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Abstract: Bidirectional DC-DC converters are key devices in the DC distribution system and the
energy storage system (ESS). It is important to consider the safety of the elements in the converter for
rapid conversion of the power direction. Damages may occur to the power-related components in
the circuit if the direction of the inductor current or the capacitor voltage changes instantaneously. To
make the power flow change smoothly and quickly, this research proposed a bidirectional DC-DC
converter with rapid energy transition technology implemented in the circuit architecture. The rapid
energy bidirectional transition technology added a resonance path based on the LC resonant circuit,
allowing rapid energy conversion through the resonance path. Therefore, the energy in the energy
storage element could be quickly converted without causing circuit surges. Analyses of the converter
operating in the step-up mode, the step-down mode, and the transition operation mode are presented.
The proposed circuit architecture had a high voltage-conversion ratio and a simple architecture. A
prototype bidirectional DC-DC converter with a full load of 500 W, a low side voltage of 24 V, and a
high side voltage of 200 V was developed to prove the concept. The feasibility of the rapid energy
bidirectional transition technology was verified by the simulation results and experimental results
using the prototype converter. The maximum efficiencies in the step-up mode and the step-down
mode were 95.3% and 93.8% respectively. Under full-load conditions, the transient time of the energy
transition from the step-up mode to the step-down mode was 17.7 us, and the transient time of the
energy transition from the step-down mode to the step-up mode was 19.3 ps.

Keywords: bidirectional DC-DC converter; energy transition; commutation interval; energy storage
system

1. Introduction

With the advancement of technology, the dependence on electrical products for mod-
ern daily life has increased. To achieve the sustainable development of society and the
economy, a balance between environmental protection and energy utilization has become
increasingly important [1,2]. However, conventional electricity generation methods such as
thermal power generation with fossil fuels or natural gas result in severe environmental
pollution. To achieve sustainable power generation with minimal economic compromises
and improved environmental protection, electricity generation using renewable energy has
become one of the most popular choices.

Power generation with renewable energy such as solar power, wind power, and fuel
cells has been widely used in the past decade [3-6]. The advantages of utilizing renewable
energy for power generation include the renewability of the energy sources and low
environmental pollution. However, due to the instability of the renewable energy sources,
power generation with renewable energy is unstable and results in intermittent electricity
formation. Therefore, the use of power electronic technology is required to improve the
efficiency and stability of renewable energy conversion [7-11].
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Moreover, a renewable energy system needs to provide enough energy to meet the
load when the load demand increases. A change in load demand could introduce voltage
sag and short interruptions during the conversion process [12,13]. Incidents such as motor
shutdowns due to inverter voltage loss-protection actions, programmable logic controller
(PLC) failures, and computer storage data loss are mainly caused by voltage sags [14]. Due
to the concerned issues, rapid energy-conversion techniques have become very important
for the power grid.

To reduce the transition voltage and current in the transition period, various convert-
ers are used to reduce the load current for a smooth power transfer in the system [15-19].
However, this method limits the power capacity during conversion. Figure 1 shows the
typical renewable energy storage system in a DC microgrid [20]. A renewable-energy
power-generation system is a type of distributed energy system with an energy storage
system (ESS) as the backup power system. The functions of the ESS include the ability to
handle the occurrence of intermittent outages for grid applications [21,22], the storage of
the excess electricity generated from renewable energy resources, and the discharging
of batteries stored when an insufficient energy supply occurs or during energy con-
sumption’s peak times [23-25]. Therefore, designing an efficient bidirectional DC-DC
converter is critical in ESSs to achieve a better bidirectional power-flow capability [26].
In addition, in the process of energy conversion, maintaining a smooth power transfer is
one of the important aspects. Therefore, enforcing a smooth power transfer in the bidirec-
tional converter design is important in energy supply or energy-storage setups. This can
be achieved by providing a sufficient voltage-conversion ratio for the energy conversion
of the bidirectional DC-DC converter to improve the system’s power quality [27]. In
this study, a bidirectional DC-DC converter with a high voltage-conversion ratio based
on rapid energy-conversion techniques was proposed. This converter can be utilized to
achieve a fast bidirectional energy transfer between the battery of the ESS and the DC
bus. The operational theory of the DC-DC bidirectional converter with rapid energy
transition is presented in Section 3, along with the proposed implementation methods
and feasibility verifications. New control schemes are also presented in this study for
the proposed bidirectional DC-DC converters. The proposed bidirectional converter
topology was used as an example experiment to verify the feasibility of the technique.
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Figure 1. Energy storage system in DC microgrid.
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2. Reviews of Bidirectional DC-DC Topologies

