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ABSTRACT Due to the rapid development and widespread usage of Electric Vehicles (EVs), there will be
more and more retired batteries in the future. These retired batteries can be used in energy storage systems
to stabilize smart grid operation with high penetration of renewable energy. The battery modules used in
EVs are equipped with dedicated bidirectional converters. However, if a dedicated bidirectional converter is
required for a retired battery, it will cause resource waste and increase the difficulty of reuse. Therefore, it
is vital to design and develop a bidirectional DC-DC converter with a wide-range voltage conversion ratio
due to the various voltage levels of retired batteries. Especially, the designed converter should have the
bidirectional voltage boost and buck abilities to change the different voltage levels of retired batteries for
different application scenarios. A circuit configurable bidirectional DC-DC converter for retired batteries
is proposed in this paper. The proposed converter is constituted by cascading a two-phase interleaved half-
bridge circuit and a voltage-doubler circuit and can be operated in the interleaved boost/buck mode, single
boost/buck mode, cascaded-buck-boost mode, or single buck/boost mode concerning the voltage levels at
the terminals of the proposed converter. Due to the circuit configurable design of the proposed converter, a
wide-range voltage conversion ratio and bidirectional buck and boost abilities can be achieved. A prototype
circuit for the proposed bidirectional DC-DC converter with a rated voltage of 150V at the terminal of two-
phase interleaved half-bridge circuit, a rated voltage between 25V and 1050V at the terminal of voltage-
doubler circuit, and a rated power of 1100W is designed and implemented. Experimental results show that
the proposed converter can be configured into the diverse operating modes for different voltage levels and
above 98% of the maximum conversion efficiency can be realized.

INDEX TERMS Electric vehicle, bidirectional DC-DC converter, retired battery, circuit configurable, two-
phase interleaved half-bridge circuit, voltage-doubler circuit.

I. INTRODUCTION
Bidirectional DC-DC converters can be effectively inter-

faced between power sources and energy storages to reduce
the size and enhance the efficiency of the conventional
two individual converters used for the forward and reverse
power flow [1]. Bidirectional DC-DC converters have been
widely employed in different applications including unin-
terruptible power supplies, Electric Vehicles (EVs), Energy
Storage Systems (ESSs), renewable energy systems, and so
on [1]-[7]. The topologies, control schemes, and applica-
tions of bidirectional DC-DC converters were discussed and
investigated in [1], [2]. The PV-battery-based bidirectional
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DC-DC converter for household applications was proposed
in [3]. Refs. [4], [5] reviewed the non-isolated bidirec-
tional DC-DC converters for ESSs and Plug-in Hybrid EVs
(PHEVs). Refs. [6], [7] investigated the high-power-quality
grid interface and applications of DC-microgrid grid using
the bidirectional DC-DC converters of EVs. Besides, with the
global trend of carbon emission reduction and energy saving,
many countries have treated electrified vehicles, including
EVs and PHEVs, as one of the most important measures for
greenhouse gas reduction. The global EV market was valued
at $162.34 billion in 2019 is predicted to have $802.81 billion
by 2027 at a compound annual growth rate of 22.6% [8].
The charging performance of EVs has a decisive influence
on the development of EVs. Therefore, bidirectional DC-DC
converters with lower cost, higher conversion efficiency,
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and higher operational reliability are essential for EV
charging.

EV’s batteries can be treated as ESSs to absorb the grid
power to the EV’s batteries during the off-peak-load period
and to supply power from EV’s batteries to the grid in the
peak-load period. This functionality is regarded as a Vehicle
to Grid (V2G) application. The bidirectional DC-DC convert-
ers can also be used in EVs or PHEV's with V2G functionality
to charge the batteries from the grid and to discharge the
energy stored in EVs” or PHEVSs’ batteries to the grid depend-
ing on grid requests. In addition, when the state of health
of EV’s batteries drops to 80%, the batteries are no longer
suitable for on-road usage and will be retired [9], [10]. The
retired batteries can still be used in ESSs to help stabilize the
renewable energy systems and reduce household electricity
consumption. Due to the rapid development and widespread
use of EVs, it is foreseeable that there will be more and
more retired batteries in the future [9]-[12]. The battery mod-
ules used in EVs are equipped with dedicated bidirectional
converters; however, if a dedicated bidirectional converter is
required for a retired battery, it will cause resource waste
and increase the difficulty of reuse. The voltage ranges of
retired batteries obtained from different EVs, such as electric
scooters, electric cars, electric buses, electric trucks, etc., are
shown in Figure 1 [12]. It can be observed that the voltages
of retired batteries may commonly vary from 24V to 800V;
therefore, a bidirectional DC-DC converter with a wide-range
voltage conversion ratio will play an important role in the

reuse of retired batteries.
r Yo
" Corr] 7 A

e Electric Car Electric Bus  Electric Truck
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24-96V ~400V ~600V ~800V

FIGURE 1. Voltage level ranges of different EVs.

