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Abstract: In this paper, first the operating principles of a non-isolated universal bidirectional DC-DC
converter are studied and analyzed. The presented power converter is capable of operating in all
power transferring directions in buck/boost modes. Zero voltage switching can be achieved for all
the power switches through proper modulation strategy design, therefore, the presented converter
can achieve high efficiency. To further improve the efficiency, the relationship between the phase-shift
angle and the overall system efficiency is analyzed in detail, an adaptive phase-shift (APS) control
method which determines the phase-shift value between gating signals according to the load level is
then proposed. As the modulation strategy is a software-based solution, there is no requirement for
additional circuits, therefore, it can be implemented easily and instability and noise susceptibility
problems can be reduced. To validate the correctness and the effectiveness of the proposed method, a
300 W prototyping circuit is implemented and tested. A low cost dsPIC33FJ16GS502 digital signal
controller is adopted in this paper to realize the power flow control, DC-bus voltage regulation and
APS control. According to the experimental results, a 12.2% efficiency improvement at light load and
4.0% efficiency improvement at half load can be achieved.

Keywords: bidirectional buck–boost DC-DC converter; zero voltage switching; adaptive
phase-shift control

1. Introduction

The energy crisis has recently become an important issue. To solve this, the development of
renewable energy is essential. However, renewable energy sources are susceptible to weather factors
which result in unstable power supply and unpredictable power generation. Thus, energy storage
devices such as batteries are often applied in renewable energy generation systems. On the other
hand, with the growing concern about global warming, countries have begun to target reducing
greenhouse gas emissions. For the purpose of environmental protection and fuel cost reduction,
automobile manufacturers have put great efforts into developing electric vehicles (EVs). In the near
future, EVs are expected to be the mainstream of the transportation sector [1–3]. In a renewable energy
generation system, a bidirectional DC-DC converter is typically used to interface the energy storage
device with the renewable energy sources. When the power demand is lower than that provided,
the excessive energy will be stored in the batteries, which is called charging mode. Conversely,
when the power demand is higher than that provided, the energy flows from batteries to the load,
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which is called discharging mode. For charging modes, if the voltage of battery is higher than that
of the DC link, the system will boost the voltage to charge; otherwise, the voltage will be lowered
to charge. For discharging modes, if the voltage of battery is higher than that of the DC link, the
voltage of batteries will be lowered to discharge; otherwise, the voltage of batteries will be boosted
to discharge. For a bidirectional DC–DC converter of an EV, the operation modes are basically the
same. In acceleration or cruising mode, the energy should be delivered from the battery to the DC link,
whereas in regenerative mode, the energy should be delivered from the DC link to the battery. For both
modes, the bidirectional DC-DC converter utilized should be capable of converting the DC-bus voltage
into a wide range of battery operating voltages. When all these possibilities are considered, a universal
bidirectional DC-DC converter capable of operating in all directions with voltage stepping-up and
stepping-down capabilities is a necessity.

