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Abstract: The objective of this paper is to implement a two-phase, interleaved, bidirectional
DC/DC converter topology with an improved voltage conversion ratio for electric vehicle
(EV) and DC-microgrid systems. In this study, a two-phase interleaved charge-pump
topology is introduced to achieve a high voltage conversion ratio with very simple control
circuits. In discharge mode, the circuit topology acts as a voltage-multiplier boost converter
to achieve a high step-up conversion ratio (48 V to 240 V). In charge mode, the circuit
topology acts as a voltage-divider buck converter to achieve a high voltage step-down
conversion ratio (240 V to 48 V). The circuit configuration, operating principle, steady-state
analysis and the closed-loop control of the proposed converter are presented. Experiments
conducted on a laboratory prototype with 500 W power-rating are presented to verify the
effectiveness. The maximum efficiency levels in discharge and charge modes are about
97.7% and 98.4% respectively.
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1. Introduction

In recent years, due to the shortage of fossil fuels and serious environment problems, much effort
has been focused on the development of environmentally friendly distributed generation (DQ)
technologies [1-4]. It is well known that when many DGs are connected to utility grids, they can cause
problems, such as voltage rise and protection problems in the utility grid [5—8]. To solve these problems,
new concepts of electric power systems are proposed, and DC-microgrid is one of the solutions [9—12].
Figure 1 shows the system structure of DC-microgrid, it includes grid-connected converter (GCC),
wind-turbine based generation system, PV generation system, battery energy system (BES), electric
vehicle (EV) and local emergency loads. The function of GCC is to keep DC-bus voltage constant.
In order to ensure the reliability of operation for a DC-microgrid, a mass of battery energy storage
systems usually needs access into the system. The electric vehicle can provide ancillary services for
DC-microgrid, called vehicle to DC-microgrid, which makes clean and efficient electric-powered
transportation possible by allowing electric vehicles to power and be powered by the grid. In such
applications, the bidirectional DC/DC converter plays an important role in system. Briefly speaking,
the voltage difference between the electric vehicle battery/BES and the DC-bus is large; thus,
a bidirectional DC/DC converter with a high step-up/down voltage conversion ratio is required.
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Figure 1. System structure of DC-microgrid.

The conventional buck/boost bidirectional converter has simple circuit structure; however, the voltage
conversion ratio is significantly limited because of the effect of parasitic elements [13,14]. In previous
studies, the bidirectional converter has been classified into two categories, namely, isolated [15-18]
and non-isolated [19-23]. Moreover, the high voltage conversion ratio of bidirectional DC/DC
converters is achieved by adjusting the turn ratios of the isolated transformer, such as flyback-type,
forward-flyback-type. These converters have a simple and low-cost configuration [15-18]. However,
it is only suitable in low-power applications because of its high voltage stress and leakage inductance
energy. Additionally, using high-voltage transformers with a large turn-ratio also introduces several
problems. For example, the leakage inductance and the parasitic capacitance formed by the secondary
winding of the transformer may cause voltage and current spikes and increases loss and noise that will
degrade the system performance significantly and damage circuit components.
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To overcome the aforementioned drawbacks of the transformer-based converter, the active-clamp
technique is introduced to recycle the energy stored in the leakage inductance and absorbs the voltage
spikes on the main switch voltage [19,20]. Prior art of a non-isolated bidirectional converter, the
three-level bidirectional converter has only half of the voltage stress on the switch compared with
conventional bidirectional converters. However, due to the voltage conversion ratio is the same with
that of the conventional buck/boost bidirectional converter; thus, the three-level bidirectional converter
is not suitable for the large voltage difference between the DC-bus and the battery applications [21].
Compared with isolation transformer based converters, bidirectional converters with coupled-inductors
for non-isolation applications possess simpler winding structure and lower conduction loss [22-25].
However, the energy stored in the leakage inductor of the coupled inductor causes a high voltage spike
on the power switches. Furthermore, although the extreme duty ratio is avoided, the input current ripple
is large due to their single-phase operation, which renders these converters unsuitable for high power
and high current applications.