The bidirectional DC-DC converters can be classified
into isolated and non-isolated circuit topologies. The non-
isolated circuit topologies transfer the power without the
magnetic isolation of a transformer; therefore, the mag-
netic interference and heavier weight of the transformer
can be avoided making them suitable for the limited size
and weight applications. The isolated topologies need a
high-frequency transformer to transmit power; therefore, the
advantages of galvanic isolation and a higher voltage gain
ratio can be obtained. However, the transformer should be
carefully designed to prevent the leakage inductance effect
and magnetic interference. Most of the non-isolated circuit
topologies are designed based on the conventional DC-DC
converters such as buck, boost, buck-boost, Cuk, etc. com-
bining with voltage boosting, switched capacitor, interleaved,
and multilevel techniques [13]-[20]. The fundamental non-
isolated bidirectional DC-DC converters include buck- and
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boost-based bidirectional converter [13], buck-boost-based
bidirectional converter [14], Cuk-based bidirectional con-
verter [15], Single-Ended Primary-Inductor Converter
(SEPIC) and Zeta-based bidirectional converter [16], cas-
caded bidirectional converter [17], switched-capacitor-based
bidirectional converter [18], interleaved/multilevel bidirec-
tional converter [19], [20] etc. Among those topologies, the
cascaded bidirectional converter [17] was designed to be
used in EV applications with low-loss, constant-frequency,
and zero-voltage-switching features. The switched-capacitor-
based bidirectional converter [18] was realized by the
improvement of a unidirectional switched-capacitor-based
converter. There was no inductor in its original design and
therefore the advantages are lower size and weight and
the main disadvantage is the current continuity. The inter-
leaved/multilevel bidirectional converter [19], [20], used the
interleaving technique to reduce the current ripple and filter
size, and the multilevel technique to obtain a higher voltage
gain, was designed for higher power/voltage applications.

The fundamental isolated bidirectional DC-DC convert-
ers include flyback-based bidirectional converter [21], Cuk,
SEPIC and Zeta-based bidirectional converter [22], [23],
push-pull-based bidirectional converter [24], forward bidirec-
tional converter [25], dual-active-bridge-based bidirectional
converter [26], dual-active-half-bridge-based bidirectional
converter [27], multiport bidirectional converter [28] etc.
Among those topologies, back-to-back bidirectional topolo-
gies using voltage-fed or current-fed, half-bridge or full-
bridge configurations isolated by a transformer are the most
commonly-used isolated bidirectional DC-DC converters.
The dual-active-bridge-based bidirectional converter [26]
used eight power switches along with an isolated transformer
made it have a high voltage gain ratio and was suitable
for high power applications. Comparing with a full-bridge
configuration, the number of power switches in a half-bridge
configuration is reduced to four and can be usually used in
lower power applications. Based on these circuit topologies
[13]-[28], many new bidirectional converters with wide volt-
age conversion ranges have been developed and part of them
suitable for EVs are discussed [29]-[33]. A transformerless
bidirectional DC-DC converter with wide conversion ratios
was proposed in [29]. Ref. [30] combined a three-phase
interleaved structure with switched-capacitor cells to con-
struct a switched-capacitor interleaved bidirectional DC-DC
converter. Adjusting the inductance of inductors in [29] and
[30] can achieve a wide-range voltage conversion ratio; how-
ever, it may cause additional leakage inductance problems.
A bidirectional DC-DC converter using the modified nondis-
sipative current snubber in a SEPIC converter was proposed
in [31]. The conversion efficiency and conversion voltage
ratio might be limited by the duty cycles of the switches.
The new bidirectional dc-dc converters with high volt-
age conversion ratios were presented in [32], [33]. The
voltage conversion ratio is high; however, the voltage
range is restricted and may require more switches and
capacitors.
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In general, the conventional non-isolated and isolated bidi-
rectional DC-DC converters act as a buck or boost mode and
the controller regulates the voltage or current of the converters
according to the voltages of energy storage. Most of these
converters cannot achieve bidirectional voltage boost and
buck abilities; therefore, they might not be suitable for the
various voltage conversions of retired batteries. For exam-
ple, a bidirectional DC-DC converter with buck and boost
modes for charging and discharging, respectively is required
for the retired batteries obtained from electric scooters with
voltages about 24V to 96V. On the contrary, a bidirectional
DC-DC converter with boost and buck modes for charging
and discharging, respectively is commonly needed for the
retired batteries obtained from electric trucks with voltages
about 600V to 800V. Therefore, a novel bidirectional DC-DC
converter for retired batteries should have the bidirectional
voltage boost and buck abilities to change the different volt-
age levels of retired batteries for different application sce-
narios. A circuit configurable bidirectional DC-DC converter
for retired batteries is proposed in this paper. The proposed
converter is constituted by cascading a two-phase interleaved
half-bridge circuit and a voltage-doubler circuit. The pro-
posed converter can be operated in the interleaved boost/buck
mode, single boost/buck mode, cascaded-buck-boost mode,
or single buck/boost mode concerning the voltage levels at
different terminals of the proposed converter. Due to the
configurable structure design and control of the proposed
converter, a wide-range voltage conversion ratio and bidirec-
tional buck and boost abilities can be achieved. Therefore, the
proposed converter can be utilized in the energy conversion
of different retired batteries, such as electric scooters, EVs,
electrical buses, electric trucks, and so on. A prototype circuit
for the proposed bidirectional DC-DC converter with a rated
voltage of 150V at the terminal of two-phase interleaved half-
bridge circuit, a rated voltage between 25V and 1050V at
the terminal of voltage-doubler circuit, and a rated power of
1100W is designed and realized. Experimental results show
that the proposed converter can be configured into the dif-
ferent operating modes for different voltage levels and above
98% of the maximum conversion efficiency can be realized.
Experimental results also demonstrate that the proposed cir-
cuit configurable converter can be used for the diverse voltage
level conversions of retired batteries.