Various bidirectional DC-DC converters have been proposed in the literature [4–32]. Typically,
they can be divided into isolated and non-isolated types, depending on their isolation requirements
as well as the required voltage transfer ratio. Compared with isolated converters, non-isolated ones
boast advantages such as fewer parts, lower cost and compactness. Therefore, the non-isolated
bidirectional DC-DC converter will be the main focus of this study. For non-isolated bidirectional
DC-DC converters, soft switching techniques are typically employed to achieve high efficiency.
A common way to accomplish soft switching is to employ an auxiliary circuit including auxiliary
switches, inductors and/or capacitors [6–9]. Using this method, zero voltage switching (ZVS) or zero
current switching (ZCS) can be attained by resonance between inductors and capacitors. Nonetheless,
these techniques require additional components, which will result in higher costs and complexity.
Another approach to realize soft switching is to adopt coupled inductors [10–19]. By adding an
additional winding, it can form another power flow path to achieve ZVS or ZCS. However, the
efficiencies under light load conditions are typically low due to the fact that the recycled energy will
increase when the load decreases for this type of system. The third technique is to use interleaved
structures in which several bidirectional DC-DC converters are connected in parallel to constitute a
multiphase system [20–24]. For interleaved configurations, the efficiency at light load can be raised
by phase-shedding techniques and the effective ripple can be reduced by introducing a phase-shift
between the gating signals. However, this type of system suffers the disadvantages of high part
counts and high costs. Finally, novel modulation strategy and/or novel topologies can be utilized
to obtain high efficiency operation. In [25,26], simple structures and simple control strategy is
proposed. These circuits suffer the disadvantage of low efficiency under heavy load condition
due to hard-switching. In [27], sliding mode control is proposed to improve the performance of
bidirectional DC-DC converters, the soft switching issue is not addressed since the proposed system
utilizes conventional cascade buck/boost structure. In [28], a novel ZVS control technique based on
discontinuous conduction mode is proposed. The presented control approach can achieve reliable
ZVS within the entire operating range without additional circuits. However, the proposed system
cannot realize universal bidirectional operations. In fact, all the aforementioned techniques can only
be operated in buck mode for one direction and in boost mode for the other direction, and they cannot
be operated vice versa. Therefore, developing a universal bidirectional DC-DC converter which is
capable of operating in all directions with voltage stepping-up and stepping-down capabilities becomes
essential. Dual-active bridge DC-DC converters can provide universal bidirectional power conversion;
however, these topologies require a large number of power switches (typically eight). Moreover, they
are all isolated type bidirectional DC-DC converters [29]. In [30,31], a novel low loss modulation
strategy with simple circuit configuration is proposed. The advantages of these systems include high
efficiency, no additional cost and a simple structure. Although the converter proposed in [30] can
achieve universal bidirectional power conversion, details on how to realize universal bidirectional
operation is not provided in [30]. Moreover, the phase shift value utilized in these papers is fixed,
which may deteriorize the efficiency. Another nonisolated type bidirectional DC-DC converter which
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is able to attain universal bidirectional power conversion is proposed in [32]. However, soft switching
is not realized in this work.

This paper focuses on improving the efficiency of the bidirectional DC-DC converters proposed
in [30]. First, the control signal requirements will be analyzed and extended to universal bidirectional
operations (i.e., the capability of operating in all power transferring directions in both buck/boost
modes). The implemented universal bidirectional DC-DC converter is applicable to renewable energy
generation systems and EVs and can be placed between the energy storage device and the DC-bus
regardless of the nominal voltage ratings of the battery and the DC link. With proper design of
the control signal and the buck-boost inductance, ZVS can be successfully achieved and thus high
efficiency can be obtained. To further improve the efficiency, an adaptive phase-shift (APS) control
method which determines the phase-shift value between gating signals according to the load level is
also proposed. Various efficiency enhanacement techniques regarding adaptive or variable phase-shift
control have been proposed in the literature [33–35]. In [33], changing modulation method according to
load conditions has been suggested, pulse-width modulation (PWM) are utilized to replace phase-shift
control under light-load condition to reduce the circulating loss of phase-shift full-bridge converter.
In [34,35], new control methods for full-bridge LLC resonant converters are presented. Fxed-frequency
phase-shifted pulse width modulation and phase-shifted gate signals based on predetermined optimal
duty ratio are used to regulate the output voltage at light load in [34,35], respectively. However,
these approaches mainly focus on the improvement of light-load efficiency only. In addition, these
techniques are all multi-mode control methods; hence, the control parameters are not tuned on-line.
In this paper, the power flow control, dc-bus voltage regulation and APS control are implemented using
a low cost dsPIC33FJ16GS502 digital signal controller. As the modulation strategy is a software-based
solution, no additional circuits are required, therefore, it can be implemented easily with reduced
instability and noise susceptibility problems. To validate the correctness and the effectiveness of the
proposed method, a 300 W prototyping circuit is implemented and tested. As can be seen from the
experimental results, the proposed converter is capable of operating in all power conditions correctly
and high efficiency can be obtained. Compared to traditional fixed phase-shift method, the proposed
APS control method can enhance both light-load efficiency and half-load efficiency by 10.1%–13.6%
and 3.0%–4.8%, respectively.