In this paper, a multi-phase interleaved bidirectional converter with an improved voltage conversion
ratio for vehicle battery connected to DC-microgrid system applications is presented. A two-phase
interleaved charge-pump converter is introduced to achieve a high conversion ratio with very simple
control scheme. In discharge mode, the topology acts as a voltage-multiplier boost converter to achieve
high step-up conversion. In charge mode, the converter acts as a voltage-divider buck converters to
achieve high voltage step-down conversion. Due to the lower duty ratio, not only can the output voltage
regulation range be further extended but also the resulting conduction loss can be further reduced due to
the shorter conduction period. In addition, the proposed structure benefits reducing voltage stress of the
main active switches, which enables one to adopt lower voltage rating devices to further reduce
both switching and conduction losses. Accordingly, because of the device voltage stress reduction, high
efficiency can be achieved.

2. Circuit Configurations and Operation Principles

Figure 2 shows the circuit topology of the proposed bidirectional converter. The studied structure of
two-phase interleaved charge-pump converter is similar to a conventional buck/boost converter except
two active high-side switches in series and a charge-pump capacitor employed in the power path.
The circuit structure is simple and it can reach an improved voltage conversion ratio with lower duty
ratio. Therefore, it can reduce the conduction loss of the switch, to further upgrade the efficiency of
the whole bidirectional converter. The proposed converter can transmit energy in both directions. When
the energy flows from Vu to Vi, it operates in charge mode (i.e., buck operation); Q1 and Q2 are controlled
to regulate the output. Thus, Q1 and 02 are defined as the active switches, while O3 and Qs are the passive
switches. The passive switches work as the synchronous rectification. When the energy flows from Vi
to Va, it operates in discharge mode (i.e., boost operation); O3 and Q4 are controlled to regulate the
output. Thus, O3 and Qs are defined as the active switches, while 01 and (> are the passive switches.
Before the analysis, the following assumptions should be made: (1) the proposed converter is operated
in continuous-conduction-mode (CCM); (2) capacitors Cr and Cy is large enough to be considered as a
voltage source; (3) the two inductor L1 and L2 have the same inductor Ls; (4) all power semiconductors
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are ideal; and (5) the charge-pump voltage Vcs is treated as a pure DC and considered as constant, and
Ves is equal to Vi/2.
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Figure 2. Proposed two-phase interleaved bidirectional DC/DC converter topology.
2.1. Charge Mode Operation

Figures 3 and 4 show the circuit configuration and typical waveforms of the proposed bidirectional
converter in charge mode operation, respectively. It can be seen that switches Q1 and Q> are driven
with the phase-shift angle of 180°; O3 and Q04 work as synchronous rectification. Referring to typical
waveforms shown in Figure 4, when the duty ratio is lower than 0.5, there are four operation modes as
shown in Figure 5 according to the ON/OFF status of the active switches, and the operating principle of
the proposed converter in charge mode operation can be explained briefly as follows:

Buck Mode
. . =yt ;=Yg t ;
IL It iy La for 9 o In
o < «————————————F} «~—T} <«
-vpt —
Q: Q

+ +

L 7 iCL L 7 iCH

)% L, Cp lcp
\Y% = Cy ¢ — TCu v
L -V + - VcB + H
+ iQ4 + A iQ3
vos§sl Vosfs Qs
. - Q4 - -
SR Operation

Figure 3. Circuit configuration of the proposed converter in the charge mode operation.

Mode 1 [tr—t1]: The interval time is DaTsw, in this mode, switches Q1, O3 turned on and switches 02,
Qs are all off. The voltage across L1 is the negative low-side voltage V., and hence iz1 decreases linearly
from the initial value. Also, the voltage across Lz is the difference of the high-side voltage Vu, the
charge-pump voltage Vca, and the low-side voltage Vi, and its level is positive. The voltages across
inductances L1 and L2 can be represented as follows:
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Figure 4. Typical waveforms of the proposed converter in the charge mode operation.