II. CIRCUIT TOPOLOGY OF PROPOSED CONVERTER

Figure 2 shows an interleaved DC-DC converter with a high
buck conversion ratio proposed in [34], [35]. It can be seen
that the circuit consists of two inductors, four power switches,
two diodes, four input capacitors, and one output capacitor.
Among them, the four capacitors are used for energy storage
and voltage division, which can reduce the voltage stress
on the power switches and increase the buck conversion
ratio. The ripple inductor currents can be reduced by 50%
with interleaving operation. A bidirectional DC-DC converter
might be realized if the diodes in Figure 2 are changed
to power switches. Although the circuit configuration of
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Figure 2 has a higher buck voltage conversion ratio, it cannot
achieve bidirectional buck and boost abilities. Figure 3 shows
a bidirectional, cascaded, and buck-boost DC-DC converter
used in EVs or fuel cell vehicles [17]. The characteristic
of Figure 3 is that the energy can be elastically transferred.
It improves the traditional DC-DC converter that can only be
used in the one-way buck-boost application. This architecture
can buck and boost conversions in any direction; however, it
has a relatively lower voltage conversion ratio. To improve
those problems, a bidirectional DC-DC converter with a
wide-range conversion ratio and bidirectional buck and boost
abilities is proposed in this paper.
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FIGURE 3. DC-DC converter with a bidirectional buck and boost modes.

Ref. [36] represented a bidirectional DC-DC converter
with a wide-range voltage conversion ratio. The basic con-
cepts of the converter proposed in this paper were developed;
however, the detailed operational modes, comparisons with
the conventional bidirectional converters, and experimental
results were not discussed in [36] and are investigated in
this paper. The proposed circuit configurable bidirectional
DC-DC converter is constituted by cascading a two-phase
interleaved half-bridge circuit and a voltage-doubler circuit.
With the proposed converter, the bidirectional voltage boost
and buck abilities can be achieved and therefore can be
used for the various voltage level conversions of retired
batteries. Figure 4 shows the circuit topology of the pro-
posed bidirectional DC-DC converter. For simplification,
the terminals of two-phase interleaved half-bridge circuit
and voltage-doubler circuit are denoted as TIHB and TVD,
respectively. The proposed converter can be operated in the
interleaved-boost mode, single-boost mode, cascaded-buck-
boost mode, or single-buck mode for the power transmitted
from TIHB to TVD. On the contrary, for the power con-
verted from TVD and TIHB the proposed converter can be
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operated in the interleaved-buck mode, single-buck mode,
cascaded-buck-boost mode, or single-boost mode. The basic
circuit topology of the proposed converter is composed of
a two-phase interleaved half-bridge circuit and a voltage-
doubler circuit. Although the basic circuits of the proposed
converter existed, a wide-range voltage conversion ratio and
bidirectional buck and boost abilities can be achieved due
to the configurable structure and control proposed in this
paper. Therefore, the proposed converter can be utilized in the
energy conversion of different retired batteries. The detailed
operating stages of each mode will be discussed in the next

section.
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FIGURE 4. Circuit topology of the proposed bidirectional converter.

IIl. OPERATIONAL MODES OF PROPOSED CONVERTER

A. OPERATIONAL MODES FROM TIHB TO TVD

When the power is transmitted from TIHB to TVD, the volt-
ages at TIHB and TVD are defined as the input voltage and
output voltage, respectively. Figure 5 shows the configured
circuit topologies of the proposed converter operated in the
interleaved-boost mode, single-boost mode, cascaded-buck-
boost mode, and single-buck mode concerning the voltage
levels of TVD, respectively.

The switch operation states of each mode are listed in
TABLE 1. For the interleaved-boost mode, the signals of
switches Q1 and Q3 are normally ON; the signals of switches
0> and Q4 are normally OFF; and the PWMs of switches Qs
and Qg and the PWMs of switches Qg and Q7 are comple-
mentary, respectively. Besides, the PWM phases of switches
Q¢ and Q7 are shifted by 180 degrees. For the single-boost
mode, the signals of switches Q1 and Qg are normally ON;
the signals of switches Q», 03, Q4, and Q7 are normally OFF;
and the PWMs of switches Qs and Qg are complementary.
For the cascaded-buck-boost mode, the signal of switch Qg
is normally ON; the signals of switches Q3, Q4, and Q7 are
normally OFF; and the PWMs of switches O and Q5 and the
PWDMs of switches Q4 and Qs are complementary, respec-
tively. For the single-buck mode, the signals of switches Qs
and Q¢ are normally ON; the signals of switches Qs, Qu,
07, and Qg are normally OFF; and the PWMs of switches
Q1 and Q> are complementary. Only the operational stages of
the interleaved-boost mode from TIHB to TVD are discussed
here due to limited space.
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FIGURE 5. Operational circuit topologies for the proposed converter from
TIHB to TVD.

The theoretical waveforms of the interleaved-boost mode
from TIHB to TVD operated at 75% of the duty cycles for
switches Q7 and Qg are shown in Figure 6. The signals of
switches Q1 and Q3 and the signals of switches Q> and Q4
are normally ON and normally OFF, respectively; thus, their
signal waveforms are not shown. As illustrated in Figure 6,
Vasi is the drain-source voltage of switch Q;; Vg is the
drive signal of switch Q;; and iz and iz, are the currents
of inductors L; and L,, respectively. According to the time
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FIGURE 6. Theoretic waveforms of interleaved-boost mode from TIHB
to TVD.

interval of the theoretical waveforms illustrated in Figure 6,
the following four operational stages as illustrated in Figure 7
are determined.