2. Operating Principle of the Universal Bidirectional DC-DC Converter

The proposed universal bidirectional DC-DC converter is composed of an inductor, two capacitors
and four power switches, as shown in Figure 1 [29]. By comparing the battery voltage (Vbat) and
the DC-bus voltage (Vbus), the power flow direction can be determined. Power transfer can then be
realized by adequately controlling the power switches. Moreover, the proposed converter can achieve
ZVS and obtain high efficiency through a novel modulation strategy.
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The charging/discharging mode here is defined as that the energy is transferred from the
DC-bus/battery to the battery/DC-bus. Since the battery voltage may be higher or lower than
the DC-bus voltage during the entire operation, there exist four operation modes as follows:
boost-charging, buck-charging, boost-discharging and buck-discharging. Figure 2 illustrates the
key waveforms of the boost/buck-charging mode, and the waveforms of the buck/boost-discharging
mode are shown in Figure 3.
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The required gating signals of these four operation modes are summarized in Table 1.
The operating principles for both buck-boost charging and buck-boost discharging modes are similar.
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Therefore, only circuit operation under the buck-charging mode is analyzed and discussed with the
following assumptions:

1. All components are ideal except switching devices;
2. There is no trace resistance;
3. Capacitance is very large such that capacitor voltage can be considered constant.

Table 1. The gating signals required for four operating modes.

Mode Buck Mode Boost Mode

Charging mode

Shown in Figure 2a Shown in Figure 2b
Gating signals for S1, S2 and S3, S4 are complementary Gating signals for S1, S2 and S3, S4 are complementary
Duty cycle of S3 and S4 is 50% Duty cycle of S3 and S4 is 50%
Duty cycle of S1 varies and should be lower than 50% Duty cycle of S1 varies and should be greater than 50%
There is a phase-shift φ between S3 and S1 (S3 lagging) There is a phase-shift φ between S3 and S1 (S3 lagging)
Voltage conversion ratio equals DS1/DS3 Voltage conversion ratio equals DS1/DS3

Discharging mode

Shown in Figure 3a Shown in Figure 3b
Gating signals for S1, S2 and S3, S4 are complementary Gating signals for S1, S2 and S3, S4 are complementary
Duty cycle of S1 and S2 is 50% Duty cycle of S1 and S2 is 50%
Duty cycle of S3 varies and should be lower than 50% Duty cycle of S3 varies and should be greater than 50%
There is a phase-shift φ between S1 and S3 (S1 lagging) There is a phase-shift φ between S1 and S3 (S1 lagging)
Voltage conversion ratio equals DS3/DS1 Voltage conversion ratio equals DS3/DS1

Figure 4 shows the typical waveforms of the proposed converter operating under buck-charging
mode. From Figure 4, the whole operation can be divided into 12 time intervals, as described below:
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Interval 1 (t0 ď t < t1): At t = t0, power switch S1 is turned on with ZVS since the body diode Db-s1
has already been conducting in prior. During this time interval, power switches S1 and S4 are on and
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S2, S3 are off, the equivalent circuit is shown in Figure 5a. The voltage across the inductor is the dc-bus
voltage Vbus and the inductor current increases linearly. The load power is supplied by the capacitor
Cbat solely.

Interval 2 (t1 ď t < t2): At t = t1, power switch S4 is turned off. During this time interval,
power switch S1 is on and S2, S3, S4 are off, the equivalent circuit is shown in Figure 5b. Since the
inductor current cannot change abruptly, it discharges the parasitic capacitor Coss3 and charges the
parasitic capacitor Coss4. When the voltage across Coss3 becomes zero, the body diode Db-s3 conducts.
This positions S3 with no drain to source voltage prior to turn-on and facilitates ZVS.

Interval 3 (t2 ď t < t3): At t = t2, the body diode Db-s3 conducts. During this time interval, power
switch S1 is on and S2, S3, S4 are off, the equivalent circuit is shown in Figure 5c. The load power is
supplied by the dc-bus through power switch S1 and body diode Db-s3.