Bidirectional DC-DC converters are popular in industrial applications for managing
renewable-energy power generation [28-31]. There are two common types of bidirectional
converters available in the industry: the isolated bidirectional DC-DC converter and
the nonisolated bidirectional DC-DC converter. The main difference is that the isolated
converter can obtain a higher voltage ratio by adjusting the turn ratio of the designed
transformers. On the other hand, the nonisolated bidirectional converter usually consists
of either a cascade or cascode structure with a coupled-inductor or switched capacitor for a
higher conversion output [32,33].

The single-stage bidirectional DC-DC converter is a commonly used circuit. The
advantages of the single-stage DC-DC bidirectional converter include simple topologies
and controlling methods, a low cost, and a high efficiency. To achieve the expected voltage
gain, conventional bidirectional DC-DC converters are constructed by cascading or cas-
coding multiple single-stage converters [34,35]. In recent years, converters with topologies
using coupled inductors and switched capacitors have become more popular. Although
adjusting the turns ratio of the transformer can achieve a high conversion ratio, the leakage
inductance of the coupled inductor and the parasitic capacitance of the main switch will
resonate. This results in the occurrence of high voltage stress, and affects the efficiency of
the whole circuit. In this situation, a resistor—capacitor-diode (RCD) snubber circuit can be
used with a coupled-inductor DC-DC converter to reduce the main switch voltage spike
and transfer the leakage inductance to the output.

Alternatively, adding the coupled-inductor and clamping circuits to the cascaded
bidirectional DC-DC converter can also be an effective method [36]. The clamping
switch can reduce the switching loss and improve the efficiency due to the zero-voltage
switching characteristic. An example of a bidirectional half-bridge DC-DC converter
with conventional buck and boost functions is shown in Figure 2 [37,38]. Although
the circuit structure of the bidirectional half-bridge DC-DC converter is simple due
to fewer switches being required in the structure, the voltage-conversion ratio is lim-
ited to the same level as the conventional buck and boost converters. This is due to
the existence of parasitic resistance, which results in the difficulty in achieving a high
conversion efficiency. To improve the voltage-conversion ratio, the tapping inductor
needs to be changed or interleaved. There are some derived topologies for cascade or
interleave converters that have been presented previously [39-41]. The single-stage
cascaded bidirectional DC-DC converter constructed by cascading the described bidi-
rectional half-bridge DC-DC converters based on this operational principle is shown
in Figure 3 [42,43]. The cascaded bidirectional buck-boost/half-bridge DC-DC con-
verter is shown in Figure 4 [39]. The two-phase interleaved cascaded bidirectional
buck-boost/half-bridge DC-DC converter is shown in Figure 5 [40], and the interleaved
bidirectional switched-boost DC-DC converter is shown in Figure 6 [41].
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Figure 2. The topology of the half-bridge bidirectional DC-DC converter.
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Figure 3. A single-stage bidirectional DC-DC converter.
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Figure 5. Two-phase interleaved cascaded bidirectional buck-boost/half-bridge DC-DC converter.
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Figure 6. Interleaved bidirectional switched-boost DC-DC converter.

In general, the bidirectional converter uses the main switch for energy transfer, and the
remaining switches are turned off as rectifier diodes. If the energy needs to be transferred in
the reverse direction, the function of the switch can be exchanged. The isolationrconverter
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usually uses the transformer turns ratio to achieve a high voltage-conversion ratio. How-
ever, the leakage inductance of the transformer can cause additional loss and damage to the
switching element. In the nonisolated converter, the voltage-conversion ratio of the conven-
tional single-stage converter is limited by parasitic components. The voltage-conversion
ratio can only be improved by combining multiple single-stage converters through the
cascade, series, stack, or coupled-inductor techniques.