Stage 1 [¢y, #1] of interleaved-boost mode: As illustrated
in Figure 7(a), the PWMs of switches Q7 and Qg are in the ON
state and the PWM s of the switches Qs and Qg are in the OFF
state. The cross voltages at the inductors L; and L, are both
Vrime. The inductor currents ip; and iy rise linearly and the
energy is stored in the inductors L; and L,. Meanwhile, the
energy stored in the capacitors Cryp; and Crypy is released
to TVD (Vryp) together.

Stage 2 [t1, #;] of interleaved-boost mode: At 71, the
PWMs of switches Qs and Qg change to the ON and OFF
states, respectively. Figure 7(b) indicates that PWMs of the
switches Qs and Q7 are in the ON state and the PWMs of
switches Qg and Qg are in the OFF state. The cross voltage of
the inductor L1 is (Vzyup—Vervp1 ). Comparing to Stage 1, the
inductor current i;; declines linearly, and the energy stored
in the inductor L; is transferred to the capacitor Cryp;. The
cross voltage of the inductor L, is Vryp and the inductor
current iz still rises linearly.

TABLE 1. Switch operation states of each mode from TIHB to TVD.

Stage 3 [t;, t3] of interleaved-boost mode: At 7, the
PWMs of switches Qs and Qg change to the OFF and ON
states, respectively. The PWMs of switches Q7 and Qg are in
the ON state and the PWMs of switches Qs and Qg are in the
OFF state; therefore, this stage is the same as described in
stage 1 and is shown in Figure 7(c).

Stage 4 [t3, t4] of interleaved-boost mode: At f3, the
PWMs of switches Qg and Q7 change to the ON and OFF
states, respectively. As shown in Figure 7(d), the PWMs of
switches Qg and Qg are in the ON state and the PWMs of
switches Qs and Q7 are in the OFF state. The cross voltage
of the inductor Ly is (Vyyga—Vervp2). The inductor current
irp declines linearly and the energy stored in the inductor
L, is transferred to the capacitor Cryp. The cross voltage
of the inductor L; is Vygp and the inductor current iz rises
linearly.

As shown in Figures 6 and 7, the average voltages of
inductors L; and L, can be calculated from the operational
stages 1 to 4 of interleaved boost mode and be written as

1
Vi = T—S(VTIHB(tl —t0) + (Vo — Vervpi)(2 — 1)

+ Vrag(ts — t2) + Vriup(ts — 13)) (1a)

1
Vo = T—S(VTIHB(tl —t9) + Vrp(ta — 1)
+ Vrg(ts — t2) + (Ve — Vervp2)(ta — t3)) (1b)

The average current at TIHB can be expressed as

Itiug =11 + 112 2)

where Ty is the switching cycle time. Vryyp and ITiyp are the
average voltage and current of TIHB. Verypr and Vervpo
are the average voltages of output capacitors Cryp; and
Crvpa, respectively. Vi1 and V, are the average voltages of
inductors L1 and L,, respectively. I and I1; are the average
currents of inductors L and Ly, respectively.

Using the volt-second balance, the following formulas can
be derived

(3a)
(3b)

Vi1 = Ve — VervpiDgg =0
V2 = Vo — VervpaDg7 =0
where Dgps and Dgg are the duty cycles of switches Qs and

Qg respectively. Generally, L is equal to L, and Cryp; is
equal to Crypa, the average voltage of TVD and voltage

Operation Switch Operation States
Mode O 0, 0s Oy Os Os 0, Os
Inticgr(l)ie;\t/ed Non(')nll\?lly No(r)r;;;lly Non(')nllvally No(r)x;l;lly PWM-0s PWM-Q, PWM-O; PWM-0s
Single Boost Nognl?lly Ni oargslly No(;r;;lly N oargslly PWM-0; Nognl?lly N o(r)rlr?llz;lly PWM-0;
st | png, | wg, | Nopmalh | Nocmalh |y, | Nommaly | Normalh | i,
Single Buck PWM-0, PWM-0; No(l;l;l;lly No(r)l;l}::lly Nor(')n;lly Not(')nllvally NOSIII;;“y No(l;;;;lly
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FIGURE 7. Operational stages of interleaved boost mode from TIHB to TVD.

conversion ratio can then be calculated by
(4a)
(4b)

Vrvo = Vervpr + Vervpe
Vrvp 2 2

- 1 —Dg7 - 1 — Dgg
where Dg7 and Dgg are the duty cycles of switches Q7 and
Qs, respectively. Note that the PWMs of switches Q5 and Qg
and the PWMs of switches Qg and Q7 are complementary,
respectively.