Interval 4 (t3 ď t < t4): At t = t3, power switch S3 is turned on with ZVS. During this time interval,
power switches S1 and S3 are on and S2, S4 are off, the equivalent circuit is shown in Figure 5d.
The voltage across the inductor equals to the difference of the DC-bus voltage Vbus and the battery
voltage Vbat. Since Vbus is larger than Vbat in buck-charging mode, the voltage difference is still positive
and the inductor current increases linearly with a smaller slope. The load power is supplied by the
dc-bus through power switches S1 and S3.

Interval 5 (t4 ď t < t5): At t = t4, power switch S1 is turned off. During this time interval, power
switch S3 is on and S1, S2, S4 are off, the equivalent circuit is shown in Figure 5e. Since the inductor
current cannot change abruptly, it charges the parasitic capacitor Coss1 and discharges the parasitic
capacitor Coss2. When the voltage across Coss2 becomes zero, the body diode Db-s2 conducts.

Interval 6 (t5 ď t < t6): At t = t5, the body diode Db-s2 conducts. During this time interval, power
switch S3 is on and S1, S2, S4 are off, the equivalent circuit is shown in Figure 5f. The load power is
supplied by the inductor through power switch S3 and body diode Db-s2.

Interval 7 (t6 ď t < t7): At t = t6, power switch S2 is turned on with ZVS. During this time interval,
power switches S2 and S3 are on and S1, S4 are off, the equivalent circuit is shown in Figure 5g.
The voltage across the inductor equals to ´Vbat and the inductor current decreases linearly. The load
power is supplied by the inductor through power switches S2 and S3. It should be noted that a negative
inductor offset current ´I0 is needed for allowing power switch S4 to turn on with ZVS.

Interval 8 (t7 ď t < t8): At t = t7, power switch S3 is turned off. During this time interval, power
switch S2 is on and S1, S3, S4 are off, the equivalent circuit is shown in Figure 5h. Since the inductor
current cannot change abruptly, it charges the parasitic capacitor Coss3 and discharges the parasitic
capacitor Coss4. When the voltage across Coss4 becomes zero, the body diode Db-s4 conducts.

Interval 9 (t8 ď t < t9): At t = t8, the body diode Db-s4 conducts. During this time interval, power
switch S2 is on and S1, S3, S4 are off, the equivalent circuit is shown in Figure 5i. The load power is
supplied by the capacitor Cbat solely.

Interval 10 (t9 ď t < t10): At t = t9, power switch S4 is turned on with ZVS. During this time
interval, power switches S2 and S4 are on and S1, S3 are off, the equivalent circuit is shown in Figure 5j.
The voltage across the inductor is zero and the inductor current is kept constant. The load power is
supplied by the capacitor Cbat solely.

Interval 11 (t10 ď t < t11): At t = t10, power switch S2 is turned off. During this time interval, power
switch S4 is on and S1, S2, S3 are off, the equivalent circuit is shown in Figure 5k. Since the inductor
current cannot change abruptly, it discharges the parasitic capacitor Coss1 and charges the parasitic
capacitor Coss2. When the voltage across Coss1 becomes zero, the body diode Db-s1 conducts.

Interval 12 (t11 ď t < t12): At t = t11, the body diode Db-s1 conducts. During this time interval,
power switch S4 is on and S1, S2, S3 are off, the equivalent circuit is shown in Figure 5l. The load power
is supplied by the capacitor Cbat solely.
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3. The Proposed Adaptive Phase-Shift Control Method

Since the system efficiency will be affected by the phase-shift angle and the inductance, the
relationship between these two factors needed to be derived first. From the circuit analysis presented
in Section 2, the time function of inductor current shown in Figure 2a can be derived as:

iLptq “

$

’

’

’

&

’

’

’

%

´Io `
Vbat

L t f or t0 ď t ď t1

´Io `
Vbus

L t1 `
Vbat´Vbus

L t f or t1 ď t ď t2

´Io `
Vbus

L t1 `
Vbat

L t2 ´
Vbus

L t f or t2 ď t ď t3

´Io f or t3 ď t ď Ts

(1)