A comparison of the voltage-conversion ratios of the nonisolated bidirectional
DC-DC converters described above is shown in Figure 7 [39-43]. Figure 7a shows the
voltage-conversion ratio in the step-up mode, and Figure 7b is the voltage-conversion
ratio in the step-down mode. As shown in Figure 7, the highest voltage-conversion ratio
was achieved by the interleaved bidirectional switched-boost DC-DC converter with
a complicated circuit architecture [41]. Therefore, based on the comparisons shown in
Figure 7, the single-stage cascoded bidirectional DC/DC converter with a simpler circuit
structure and relatively high voltage-conversion ratio [43] was used as the principle
circuit architecture for this research.
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= BS [39] ; oskEE [39] y-d 4
> [do] 1 % [40] o
g v [41] g ot [41]
= [43] = o8l [43] P .
% 10 p 4 & el
a
S — o pg .
> ) {J__é’_-e__e_—v& = 0 2 L 1 1 1
0% c‘.' c‘s o3 0 02 04 0.6 08
Duty Cycle Duty Cycle
(a) Step-up mode (b) Step-down mode

Figure 7. Comparison of voltage-conversion ratios of nonisolated bidirectional DC-DC converters [38—41,43].

The circuit architecture presented in Figure 3 was used as the main circuit structure for
the proposed conversion strategy. An LC resonate circuit with rapid energy bidirectional
transition technology was applied to this architecture; the new bidirectional DC-DC con-
verter topology is shown in Figure 8. To minimize the load fluctuations, the transition time

of the changes in the converter power flow was shortened using the transition technology
described in detail below.
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Figure 8. Circuit topology of the proposed bidirectional DC-DC converter.
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3. Technique and Control Strategy of Rapid Energy Conversion

To reduce the size and improve the efficiency and other factors, single-stage bidirec-
tional DC-DC converters are widely used. The bidirectional DC-DC converters that use the
new conversion techniques can be applied in distributed systems and ESSs of the microgrid
systems for power-flow stabilization [21-25]. The reduction in the converter’s conversion
efficiency, which is caused by the instability of the power flow, can be minimized when the
battery modules are connected to the DC bus [14-16]. The duration for changing the power
flow of a bidirectional DC-DC converter needs to be minimized. This indicates that the
transition status needs to be closely monitored when the operation mode is changed. The
length of the transition time influences the power flow and causes load fluctuations [44—47].
This research proposed alternative transfer methods of rapid energy bidirectional conver-
sion that could minimize the transition time of the converter’s power-flow change. The
definition of the transition time in this paper was divided into two different types: the
transient time—the time for the converter to reach the required reverse power from the
required original power; and the settling time—the time for the converter’s power to reach
the final required power after the power transition. The errors of the entire transition
process can be maintained within a certain range (£10%).

Figure 9 shows the circuit diagram of a bidirectional DC-DC converter with rapid
energy conversion. There are two main functions in the circuit: the step-up mode and the
step-down mode. The design and calculation of the energy-conversion control must include
the consideration of the direction of the inductor current or capacitor voltage. If a sudden
change in the direction occurs, the inductor current or the voltage in the capacitor could
cause damage to the power components in the circuit. This section explains the methods
used for performing the rapid energy conversion under the same specification of the applied
converter. The architecture of the single-stage bidirectional DC-DC converter in Figure 3
was used in this study for the analyses of the step-up mode and step-down mode given in
Section 2. In the two operation modes, a section of current or voltage with inductance or
capacitance in the same state was selected to perform the rapid energy conversion.
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Figure 9. A bidirectional circuit diagram of rapid energy conversion.

3.1. Transition Operation Mode Analysis

Z. Chen et al. presented an energy-conversion concept in a bidirectional DC-DC con-
verter [48]. However, the transition period could not be balanced in two operation modes.
In this research, a bidirectional DC-DC converter with an LC path could achieve a balanced
transition time in two operation modes in continuous conduction mode (CCM). The circuit
topology of the proposed bidirectional DC-DC converter circuit in this study is shown in
Figure 5. The circuit was composed of seven power switches (51, Sz, S3, Saux1, Saux2, Saux3,
Sauxa), two inductors (Lq, L), and four capacitors (Ciyy, Chigh/ Caux1, Caux2)- Saux1, Saux2,
Saux3, Sauxa, Caux1, and Cayuxp were used to achieve rapid energy bidirectional transition.