Mode 2 [t1—t;]: For this mode, the interval time is (0.5 — Dq) Tsw, switches O3, Qs are turned on and
switches Q1, (02 are all off. Both voltages across inductors L1 and L» are the negative the low-side
voltage V1, hence iz1 and iz2 decrease linearly. The voltages across inductances L1 and L> can be
represented as follows:

di di
L L1 :L L2 :—V
Ydt 7 dt t (3)
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Mode 3 [tr—t3]: For this mode, the interval time is DaTsw, switches 02, Q4 are turned on and switches
Q1 and Qs are all off. The voltage across L1 is the difference between the charge-pump voltage Vs with
the low-side voltage Vi, and L2 is keeping the negative low-side voltage Vi, The voltages across
inductances L1 and L2 can be represented as follows; additionally, in steady state, the charge-pump
voltage Vcp 1s equal to Vi/2:

di
L—=Ves =V, (4)
di
2 TL; =-V ®)]

Mode 4 |t-—t4]: From this operation mode, the interval time is (0.5 — Da) Tsw. Switches O3,
Qs are turned on and switches Q1, O are all off, and its operation is the same with that of mode 2.
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Figure 5. Operating modes of the proposed converter in the charge mode operation.
(a) Mode 1; (b) Mode 2 and Mode 4; and (¢) Mode 3.
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2.2. Discharge Mode Operation

Figures 6 and 7 show the circuit configuration and typical waveforms of the proposed bidirectional
converter in discharge mode operation, respectively. It can be seen that switches 03, 04 are driven with
the phase-shift angle of 180°; Qi, Q2 are used for the synchronous rectifier. Referring to typical
waveforms shown in Figure 7, when the duty ratio is larger than 0.5, there are four operation modes as
shown in Figure 8 according to the ON/OFF status of the active switches, and the operating principle of
the proposed converter in discharge mode operation can be explained briefly as follows.
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Figure 6. Circuit configuration of the proposed converter in the discharge mode operation.

Mode 1 [to—t1]: The interval time is (D» — 0.5) Tsw, switches O3 and Qs are turned on; switches Q1 and
(O: are all off. The low-side voltage V7 stays between inductance L1 and L2, making the inductance current
increase linearly, and begins to deposit energy. The voltages across inductances L1 and L2 can be
represented as Equation (6).

@—L diLZ
-

Ll
dt dt

=V, (6)

Mode 2 [ti-t2]: For this operation mode, the interval time is (1 — Dp) Tsw. Switch Q1, O3 remains
conducting and >, Q4 are turned off. The voltages across inductances L1 and L2 can be represented as
following equations:

di
L, d;] =V, (7)
di
L, stz =V, +Vey —Vy ()

Mode 3 |t,—t3]: In this mode, both O3 and Qs are turned on, switches Q1 and Q: are all off; the circuit
operation is same as mode 1.

Mode 4 |[ts—t4]: During this mode, the interval time is (1 — D») Tsw. For the low-side stage, switches
01, Qs are turned off and Oz, Q4 are turned on. The energy stored in inductor L is now released energy
to charge-pump capacitor Cp for compensating the lost charges in previous modes. Furthermore,
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the output power is supplied from the capacitor Cxn. The voltages across inductances L1 and L2 can be

represented as follows:

Figure 7. Typical waveforms of the proposed converter in the discharge mode operation.
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Figure 8. Operating modes of the proposed converter in the discharge mode operation.
(a) Mode 1 and Mode 3; (b) Mode 2; and (¢) Mode 4.

3. Steady-State Analyses
3.1. Voltage Conversion Ratio

The energy of proposed bidirectional converter can flow in both directions; in charge mode, Vu is
the input and V7 is the output. According to Equations (1)—~(5) and based on the voltage-second balance
principle in L1 and Lo, the voltage conversion ratio Ma in the charge mode can be derived as:

Vo _Dy

R ) (11)

where D is the duty ratio of the active switches 01 and Q2. As can be seen, the voltage conversion ratio

in charge mode of the proposed converter is half of that of the conventional buck converter.