TABLE 2 shows the voltage conversion ratio, the number
of switches operated by PWM signals, normally ON and
normally OFF of each mode for the power transmitted from
TIHB to TVD. When the voltage at TIHB is fixed, the
8-times and 4-times boost voltage conversion ratios can be
approximately obtained by the interleaved-boost mode and
single-boost mode with the duty cycle of 75% at switch Qg,
respectively. The different ranges of boost voltage conversion
ratio can be realized while the duty cycles are adjusted. The
voltage conversion ratio of cascaded-buck-boost mode can be
controlled by adjusting the duty cycles of the switches O
and Qs. The cascaded-buck-boost mode is recommended to
be used when the voltage levels of TIHB and TVD are close.
The single-buck mode is used when the voltage at TIHB is
higher than the voltage at TVD. The 4-times buck voltage
conversion ratio can be achieved with the duty cycle of 25%
at switch Q.

VrinB

B. OPERATIONAL MODES FROM TVD TO TIHB

The voltages at TVD and TIHB are denoted as the input
voltage and output voltage, respectively. The power trans-
mitted from TVD to TIHB can be considered as the reverse
operations of modes from TIHB to TVD as illustrated in
Figure 5; therefore, the proposed converter can be operated
in the interleaved-buck mode, single-buck mode, cascaded-
buck-boost mode, and single-boost mode for the voltage
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levels of TIHB. The circuit topologies are the same as shown
in Figure 5(a)-Figure 5(d), respectively; however, the currents
flow from TVD to TIHB. The switch operation states of each
mode are the same as listed in TABLE 1. For example, the
signal of switch Qg is normally ON; the signals of switches
03, Q4, and Q7 are normally OFF; the PWMs of switches
01 and Q» and the PWMs of switches Q4 and Q5 are com-
plementary, respectively for the cascaded-buck-boost mode.
The theoretical waveforms of the cascaded-buck-boost mode
from TVD to TIHB operated at 50% of the duty cycles for
Q1 and Qs are shown in Figure 8. The signals of switches
03, Q4, and Q7 and the signal of switch Qg are normally
OFF and normally ON, respectively; therefore, their signal
waveforms are not shown. According to the time interval
of the theoretical waveforms illustrated in Figure 8, the fol-
lowing four operational stages as illustrated in Figure 9 are
determined.

Stage 1 [#9, t1] of cascaded-buck-boost mode: As illus-
trated in Figure 9(a), the PWMSs of switches O, and Qs are
in the ON state and the PWMs of the switches Q; and Qg
are in the OFF state. The cross voltage at the inductors L is
Vrvp. The inductor current iy rises linearly and the energy
is stored in the inductor L;. Meanwhile, the energy stored in
the capacitor Cryyp is released to TIHB (Vyyp).

Stage 2 [#1, t;] of cascaded-buck-boost mode: At 71, the
PWDMs of switches Q1 and Q> change to the ON and OFF
states, respectively as shown in Figure 8. Figure 9(b) indicates
that PWMs of the switches Q1 and Qs are in the ON state
and the PWMs of switch 0 and Qg are in the OFF state. The
cross voltage of the inductor L1 is (Vryp-V7igg). The inductor
current iz rises linearly if Vryp is larger than Vzgp. On the
contrary, the inductor current i7 | declines linearly while Vryp
is less than Vygp.

Stage 3 [£, t3] of cascaded-buck-boost mode: At 7, the
PWDMs of switches Qs and Qg change to the OFF and ON
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TABLE 2. Characteristics of proposed converter From TIHB to TVD.

Voltage No. of No of Swlz(c)il::w
Mode Conversion | Switches Switches w. Normally .
Ratio w. PWM | Normally ON OFF
Interleaved
Boost 2/(1-Dgs) 4 2 2
Single
Boost 1/(1-Dys) 2 2 4
Cascaded
Buck-Boost Doi/Dos 4 ! 3
Single Buck Dy, 2 2 4
<———(————.]—}——.———‘>
Vgsl I |
VgsZ ; |
Vg\'S i |
Vess | Voyo/Ly |
I ( I’?n 'l)'VIYIIH:)/ L,
Vst ' Vs i ' Vi
Visz ' Vg
: )
Viss ' Vivp
V,[_“g ‘ ' V’l‘l D : !
1, t t t 2
Stage * 1 ' 2 7 3 P 4 7

FIGURE 8. Theoretic waveforms of cascaded-buck-boost mode from TVD
to TIHB.

states, respectively. The PWMs of switches Q1 and Qg are
in the ON state and the PWMs of switches O, and Qs are in
the OFF state as shown in Figure 9(c). The cross voltage of
the inductor L is -Vyyyp; therefore, the inductor current iy ;
declines linearly and the energy stored in the inductor L is
transferred to the capacitor Cryyp.

Stage 4 [13, t4] of cascaded-buck-boost mode: At 73, the
PWMs of switches Q> and Q; change to the ON and OFF
states, respectively. As shown in Figure 9(d), the PWMs of
switches O, and Qg are in the ON state and the PWMs of
switches Q1 and Qs are in the OFF state. The cross voltage
of the inductor L; is 0; therefore, the inductor current iy
remains constant. The energy stored in the capacitor Crjup
is released to TIHB (V7).

According to the operational stages shown in
Figures 8 and 9, the average voltage of inductor L; can be
calculated by

1
Vi = T—S(VTVD(tl —t9) + (Vrvp — Vouup)(t2 — 11)
— Vot — 1) +0(t4 — t3))  (5)
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The average current at TVD can be expressed as

1
Ityp = T—S(ILl(tl —1t0)+1p1(t2 —11)+0(t3 —12) +0(t4 — 13))
=DQ5IL1 (6)

Using the volt-second balance, the following formula can
be derived

Vi1 = DosVrvp — D1 Vg = 0 @)
The voltage conversion ratio can then be calculated by
Vriup  Dos
JTiHB _ 05 )
Vivb Do

Note that the PWMs of switches Q; and Q, and the PWMs
of switches Q4 and Qs are complementary, respectively. If the
duty cycle of switch Q1 is 50%, the boost and buck effects can
be achieved while the duty cycle of switch Qs is greater and
less than 50%, respectively.