To simplify the topology analysis, several assumptions were made:
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(@) The capacitance of Cjyy and Cy;e, were large enough to make the voltage across the
capacitor constant.

(b) The body diodes of all power switches were considered.

(c) All components were ideal, and the impact of the dead time of the driving signal
was ignored.

It was necessary to consider the direction of the energy storage element in the circuit
during the power-flow transition period of the bidirectional converter. An instantaneous
change in the direction of the inductor current and capacitor voltage should be avoided to
prevent a sudden rise in the changing rate of current and voltage, which can cause a surge
in the circuit and damage switching components. Adding a resonance path in the circuit
architecture can prevent a surge in the circuit during the energy transition.

3.1.1. Transition from Step-Up Mode to Step-Down Mode

In the transient interval of the transition from step-up mode to step-down mode, since
the operation of the switch in the step-up discharging mode and the step-down charging
mode were the same, the transition could be performed based on this. A key waveform
diagram of the transition from the step-up mode to the step-down mode showing the
process of the transient interval of transition is shown in Figure 10.
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Figure 10. The process of the transition from the step-up mode to the step-down mode.

The circuit would operate in the step-up mode if the operation state signal change was
not received. The duty cycle of the main switches S; and S, was labeled as Dstep.,yp- The
power switches (Sgux1, Saux2, Saux3, and Sguxa) remained on, and the auxiliary capacitors
(Caux1 and Cgyxp) did not join the circuit operation. Once the operation state signal change
was received, the circuit began to enter the transient interval of the transition interval.

Step-Up Mode to Step-Down Mode I (fg—t1)

When the change of the operation state signal was detected, the circuit entered the
transient interval of transition. The main switches S1 and S, turned off, while S turned
on. The auxiliary switches (Szux1 and Saux3) also turned off. The auxiliary capacitors (Cayx1
and Cgyx2) joined the circuit operation and resonated with the inductors (L; and Ly). The



Energies 2022, 15, 4583

8of 19

inductor currents (i1 and ir2) began to decrease, and the auxiliary capacitors (Cgyx1 and
Caux2) began to store energy until the inductor currents (i;1 and i ;) decreased to zero. The
current path is shown in Figure 11a.

Recad]

(a) Mode I (b) Mode II

Figure 11. The current flow path of transition from step-up mode to step-down mode.

Step-Up Mode to Step-Down Mode II (t1—t;)

At t =t;, the inductor currents (ir; and i ;) decreased to zero. The auxiliary capacitors
(Caux1 and Cyyx2) discharged, and the inductors (L1 and L) began to store energy in the
opposite direction. When the auxiliary capacitor voltages (vcgux1 and vegyx2) decreased to
zero, the body diodes of the auxiliary switches (Sg,x1 and Sguy3) turned on. The current
path is shown in Figure 11b. The circuit left the transient interval of transition; when it
did so, the circuit operated in the step-down mode. The main switch became S3, and the
duty cycle was Dstep-down- The auxiliary switches (Saux1, Saux2, Saux3, Sauxa) remained on.
The auxiliary capacitors (Cgyx1 and Cgyyp) did not join the circuit operation.

3.1.2. Transition from Step-Down Mode to Step-Up Mode

In the transient interval of the transition from step-down mode to step-up mode, since
the operation of the switch in the step-down discharging mode and the step-up charging
mode were the same, the transition could be performed based on this. A key waveform
diagram of the transition from the step-down mode to the step-up mode showing the
process of the transient interval of transition is shown in Figure 12.
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Figure 12. The process of the transition from the step-down mode to the step-up mode.
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The circuit would operate in the step-down mode if the operation-state signal change
was not detected. The duty cycle of the main switch S3 was Dsyep gown- The power switches
(Saux1, Saux2, Saux3, Sauxa) remained on, and the auxiliary capacitors (Cyyx1 and Cauxp) did
not join the circuit operation. Once the operation-state signal change was detected, the
circuit began to enter the transient interval of the transition.