Energies 2015, 8 9978

Similarly, in discharge mode, V7 is the input and V# is the output. According to Equations (6)—(10)
and based on the voltage-second balance principle in L1 and L2, the voltage conversion ratio Mp in the
discharge mode can be derived as:

M,=—== (12)

where Ds is the duty ratio of the active switches O3 and Q4. As can be seen, the voltage conversion ratio
in discharge mode of the proposed converter is twice of that of the conventional boost converter.

As an illustration, Figure 9 shows the ideal voltage conversion ratio characteristic as a function of
duty ratio. As shown in Figure 9, in the case of Ds < 0.5, the proposed converter has a higher voltage
step-down conversion ratio than the conventional buck converter; furthermore, in the case of D» > 0.5,
the proposed converter has a higher voltage step-up conversion ratio than the conventional boost
converter. As a results the proposed converter can overcome the extremely short duty ratio,
which appears in the conventional buck/boost bidirectional converter [14,21].

10°

T T T 1
--| === Conventional boost
_.| == Discharge mode []
--| === Conventional buck H
--| === Charge mode

Figure 9. Voltage conversion ratio characteristic of the conventional buck, boost, and the
proposed converter for charge and discharge operations respectively.

3.2. Switch Voltage Stress

Based on the aforementioned operation analyses, the open circuit voltage stress of switches Q1~0a
can be obtained directly as follows:

) |§5

(13)

VQl,max = VQ3,max = VQ4,max =

VQZ,max = VH ( 14)

3.3. Inductor Current Ripple

According to Equations (1)—(5), the total ripple current of the inductor of the proposed converter in
charge mode can be expressed as:
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v, T
:—Iz *(0.5-D,)D, (15)

N

7 charge

Similarly, in discharge mode, according to Equations (6)—(10), the total ripple current of the inductor
of the proposed converter in discharge mode can be expressed as:

VT,
discharge = HL (Db - 05)(1 - Db) (1 6)

Ly

Figure 10 shows the normalized ripple current of the inductor of the proposed converter and
the conventional buck/boost bidirectional converter for charge mode (i.e., buck operation) and discharge
mode (i.e., boost operation), respectively. It can be mentioned that, in this figure, the inductor and the
switching frequency of the two converters are equal. The ripple current of the conventional buck/boost
bidirectional converter is normalized as one under duty ratio is equal to 0.5. It can be seen that from
Figure 10, the maximum ripple current of the inductor of proposed converter is only half of that of
conventional buck/boost bidirectional converter. On the other hand, if the ripple currents are equal, the
inductor of the proposed converter is only half of that of conventional buck/boost bidirectional converter,
which means that the proposed converter has a better dynamic response and smaller size.
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Figure 10. Normalized inductance ripple current versus duty ratio of the conventional buck,
boost and the proposed converter for charge and discharge operations, respectively.

3.4. Boundary Conduction Mode Condition

The boundary normalized inductor time constant tz 5 can be defined as follows:

Lgf;w
T8 :T (17)

During boundary conduction condition (BCM) operation, the output current of the proposed converter
in charge mode can be derived as:

Vi

I =
‘ LSfYW

(1-D,) (18)
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Substituting Equation (18) into Equation (17), the boundary normalized time constant in charge mode
can be expressed as follows:

T4 =1-D, (19)
Similarly, in discharge mode, the output current of the proposed converter can be obtained as follows:

4
I, =—"
AL, S

D,(1-D,)’ (20)

The boundary normalized time constant in discharge mode can be expressed as follows:

D,(1-D,)’
Ly :% (1)

Figure 11 shows the plots of boundary normalized inductor time constant curves t.s5 and tzs5 in
charge and discharge modes. The proposed converter in the charge mode operates in CCM when 114 is
designed to be higher than the boundary curve of t245. The proposed converter in the discharge mode
operates in DCM when 115 1s selected to be lower than the boundary curve of tzs,5.
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Figure 11. Normalized boundary inductances time constant in discharge and charge modes.

The proposed converter can operate not only in charge mode but also in discharge mode, the boundary
inductance can be derived from Equations (18) and (20) as follows:

1-D, v’
o0 B f;w B}ut,d (22)
;=D v’
“f f:vw I)oul,d (23)

where Pout.d and Pout,b are the output power in charge and discharge modes, respectively.