TABLE 3 shows the voltage conversion ratio, the number
of switches operated by PWM signals, normally ON and
normally OFF of each mode for the energy transferred from
TVD to TIHB. When the voltage at TVD is fixed, the 8-times
and 4-times buck voltage conversion ratios can be obtained
by the interleaved-buck mode and single-buck mode with the
duty cycle of 25% at switch Qs, respectively. The voltage
conversion ratio of cascaded-buck-boost mode can be con-
trolled by adjusting the duty cycles of the switches Q1 and
Qs and is recommended to be used when the voltage levels
of TVD and TIHB are close. The single-boost mode is used
when the voltage at TIHB is higher than the voltage at TVD.
The 4-times boost voltage conversion ratio can be achieved
with the duty cycle of 75% at switch Q1. From the operational
modes described above, it can be clearly observed that a
wide-range bidirectional boost and buck voltage conversion
ratio through the proposed circuit configurable bidirectional
DC/DC converter can be realized. Therefore, the proposed
converter can be utilized in the energy conversion of different
retired batteries.

TABLE 4 lists the comparisons of the proposed converter
with the fundamental non-isolated bidirectional converters
from the viewpoints of the voltage conversion ratio, number
of switches, inductors, capacitors, etc. For simplification, the
Left-Hand Side (LHS) and Right-Hand Side (RHS) mean
the low voltage and high voltage of the conventional non-
isolated bidirectional converter and are the TIHB and TVD
of the proposed converter, respectively. From TABLE 4, it
can be seen that the 8 switches, 3 capacitors, and 2 inductors
are required to construct the proposed circuit configurable
converter.

The proposed converter needs more components than
some of the fundamental non-isolated bidirectional con-
verters; however, a wider range voltage conversion ratio
can be obtained. For example, it can be calculated that
the Vrus/Vigs are 4.0, —3.0, 3.0, 2.0, 4.0 and 4.0 for
the buck-boost-based bidirectional converter [13], Cuk-based
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FIGURE 9. Operational stages of cascaded-buck-boost mode from TVD to TIHB.

TABLE 3. Characteristics of proposed converter from TVD to TIHB.

TABLE 4. Comparisons of proposed converter with the fundamental
non-isolated bidirectional converters.

bidirectional converter [15], SEPIC and Zeta-based bidirec-
tional converter [16], Switched-capacitor-based bidirectional
converter [18], interleaved bidirectional converter [19] and
multilevel bidirectional converter [20], respectively when the
duty cycle is 0.75. The Vgruys/Vigs of the proposed cir-
cuit configurable converter operating in the interleaved-boost
mode is 8.0 when the duty cycle is 0.75. When the duty
cycle is 0.25, the Vrus/Vins are 1.33, —0.33, 0.33, 2.0,
1.33 and 1.0 for the buck-boost-based bidirectional converter
[13], Cuk-based bidirectional converter [15], SEPIC and
Zeta-based bidirectional converter [16], Switched-capacitor-
based bidirectional converter [18], interleaved bidirectional
converter [19] and multilevel bidirectional converter [20],
respectively. At this moment, the VrRus/Vins of the proposed
circuit configurable converter operating in the single-buck
mode is 0.25. Obviously, the Cuk-based converter [15],
SEPIC, and Zeta-based converter [16] and the proposed con-
verter can realize the boost and buck voltage conversions
from Vgrys to Vipgs. However, the proposed circuit config-
urable converter can achieve a wider range voltage conversion
ratio than other non-isolated conventional converters.

156194

Voltage No. of s LL0s f f f
. o Switches w. Switches w. No. o No. o No. o
Mode Conversion | Switches Normally Normally Cowoiss Vens/Vins | goiches Capacitors | Inductors
Ratio w. PWM
ON OFF Buck-Boost
1/(1-D) 2 2 1
Interleaved D2 4 5 ) Converter [13]
Buck o Cuk [15] -D/(1-D) 3 3 2
Single Buck Dys 2 2 4 Sepic/Zeta [16] D/(1-D) 2 2 2
Cascaded Switched
Buck-Boost Dos/Dos 4 ! 3 Capacitor [18] 2 4 3 0
Single Two-phase
1/(1-D 2 2 4 -
Boost (-Doy) Interleaved [19] 1/(1-D) 4 2 2
Four-times
Multilevel [20] 4 20 10 0
Proposed
Circuit” D~2/(1-D) 8 3 2

*: The voltage conversion ratio is dependent on the chosen mode

IV. EXPERIMENTAL RESULTS AND DISCUSSIONS

A prototype of the proposed circuit configurable bidirec-
tional DC-DC converter with a rated voltage of 150V at
TIHB, a rated voltage between 25V and 1050V at TVD,
and a rated output power of 1100W is designed for exper-
iments in this paper. Note that the output current is limited
to 10A due to the wide voltage range at TVD. The com-
ponents and parameters used in the designed prototype are
listed in TABLE 5. Due to the higher voltages at TVD,
SiC-MOSFETs, C2M0025120D with a rated voltage of
1200V manufactured by Wolfspeed [37], are adopted for
the switches Qs, Q¢, Q7, and Qg in this paper. The proto-
type converter, controlled by the TMS320F28335 from Texas
Instruments [38], is shown in Figure 10. Figure 11 shows
the recommended control scheme for the proposed converter
from TIHB to TVD. From Figure 11, it is observed that
the cascaded-buck-boost mode is used when the voltages at
TIHB and TVD are within 10% of the difference. When the
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TABLE 5. Circuit components and parameters of the prototype circuit.