Step-Down to Step-Up Mode I (fo—t1)

When the change of the operation state signal was received, the circuit entered the
transient interval of transition. The main switch S; turned off, while S; and S, turned on.
The auxiliary switches (Sgux2 and Sgux4) also turned off. The auxiliary capacitors (Cguy1 and
Caux2) joined the circuit operation and resonated with the inductors (L1 and L;). The reverse
inductor currents (i1 and i;») began to decrease, and the auxiliary capacitors (Cpx1 and
Caux2) began to store energy in the opposite direction until the reverse inductor currents
(i1 and ip ) decreased to zero. The current path is shown in Figure 13a.

7, <
Viek 2, 4 == Ciow

PR
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J"‘""

(a) Mode I (b) Mode II

Figure 13. The current flow path of transition from step-down to step-up mode.

Step-Down to Step-Up Mode II (t1—t7)

At t = t;, the reverse inductor currents (ir1 and i1p) decreased to zero. The auxiliary
capacitors (Cyux1 and Cyyxp) discharged, and the inductors (L; and Ly) began to store energy
in the positive direction. When the reverse auxiliary capacitor voltages (vcg,x1 and vcgyx2)
decreased to zero, the body diodes of the auxiliary switches (Szux2 and Spxs) turned on. The
current path is shown in Figure 13b. The circuit exited the transient interval of transition;
when it did so, the circuit operated in the step-up mode. The main switches became S;
and S, and the duty cycle was Dstep-up- The auxiliary switches (Saux1, Saux2, Saux3, Saux4)
remained on, and the auxiliary capacitors (Caux1 and Cyyx2) did not join the circuit operation.

3.2. Transition Control Strategy

The control strategy is particularly important in the energy bidirectional transition.
To prevent the surge caused by a sudden change in the direction of the energy-storage
element in the circuit, it is necessary to formulate a control strategy and use a digital signal
processor (DSP) in conjunction with the control strategy in the circuit operation during the
transition interval.

The circuit determined whether to start the bidirectional energy transition according
to the change in the operation-state signal. If the circuit had not received the operation-
state signal change, it would operate according to the present operation-state signal. If
the operation-state signal was set at high, the circuit operated in the step-down mode.
On the contrary, if the operation state signal was set at low, the circuit operated in the
step-up mode.

If the circuit received a change in the operation-state signal, it would determine
whether the operation state signal was an upper-edge or a lower-edge trigger first, then
operated according to different trigger conditions for the power flow of the circuit to
achieve the transition. If the operation state signal was triggered by the upper edge, the
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converter transitioned from the step-up mode to the step-down mode. On the contrary, if it
was triggered by the lower edge, the converter transitioned from the step-down mode to
the step-up mode.

3.3. Component Parameter Design on Transient Interval

The equivalent circuit for the transient interval from step-up mode to step-down mode
is shown in Figure 14. The auxiliary capacitors (Cayy1 and Cyux2) were added to the circuit
to resonate with the inductors (L1 and Ly) to speed up the energy-direction conversion. The
transient time depended on the values of the auxiliary capacitors (Cgyx1 and 298 Cuyx2).
Therefore, determining the values of the capacitors to minimize the transient time required
for the mode transition was one of the crucial aspects of this design.

LI Cauxl L2 Cau,\'}

1Y Il 1Y Il
" "

M Ch:’gh Rl()ad:' high

Figure 14. The equivalent circuit from step-up mode to step-down mode.

The Laplace equivalent circuit for the mode transition is shown in Figure 15, where
L; is the equivalent inductance of L1 and L in series, i;4(0) is the initial value of the series
inductor Ls, Vyign(0) is the initial voltage across the capacitor Cg, at the high-voltage side,
and Ry, is the load in the step-up mode.

1
iLS( 0) i LJS‘ SL“A S (Cauxl | | Cauxz )
+ _G mm :
Vlow 1 <
S -|- (—/Y/”ghx ’/I(Vugh(o) SCthh R]()a(f:. I/'h_igh

Figure 15. The Laplace equivalent circuit from step-up mode to step-down mode.