Figure 12 shows the boundary inductances curve of the proposed converter in charge and discharge
modes. If the inductance is selected to be larger than the boundary inductance, the proposed converter
will operate in CCM. Experimental verifications of the proposed converter based on the steady-state
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continuous conduction mode (CCM) are provided as Section 5. As to the discontinuous conduction mode
(DCM) operation, the current stress is higher than that of CCM operation. In fact, the peak-to-peak input
current ripple in DCM is so large as to reduce the life time of the battery stack due to the internal
temperature rise, and the corresponding conversion efficiency of battery will be reduced as well [26].
Therefore, the operation of the converter in DCM is not suitable for battery applications, and only the
CCM is discussed in this study.
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Figure 12. Boundary inductances in various power conditions.
4. Closed-Loop Control Strategy

As mentioned in previous sections, the proposed bidirectional converter is controlled by the specific
duty ratio of switches Q1~Qs. By proper regulation of duty ratio, the bidirectional voltage control can be
adjustable. To design the closed-loop controller and simplify the mathematics for the converter, the
PSIM circuit model is built under the following assumptions: (1) power switches and diodes are ideal;
(2) equivalent series resistances of all inductors and capacitors of proposed converter are considered to
obtain a relatively precise dynamic model; (3) converter is operated under CCM. In the PSIM circuit
model, the adopted circuit parameters are L1 = L> =250 uH, Cz = 10 uF, Cz= CL =440 uF, output resistance
in charge mode Rz = 4.6 Q, output resistance in discharge mode Rz = 115.2 Q, and equivalent series
capacitances rcs = rcy = rer = 10 mQ.

Figure 13 shows the block diagram of developed closed-loop control scheme for the proposed
bidirectional converter. It can be seen that instead of controlling the output voltage of each module,
the output voltage is sensed and compared with the reference voltage. The output voltage controller
generates the total inductor current reference for the whole system, and the equal current-sharing
between the two interleaved phases can be also obtained.

In the inner current control loop as shown in Figure 13, Fi is the constant gain of the PWM generator;
Gia 1s the transfer function from duty ratio to total inductor current; C;: represents the transfer function of
current controllers, and H; is the sensing gain of the current sensor.

In the outer voltage control loop, Gva represents the transfer function from duty ratio to output voltage;
Cy is the transfer function of output voltage controller; and Hv is the sensing gain of the voltage sensor.
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Figure 13. Block diagram of the closed-loop control scheme.

From Figure 13, open loop gain of the voltage loop and current loop of the converter can be derived as:

I,=F,G,HC, (24)
_Guf, T
" G H 1+T ' (25)

where, Fv=1/100, Hi= H,= 1.
The small-signal transfer function from duty ratio to total inductor current Giz and the duty ratio to

output voltage Gw for charge mode (buck operation) and discharge mode (boost operation) can be
represented as follows, respectively:

G, = V, R,C,s+1
2R ¢ (L //L,)s® +LZL s+l
L
Charge Mode
. T | (Charg ) (26)
vd — A
2 oL iny)st+ B
RL
Y% RH2CHS+1
G, = #
& (1-D,)’R,, 4CH(L1//L2)S2+ 4(L,/L,)
(1_Db)2 (1_Db)2RH isch d
(L) ) (Discharge Mode) (27)
G VH (1 Db)ZRH
v (1 D,) 4C, (L, //L,) N 4(L, /1 L,)
(1 D) (1_Db)2RH

As above-mentioned, transfer functions in charge and discharge modes of the proposed bidirectional
converter are different, consequently, for each mode, different controller is needed to be designed separately.
In order to provide sufficient DC gain, bandwidth, gain/phase margins for the system, a simple type-II
controller that include one-zero, one-pole, and another one-pole at the origin is used for the current loop
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compensation. Furthermore, a PI controller that include one-zero and one-pole at origin is adopted for
the voltage loop compensation.

