-gate ac switches are monolithically integrated
into a single chip on the wafer, thereby simplifying packaging
and enhancing performance. Unfortunately, however, the MBD
switches are not commercially available yet [42].

Finally, Table VII presents a brief comparison between
the proposed S-PPC and some available S-PPCs applied to
OBCs [18] and FCSs [14], [43]. In Rivera et al.’s [14] work,
the step-up/down three-port PSFB S-PPC employs 16 semicon-
ductor devices (85 + 8D) and it can be reconfigured as either
Type I or Type II [14]. Although it can operate in a wide battery
VR, the authors have not provided experimental results to vali-
date the proposed approach. Moreover, unlike the CFFB/OSHB
S-PPC, it is unidirectional and capable of achieving only ZVS
operation. In Pesantez et al.’s [43] work, the transformerless
PSFB Type I S-PPC is unidirectional, nonreconfigurable, and
operates at a very low switching frequency of 10kHz. Despite
the moderate number of semiconductors in such a step-up S-PPC
(45 + 4D) [43], its operation is constrained to a narrow VR
(75V in that article), which is inadequate for EV charging
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TABLE VII
COMPARISON BETWEEN THE CFFB/OSHB S-PPC AND SOME S-PPCS FOR EV CHARGING APPLICATIONS

Parameter [14] 2021 [43] 2023 [18] 2024 Proposed
S-PPC Three-port PSFB DAB CFFB/OSHB
Type I &I 1 I I
Reconfigurable Yes No No Yes
Switches (S) + diodes (D) 85 + 8D 4S8 +4D 8S 165
Functional isolation Transformer Capacitive Transformer Transformer
Active power flow capability Unidirectional Unidirectional Bidirectional Bidirectional
Soft-switching ZVS - ZVS ZCS/ZVS
Voltage gain capability Step-up/down Step-up Step-down Step-up/down
Battery VR (AV4) 510 V BV BV 314V
Switching frequency 150 kHz 10 kHz 40 kHz 50 kHz
Power level 12 — 24 kW 1.6 kW 3 kW 2.2 kW
Peak efficiency (exp.) - 95.35% > 99% 98.7%
Wide-load-range efficiency (exp.) — ~ 91% < 98% 92.5%
applications. Nevertheless, it presents peak and wide-load-range REFERENCES

efficiencies lower than those of the CFFB/OSHB S-PPC, even
operating at a similar power level. The step-down DAB Type II
S-PPC in Anzola et al.’s [18] work presents efficiencies higher
than those of the CFFB/OSHB S-PPC; however, only the CC
mode has been evaluated by the authors. Moreover, despite its
bidirectional power flow capability and the moderate number
of switches it employs (85), its ZVS range is limited and its
operation is also constrained to a narrow VR of 75V [18].

As can be seen, therefore, there exists a lack of researching
around bidirectional reconfigurable S-PPCs applied to wide
step-up/down VR integrated OBCs, which is where the pro-
posed snubberless CFFB/OSHB Type II S-PPC with full-range
soft-switching operation takes place.

V. CONCLUSION

This article proposed a step-up/down Type I S-PPC with a
reconfigurable H-bridge for the dc—dc stage of an integrated
OBC. The proposed CFFB/OSHB S-PPC performs PPP and
can reconfigure its primary side with three sets of turns ratios
and leakage inductances, which have been designed to reduce
the conversion effort by minimizing the circulating currents. In
consequence, the variable turns ratio approach allows the S-PPC
to operate in a wide battery VR with high performance. More-
over, full-range ZCS is achieved for all the primary switches and
ZVS for all the secondary switches, which have been ensured
by two fixed-frequency PWM strategies. They also realize the
high-voltage spike suppression of the primary switches without
any additional circuit. The proposed S-PPC is also bidirectional,
presents nonpulsating current with low ripple on both sides of
the dc—dc stage, and does not require relays or contactors for
reconfiguration.

To validate the proposal, a scale-down laboratory prototype
has been built to charge an EV battery pack up to 2.2kW
(Level 1 charging). In short, the prototype achieved a peak
system efficiency of 98.7% and a wide-load-range efficiency
of 92.5%. Experimental results corresponding to design 2
have also demonstrated that the step-up/down CFFB/OSHB
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