The equivalent equation of the auxiliary capacitor voltage vcyuy1 is shown in
Equation (1):

. ‘ meload
" 4 is(0) X Ls = Chign(0) X 1
5Chigh
Ocaux1 (S) = ’ K c | ;
%X load SCauxl

SXLS+5(

1
Caunt[IC ——+R
auxt [ Caux2) Chigh +Rioaa

The initial values of the inductors (L; and L) and the output capacitor C;g, were
converted by Laplace. The Laplace equivalent circuit of the transition from step-down to
step-up mode is shown in Figure 16, where i 1(0) is the initial value of the inductor L,,
ir2(0) is the initial value of the inductor Ly, Vy,,(0) is the initial voltage across the capacitor
Ciow at the low-voltage side, and Ry, is the load in the step-down mode.
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Figure 16. The Laplace equivalent circuit from step-down mode to step-up mode.

Using the Laplace equivalent circuit and the node-voltage method, the equation for
the node voltage v, is shown in Equation (2):

Vs Vg — UCIDZ(O)
+ 1
5Clow sLy + sC

Va *iu(o) X Ly L *iLZ(O) X Lo
SL2+ sC

aux2

=0. )
Rloud

auxl

Since the inductance of L1 and L, were equal, the initial inductor currents across L;
and L, were also the same. By solving v,, the equivalent equation of the reverse auxiliary
capacitor voltage vc,y,,1 can be derived from Equation (3):

Ug — iLl(O) X L 1
% 5) = X . 3
cuuxl( ) sLy + sculuxl sCouxl ( )

The voltage across the auxiliary capacitor and the relationship between the capacitance
of the auxiliary capacitor and the transient time of the mode transition in the reverse
direction could be obtained by inverse Laplace transformation of Equation (3). The auxiliary
capacitor value was selected as 220 nF for this example experiment.

3.4. Component Design of Transition Technology

According to the inverse Laplace transformation of Equations (1) and (3), the relation-
ship between the auxiliary capacitor and the voltage across the auxiliary capacitor could be
obtained. As illustrated in Figure 17, the curve showed the transition time and the voltage
across the auxiliary capacitor with different capacitor values.

v
= — T =
z, - =220 nF =
= 680 nF k]
g l— 1000 nF S — 200
= 300 o
= =]
§ w g o [— 100 nF
g [ l— 220 nF
= 10 = 680 nF
2 2
- z feee 1000 nT"
Ly iy s 60
o Ret BT 0 Ixp~" 2¢107"
Time(s) Time {s)
(a) Step-up mode to step-down mode (b) Step-down mode to step-up mode

Figure 17. The transition time curve with different auxiliary capacitor values under the full-
load condition.

It should be noted that since the transition control strategy would cause the voltage
across the auxiliary capacitor to be clamped to zero when it changed to the opposite
direction, only the positive half cycle in the curve needed to be analyzed. The transition
time curve from the step-up mode to the step-down mode is shown in Figure 17a, and the
transition time curve from the step-down mode to the step-up mode is shown in Figure 17b.
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According to the results shown in Figure 17, to limit the transient time of the transition
within one switching cycle (20 us), the auxiliary capacitor value had to be less than 220 nF.
Therefore, the value of the auxiliary capacitor was 220 nF for this analysis.

4. Experimental Results

The example experiment used the resonant transfer method. The system specification
is shown in Table 1. The component parameters used in the experimental circuit are shown
in Table 2. The hardware circuit diagram of the proposed converter is shown in Figure 18.
The circuit was constructed with seven power switches, two inductors, and eight capacitors.
A digital signal processor (DSP) was used to generate the PWM signal and for rapid energy
bidirectional transition control.

Table 1. Specifications of the experimental system.

Step-Up Mode Step-Down Mode
Low-side voltage, Vi, 24V High-side voltage, Vi 200V
High-side voltage, Vi;g, 200V Low-side voltage, Vi, 24V
Output power, Pset.yp 500 W Output power, Pyt gown 500 W
Switching frequency, f; 50 kHz Switching frequency, fs» 50 kHz

Table 2. Parameters of the experimental system.

Item Value
Inductors Ly, L, 185 uH
Capacitor Cy, 35 uF/35V
Capacitor Cg, 22 uF/250 V
Auxiliary capacitor Cayx1, Caux2 220 nF/600 V
Main switches S1, Sy, S3 IMW65R048M1H (650 V/39 A/48 mQ))
Auxiliary switches S 4,41, Sayx2, SAux3, SAux4 SCTWA90N65G2V-4 (650 V/119 A /24 mQ))
Digital signal processor (DSP) TMS320F28379D

Figure 18. Image of the example experimental circuit.