The corresponding current/voltage controllers of the proposed converter for charge mode
(buck operation) and discharge mode (boost operation) are selected as follows, respectively:

C, = 25000 -%
s(s+
Charge Mode
s +1000 ( s ) (28)
C, =—
s
C, = 20000 -%
S(s+ ) (Discharge Mode) (29)
s+200
C =4
s

Figure 14a illustrates the loop gain frequency response of compensated current loop in discharge
mode operation, under full-load condition. As can be seen, this design results in a phase margin of
53 degree and the crossover frequency is about 1.5 kHz. Figure 14b illustrates the loop gain frequency
response of compensated voltage loop in discharge mode operation, under full-load condition.
This design results in a phase margin of 77 degree and the crossover frequency is about 327 Hz.
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Figure 14. Loop gain frequency responses of compensated in discharge mode operation

(a) current loop and (b) voltage loop.

Figure 15a illustrates the loop gain frequency response of the compensated current loop in charge
mode operation, under a full-load condition. As can be seen, this design results in a phase margin of
51 degrees and the crossover frequency is about 1.8 kHz. Figure 15b illustrates the loop gain frequency
response of compensated voltage loop in charge mode operation, under both full-load condition.
This design results in a phase margin of 81.7 degree and the crossover frequency is about 282 Hz.
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Figure 15. Loop gain frequency responses of compensated in charge mode operation
(a) current loop and (b) voltage loop.

5. Simulation and Experimental Results

To facilitate understanding the merits and serve as a verification of the effectiveness of the proposed
converter, a 500 W prototype system, its PSIM simulations and experimental results are constructed.
All the experimental waveforms are measured by a digital phosphor oscilloscope, MDO-3024 with DC
variable gain accuracy of £3.0% [27]. As the low-side power source, the vehicle battery bank consists
of four 12 V lead-acid batteries in series connection, and battery string voltage is around 44 V~53 V
(nominal voltage: 48 V). The high-side DC-bus voltage of the DC-microgrid system is to keep around
216 V~264 V (nominal voltage: 240 V). The switching frequency of the prototype circuit is 35 kHz and
the corresponding component parameters are listed in Table 1 for reference.

Table 1. Component parameters of the prototype.

Components Symbol Value/Part No.
Two-Phase inductors Ly, L, 250 pH
Power switches 01~0Os W45NM60
Charge-pump capacitor Cs 10 uF/250 V
High-side capacitor Cu 440 pF/500 V
Low-side capacitor Cr 440 uF/500 V

To check the validity of Equations (11) and (13)—(15) in charge mode operation, both simulation and
experimental results are recorded as shown in Figures 13—15. From Figures 16—18, one can see that, with
the proposed converter, the nearly 48 V low-side output voltage can be achieved easily with a rather low
duty ratio of 0.4. Similarly, to check the validity of Equations (12)—(14) and (16) in discharge mode
operation, both simulation and experimental results are recorded as shown in Figures 19-21. From
Figures 19-21, one can see that, with the proposed converter, the nearly 240 V high-side output voltage
can be achieved easily with a rather low duty ratio of 0.6.

From these figures in charge and discharge operations, one can observe that the charge-pump capacitor
indeed can share half of the high-side voltage for reducing the voltage stress of the almost active switches
(O1, O3, and Q4), which are also very close to that calculated from Equations (13) and (14). Obviously,
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the voltage stress of the almost active switch is much smaller than the high-side voltage and enables one
to adopt lower voltage rating device for reducing the conduction loss as well as switching loss.
Furthermore, due to the lower duty ratio, not only can the output voltage regulation range be further
extended but the resulting conduction loss can also be further reduced due to the shorter conduction
period. Furthermore, from Figures 17 and 20, the two-phase interleaving operation of the proposed
converter can be achieved effectively, partially cancel the output and input ripples for charge and discharge
operations, respectively.
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Figure 16. Waveforms of input voltage, output voltage and charge-pump capacitor voltage
in the charge mode at full load (a) by simulation; and (b) by measurement.
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Figure 17. Waveforms of gate signals of high-side switches Q1~Q2, and two-phase inductor
currents iz1~ir2 in the charge mode at full load (a) by simulation; and (b) by measurement.
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Figure 18. Waveforms of open-circuit voltage of switches Q1~Q4 in the charge mode at full