Voltage at TIHB (Vru5) 150V
Voltage at TVD (Vyp) 25V - 1050V
Switching Frequency (fs) 25kHz
Inductors (L,, L) 800uH
Capacitors (CT]HB, CTVDI, CTVD]) 470}1F
Switches (Q1, 0>, 03, 0)) TIRF4868
Switches (Os, Os, 07, Os) C2M0025120D

voltage at TVD is less than 90% of the voltage at TIHB
voltage, the proposed converter will be operated at single-
buck mode. The single-boost mode will be used when the
voltage at TVD is greater than 110% but less than 400% of
the voltage at TIHB. Finally, the interleaved-boost mode is
selected when the voltage at TVD is greater than 400% of the
voltage at TIHB. After the mode is determined, the circuit
can then be reconfigured according to the switch operation
states as listed in TABLE 1 and start to adjust and control
the duty cycles of PWMs. The control scheme from TVD
to TIHB is the reverse operations as illustrated in Figure 11
and is not shown here. For the designed and implemented
prototype circuit from TIHB to TVD, the interleaved-boost
mode, single-boost mode, cascaded-buck-boost mode, and
single-buck mode are operated at the approximate voltages
of 600V~1050V, 165V~600V, 135~165V, and 25V~135V
at TVD, respectively when the rated voltage at TIHB is 150V.
On the contrary, the interleaved-buck mode, single-buck
mode, cascaded-buck-boost mode, and single-boost mode
are operated at the approximate voltages of 600V~1050V,
165V~600V, 135~165V, and 25V~135V at TVD, respec-
tively from TVD to TIHB. Since the voltage at TVD is
designed to be between 25V and 1050V, the proposed con-
verter can be used for most retired batteries where their
voltages are commonly between 24V and 800V as shown
in Figure 1.

Many experiments under the different modes, voltages
at TVD, and current conditions have been conducted;
however, only the limited experimental results about the
interleaved-boost mode, cascaded buck-boost mode, and
single-buck mode from TIHB to TVD are shown due to
the space. Figure 12 illustrates the experimental waveforms
of interleaved-boost mode with the voltages of 150 V and
1050 V at TIHB and TVD, respectively, and the output
power of about 1100W at TVD. It can be observed from
Figure 12(a), the PWM signals of Vg5 and Vg are comple-
mentary and the switching frequency is 25kHz. The drain-
source voltages of Vg5 and Vg, indicating the voltage
stresses for switches Qs and Qg, are about 1.151kV and 603V,
respectively. Figure 12(b) indicates that the current ripples of
Ir1 and I, are about 7.3A and 7.0A, respectively and the
input current ripple can be reduced due to the interleaved
mode.

Figure 13 shows the experimental waveforms of cascaded-
buck-boost mode with the voltages of 150 V and 150 V
at TIHB and TVD, respectively and the output power of
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FIGURE 11. Control scheme for a proposed converter from TIHB to TVD.

about 1100W at TIHB. The duty cycle of switch Qs is
50 %; therefore, the voltage can be controlled by the duty
cycle of switch Q1. The PWM signals of Vg and Ve
for the cascaded-buck-boost mode as shown in Figure 13(a)
are complementary and the switching frequency is 25kHz.
The drain-source voltages of Vg and Vg, indicating the
voltage stresses for switches Q) and Q», are about 177 V
and 203 V, respectively. Figure 13(b) indicates that the output
current at TVD (/p as denoted) is about 7.5 A. Figure 14
illustrates the experimental waveforms of single-buck mode
with the voltages of 150 V and 25 V at TIHB and TVD,
respectively and the output power of about 250 W at TVD.
Figure 14(a) indicates the PWM signals of Vg1 and Vg are
complementary and the duty cycle is about 16.6%. It can also
be seen from Figure 14(b) that the output current at TVD (Ip
as denoted) is about 10 A. From the above experiments, it
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FIGURE 12. Experimental waveforms of interleaved-boost mode for
1050V at TVD.

can be verified that the proposed circuit configurable bidirec-
tional DC-DC converter has a wide-range voltage conversion
ratio.

Figure 15 shows the conversion efficiencies of the pro-
posed converter operated at the rated input power of
1100W for interleaved-boost mode, single-boost mode, and
cascaded-buck-boost mode and at a maximum output cur-
rent of 10A for single buck mode from the TIHB to TVD.
In Figure 15, V4.1, Izc1 and P; are the voltage, current,
and power at TIHB, respectively; Vg2, Iz» and P, are the
voltage, current, and power at TVD, respectively; and n
is the conversion efficiency. From Figure 15, it can be
seen that the conversion efficiencies of 97.55%, 97.93%,
94.99%, and 88.20% can be achieved at the voltages about
1050V, 600V, 150V, and 25V for the interleaved-boost mode,
single-boost mode, cascaded-buck-boost mode, and single-
buck mode, respectively. Figure 16 illustrates the conversion
efficiencies of the proposed converter operated at the rated
output power of 1100W for interleaved-buck mode, single-
buck mode, and cascaded-buck-boost mode and a maxi-
mum output current of 10A for single boost mode from
the TVD to TIHB. From Figure 16, it can be observed that
the conversion efficiencies of 96.66%, 96.94%, 93.60%, and
86.69% can be achieved at the voltages about 1050V, 600V,
150V, and 25V for the interleaved-buck mode, single-buck
mode, cascaded-buck-boost mode, and single-boost mode,
respectively.