4.1. Step-Up Mode to Step-Down Mode in CCM Stage

The experimental waveform of the transition from step-up mode to step-down mode
with the half-load condition is shown in Figure 19. The measured waveforms could be
classified into three modes: step-up mode, step-down mode, and commutation interval.
The circuit initially operated in the step-up mode with the auxiliary switches (Sg,x1 and
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Saux3) turned on. When the operation state signal was changed from low to high, the circuit
entered the transition interval. During the transition interval, the auxiliary switches (Sgyx1
and Sguy3) turned off, and the auxiliary capacitors (Cay1 and Cyyxp) were added to the
circuit for operation. The inductors (L; and Ly) and the auxiliary capacitors (Csux1 and
Caux2) began to resonate. When the inductor current changed to the negative direction
and the voltage across the auxiliary capacitor was clamped at zero, the transition was
completed. The circuit left the transient interval and began operation in step-down mode.
In addition, due to the existence of a slight delay in the digital signal processor (DSP)’s
processing signals, the signals did not act immediately upon entering and leaving the
transient interval. Despite this, the transient time of the transition was still achieved within
one switching cycle at 15.4 ps.

Transition

Interval Step-down Mode
* Step-up Mode
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20V / div) !

iy doz e e e
(10A /div) | _ j |
Operation : | =
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Timebase: 10 ps / div

Figure 19. Experimental waveforms of transition from step-up mode to step-down mode with a
half-load condition.

The experimental waveform of the transition from step-up mode to step-down mode
with a full-load condition is shown in Figure 20. The transient time of the transition was
within one switching cycle at 17.7 us. The transient time of the transition at full load was
longer than at half-load due to the different initial values of the inductor current. The initial
value of the inductor current at full load was larger, and hence had a longer transient time.
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Figure 20. Experimental waveforms of transition from step-up mode to step-down mode under
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full-load conditions.
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4.2. Step-Down Mode to Step-Up Mode in CCM

The experimental waveform of the transition from step-down mode to step-up mode
under the half-load condition is shown in Figure 21. The circuit initially operated in the
step-down mode, and the auxiliary switches (Saux2 and Sauxs) were on. When the operation
state signal changed from high to low, the circuit entered the transient interval of the
transition. During the transient interval, the auxiliary switches (Szux2 and Sgx4) Were off,
and the auxiliary capacitors (Caux1 and Cyyx2) were added to the circuit for operation. The
inductors (L1 and L;) and the auxiliary capacitors (Caux1 and Cgyx2) began to resonate. When
the inductor current changed to the positive direction and the voltage across the auxiliary
capacitor was clamped at zero, the transition was completed. The circuit left the transient
interval and began operation in step-up mode. In addition, due to the existence of a slight
delay in the digital signal processor (DSP)’s processing signals, the signals would not act
immediately upon entering or leaving the transient interval. Despite this, the transient time
of the transition was still achieved within one switching cycle at 18.6 ps.
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Figure 21. Experimental waveforms of transition from step-down mode to step-up mode under the
half-load condition.

The experimental waveform of the transition from step-down mode to step-up mode
under the full-load condition is shown in Figure 22. The transient time of the transition was
within one switching cycle at 19.3 ps. The transient time of the transition at full load was
longer than at half-load due to the different initial values of the inductor current. The initial
value of the inductor current at full load was larger, and hence had a longer transient time.
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Figure 22. Experimental waveforms of transition from step-down mode to step-up mode under the
full-load condition.
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By comparing the simulation waveforms in Figures 19-22, the simulation results were
found to be consistent with the experimental results. The feasibility of rapid energy bidirec-
tional transition technology was verified. Since the power flow could not be measured in
the experiment, the power-flow transition was indirectly verified using the waveform of
the inductor current.

Some previous publications briefly mentioned the transient time; however, the specifi-
cation of transient time was not discussed in detail. The transition time discussed in our
previous work was around 15.4 us to 19.3 ps during the CCM stage [48]. Three different
stages (DCM, BCM, and CCM) were discussed in the previous work. The transient time
from the step-up to the step-down mode in the CCM stage was 15.8 s, but from step-down
to the step-up mode in the CCM stage was 50.01 us. Overall, the proposed method with the
LC resonance path could balance the transition time in two modes. Therefore, the proposed
conversion technique in this study was better than that in the previous work due to the
shorter sum of transient times.