load (a) by simulation; and (b) by measurement.
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Figure 21. Waveforms of open-circuit voltage of switches Q1~Qs in the discharge mode at
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Figures 22 and 23 present the transient response due to a step load current change between 250 W—-500 W

for the prototype system. It is seen that from these figures, with the proposed closed-loop control scheme,

the over-current problem under transient conditions can be prevented. Also, the converter bidirectional

output voltages are well regulated at 48 V and 240 V in charge and discharge modes, respectively.
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Figure 22. Waveforms of transient response for load period steps in discharge mode from
500 W to 250 W and then back to 500 W: (a) by simulation; and (b) by measurement.

Figure 24 shows the realized prototype of the proposed converter, and its conversion efficiency

performance is measured by using a precision power analyzer, Yokogawa-WT3000, with the basic

accuracy of 0.01% of reading [28] as shown in Figure 25. For the comparison, the measured efficiency

in the conventional bidirectional buck/boost converter is also shown in Figure 25. It can be seen that,

for the proposed converter is operated in charge mode, the maximum efficiency is 98.4%, and the

efficiency at full load is 94.3%. Furthermore, for the proposed converter is operated in discharge mode,
the maximum efficiency is 97.7%, and the efficiency at full load is 94.9%. Also, the measured efficiency
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of the conventional bidirectional buck/boost converter is around 81.5%-92.2% in discharge mode and
is around 82.5%-93.2% in charge mode. It is seen from Figure 25 that the measured efficiency of the
proposed converter are higher than the conventional bidirectional buck/boost converter.
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Figure 23. Waveforms of transient response for load period steps in charge mode from 500 W
to 250 W and then back to 500 W: (a) by simulation; and (b) by measurement.
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The performance comparisons of the proposed bidirectional converter with a variety of research in
the announced works are summarized in Table 2. It can be seen that the amounts of passive components
in [23,24] are more than the requirement in the proposed converter. It will result in the increase of
manufacturing cost. Additionally, the voltage conversion ratio of the previous bidirectional converter
in [25] is the same as the proposed one in this study. Thanks to adding only one charge-pump capacitor,
the proposed two-phase interleaved bidirectional converter indeed performs the higher conversion
efficiency, bidirectional power flow, lower output current, and voltage ripples under S00 W power rating
with the better price-performance ratio than other announced works [23-25].

Table 2. Characteristic comparison among a variety of converters.

Topology
Items
[23] [24] [25] Proposed
Switching control structure single-phase single-phase single-phase  two-phase
Output ripple High High Medium Low
Number of main switches 4 4 4 4
Passive components 6 6 4 5
Step-up conversion ratio (n*+2)/Dp n/(1 — Dp) 2/(1 — Dp) 2/(1 — D)
Step-down conversion ratio Dy(n+2)  Di(1+n—nDy) Dy2 Dy/2
High-side voltage 200 V 200V 200 V 240 V
Low-side voltage 24V 24V 24V 48V
Realized prototype power rating 800 W 200 W 200 W 500 W
Maximum efficiency (step-down) 95.1% 91.6% 94.8% 98.4%
Maximum efficiency (step-up) 95.3% 94.3% 94.1% 97.7%

* n: the turns ratio of coupled inductors [23,24].
6. Conclusions

A bidirectional DC/DC converter topology is presented suitable for vehicle and DC-microgid system
application. Compared with the conventional buck/boost bidirectional converter, key features such as
the improved voltage conversion ratio, lower switch voltage stress, lower current ripple and avoid
operating at extreme duty ratios can be obtained by the studied converter. A 500 W laboratory prototype
with bidirectional power flow capability are constructed to verify the feasibility, all experimental
waveforms are closed to the theoretical analysis and simulation results. The maximum efficiency levels
in discharge and charge modes are about 97.7% and 98.4%, respectively. Finally, it is worth mentioning
that the proposed bidirectional converter configuration can be easily extended to more phases for higher
power applications.
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