Figure 17 shows the conversion efficiencies of the pro-
posed converter when power is transmitted from TIHB to
TVD with the increment of 50V and the constant current of
1A at TVD. From Figure 17, it can be seen that the wide-
range voltage conversion, from 25V to 1050V, can be realized
and the maximum conversion efficiency is above 98% with
the overall approximate conversion efficiencies between 91%
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FIGURE 14. Experimental waveforms of single-buck mode for 25V at TVD.

and 98%. Figure 18 shows the conversion efficiencies of the
proposed converter when power is transmitted from TVD to
TIHB with the increment of 50V and the constant current of
1A at TIHB. From Figure 18, it can be seen that the wide-
range voltage conversion, from 25V to 1050V, can also be
achieved and the maximum conversion efficiency is above
98% with the overall approximate conversion efficiencies
between 88% and 98%. Note that when the voltage at TVD is
high and the current at TIHB is 1 A, the circuit is operated at
the light-load conditions and therefore has lower conversion
efficiency from TVD to TIHB. There are two main reasons
for the lower efficiency of cascade-buck-boost mode. The
first is that the voltage levels at TIHB and TVD are quite
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FIGURE 16. Conversion efficiencies of the proposed converter from TVD
to TIHB.

close, i.e. the conversion ratio is close to 1, so the conversion
efficiency may be lower. The second is more switches oper-
ated at the high-frequency switching, which will cause more
switching losses. From the experimental results as shown
above, the performances of the proposed circuit configurable
bidirectional DC-DC converter with a wide-range voltage
conversion ratio and bidirectional buck and boost abilities
can be demonstrated. Although the proposed converter has
significant advantages, the proposed converter requires more
switches. Therefore, a detailed cost-benefit analysis under
different retired battery scenarios will be conducted in future
studies.

It can be seen from Figure 1 that the voltage level ranges of
retired batteries may be varied from 24V for electric scooters
to 800V for electric trucks. Due to the wide-range voltage
conversion ratio and bidirectional buck and boost abilities
as validated in the above experimental results, the proposed
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FIGURE 18. Conversion efficiencies of the proposed converter from TVD
to TIHB with an output current of 1A at TIHB.

circuit configurable bidirectional DC-DC converter can be
used for energy conversion of retired batteries with differ-
ent voltage levels. As an example for actual applications,
the retired batteries can be connected to the TIHB of the
proposed converter and then the output voltage at TVD can
be set to 150-200 V and be used for a DC grid. It is also
possible to use a bidirectional inverter with a rated voltage
of 150-200V at the DC terminal and a rated voltage of
110V/60Hz at the AC terminal to interconnect to power grids.
The above voltages can be adjusted according to different
usage scenarios; however, the circuit topology and control
schemes proposed in this paper don’t need to modify. The
proposed converter can also be used in healthy batteries with-
out additional challenges. Most of the healthy batteries used
in EVs will be equipped with dedicated bidirectional convert-
ers in a specific voltage conversion ratio; therefore, they may
not need a converter with the bidirectional buck and boost
abilities. However, if a dedicated bidirectional converter is
required for a retired battery, it will cause resource waste
and increase the difficulty of reuse. Due to the configurable
structure design and control, the proposed converter is partic-
ularly suitable for the energy conversion of different retired
batteries.

V. CONCLUSION

The retired batteries have diverse voltage levels; therefore,
a bidirectional DC-DC converter with a wide-range voltage
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conversion ratio and bidirectional voltage boost and buck
abilities to change the various voltage levels of retired bat-
teries for different application scenarios is vital. A circuit
configurable bidirectional DC-DC converter for retired bat-
teries was proposed in this paper. The proposed converter
was constituted by cascading a two-phase interleaved half-
bridge circuit and a voltage-doubler circuit. The proposed
converter can be operated in the interleaved boost/buck mode,
single boost/buck mode, cascaded-buck-boost mode, or sin-
gle buck/boost mode concerning the voltage levels at different
terminals of the proposed converter. Due to the configurable
structure design and control of the proposed converter, a
wide-range voltage conversion ratio and bidirectional buck
and boost abilities can be achieved. A prototype circuit for
the proposed bidirectional DC-DC converter with a rated
voltage of 150V at TIHB, a rated voltage between 25V and
1050V at TVD, and a rated power of 1100W was designed
and realized. Experimental results showed that the proposed
converter can be configured into the diverse operating modes
for different voltage levels of retired batteries and the max-
imum conversion efficiency of above 98% can be realized.
Although the recommended control scheme for the proposed
converter was provided, it is still worthy of further research
and optimization. Besides, the proposed converter can also be
extended. The expansion of the proposed converter including
more series or parallel TIHBs and TVDs will be investigated
in the future.
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