4.2.1. Efficiency in Step-Up Mode

The efficiency curve of the step-up mode with different loads is shown in Figure 23.
The measurement result shows that the maximum efficiency reached 95.3% at 40% load,
and the full-load efficiency reached 91.2%.

Efficiency n(%)
=
=]

100 200 300 400 500
Output Power Po (W)

Figure 23. Efficiency curve in step-up mode.

4.2.2. Efficiency in Step-Down Mode

The efficiency curve of the step-down mode with different loads is shown in Figure 24.
The measurement result shows that the maximum efficiency reached 93.8% at 60% load,
and the full-load efficiency reached 92.0%.

Efficiency n(%)

100 200 300 400 500
Output Power Po (W)

Figure 24. Efficiency curve in step-down mode.

4.2.3. Calculated Loss Distribution

This converter power loss was roughly divided into three parts, including power loss
in the main switches, auxiliary switches, and magnetic elements. The main-switch power
losses included the switching loss and the conduction loss. Only the conduction loss was
considered for the auxiliary-switch losses. This was because the auxiliary switches were on
in both the step-up mode and the step-down mode. The magnetic element losses were the
core loss and copper loss of the two inductors. The equations to derive the power losses in
the main components are shown in Table 3.
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Table 3. Equations to derive the power losses in main components.
Item Equation

S1 OSIXIS (b, + by rr) X fs +i51% X Ryg(om) X

] / Ton
S, %Xlsz(ton + toff) X fs + 1522 X Rds(on) X

] ; Ton
S3 %(tonthoff) ><f5+1532><Rds(on) X =7

; 2
Saux1 & Saux2 & Saux3 & Sauxa "Lrms™ X Rds(on)
Li1& L, (Pp+Pe) + iL,rms2 X Rs

Ph: hysteresis loss; Pe, eddy-current loss.

The calculated loss distribution under the full-load condition is shown in Figure 25.
Inductor copper losses=2W, 6% Other losses=0.3W, 1%

Inductor core
losses=4.1W, 12% Main switches

losses=14W, 42%

Auxiliary switches
losses=13W, 39%

Figure 25. Calculated loss distribution.

Due to the addition of the transition mechanism and the auxiliary switches always
being on in both the step-up mode and the step-down mode, the conduction losses of the
auxiliary switches accounted for a larger proportion of the loss. The losses of the auxiliary
switches were 13 W, which reduced the efficiency of the converter by 2.6%.

5. Conclusions

This study proposed a rapid energy-transition conversion technique for a high voltage-
conversion ratio bidirectional DC-DC converter between step-up and step-down mode. To
overcome the already-known power flow issue, the proposed method could be applied to
the energy conversion between the DC bus and the battery. It was essential to consider the
direction of the inductor current or the capacitor voltage for energy-conversion control. A
rapid conversion technique based on the resonant concept to transfer energy was proposed
and analyzed in this paper. Despite advantages such as the high voltage-conversion ratio
and simple structure of the proposed converter, an isolated driver circuit was required to
drive the switches due to the battery side and the DC bus side not being connected to the
common ground.

The experimental circuits were constructed to confirm the feasibility of the theoretical
analyses. A bidirectional DC-DC converter with a low-side voltage of 24 V, a high-side
voltage of 200 V, a rated output power of 500 W, and rapid energy bidirectional transition
technology was implemented. The experimental results presented validated the effective-
ness and the accuracy of the proposed control strategies and rapid energy conversion. The
maximum efficiency in the step-up mode was 95.3%, and the maximum efficiency in the
step-down mode was 93.8%. Applying the rapid energy bidirectional transition technology
in full-load conditions resulted in a short transient time (17.7 us) of the transition from
step-up mode to step-down mode. The transient time of the transition from step-down
mode to step-up mode was also reduced to 19.3 ps.

The transient time in this research could be achieved within one switching cycle. The
experimental results verified that the application of the proposed conversion technique
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provided an effective, safe, and rapid energy bidirectional transition regardless of the
load conditions.
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