The average power Paverage can be defined as Equation (2). By substituting Equation (1) into
Equation (2), the average input power (Pin) and the average output power (Pout) can be obtained as:

Paverage “
1
Ts

ż Ts

0
vptq ¨ iptqdt (2)

Pin “
Vbus
Ts

r t2
t0

iLptqdt
“

Vbus
2Ts L

“

´Vbust2
1 ` pVbus ´Vbatq t2

2 ` 2Vbust1t2
‰

´
Vbat Io

Ts
t2

(3)

Pout “
Vbat
Ts

r t3
t1

iLptqdt
“

Vbus
2Ts L

“

´pVbus `Vbatq t2
1 ´Vbatt2

2 ´Vbust2
3 `Vbust1t3 ` 2Vbatt2t3

‰

´
Vbus Io

Ts
pt3 ´ t1q

(4)

From Equations (3) and (4), it can be noted that the input power and output power are related
to the switching times, t1, t2 and t3. Thus, the maximum average power can be obtained once the
optimal values of t1, t2, and t3 are determined. Assuming the power switches are ideal which means
that the converter losses can be neglected, the input power and the output power should be equal to
the average power, as shown in Equation (5):

Pin “ Pout “ Paverage (5)

From Figure 2a, it can be found that when t = t3, the inductor current is equal to ´Io, as described
in Equation (6). From Equation (6), the relationship between t1 and t2 can be obtained as Equation (7).

iL pt3q “ ´Io `
Vbus

L
t1 `

Vbat
L

t2 ´
Vbus

L
t3 “ ´Io (6)

t1 “
Vbat
Vbus
pt3 ´ t2q

t2 “
Vbus
Vbat

pt3 ´ t1q
(7)

By substituting Equation (7) into Equations (3) and (4), the average power Paverage(t1) and

Paverage(t2) can be derived. Let both dPaveragept1q

dt and dPaveragept2q

dt equal to zero, t1,max and t2,max can
be calculated as:

t1,max “
V2

bust3`Vbat Io L
V2

bus`VbusVbat`V2
bat

t2,max “
pV2

bus`VbusVbatqt3´Vbat Io L
V2

bus`VbusVbat`V2
bat

(8)

Hence, from Equations (3) and (8), the maximum average power Paverage,max can be derived as:

Paverage,max “ VbusVbat

“

I2
o L2 ´ 2IoL pVbus `Vbatq t3 `VbusVbatt2

3
‰

2 ¨ L ¨ Ts
`

V2
bus `VbusVbat `V2

bat

˘ (9)

According to Equation (9), the required inductance can be calculated from any specified operating
voltage and maximum average power.



Energies 2016, 9, 501 9 of 23

Next, the derivation of the proposed adaptive phase-shift (APS) control method will be detailed.
Take Figure 2a for example, the relationship between t3 and φ can be derived as:

φ “ 360 ¨ p
t3

Ts
´ 0.5q (10)

According to Equations (9) and (10), it can be noticed that the phase-shift angle varies with
the length of t3 under different load conditions. Furthermore, the phase-shift angle is related to the
maximum output power of the universal bidirectional DC-DC converter. Figure 6 shows the inductor
current waveform under different load conditions when phase-shift angle is fixed.
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In Figure 6, iLH(t) and iLL(t) correspond to inductor current under heavy load and light load,
respectively. Also in Figure 6, the average value of iLH(t) and iLL(t) is ILH and ILL (ILH > ILL),
respectively. From Figure 6, due to the fixed phase-shift ϕ, the peak-to-peak inductor current of
both light load and heavy load are the same, but the lowest value of iLL(t) (I0L) is smaller than that of
iH(t) (I0H). When the load increases, the lowest point of the inductor current also increases. However,
as described in Section 2, a negative inductor offset current ´I0 is needed for power switches S1 and
S4 to achieve ZVS. Therefore, if ZVS for all power switches is required, the maximum load current
provided by a fixed phase-shift ϕ will also be limited to a fixed value. For designing I0 value, since
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the energy stored in the inductor should be large enough to completely transfer the charge stored in
MOSFET parasitic capacitance, the design equation of I0 can be written as:

I0 ě maxpVbus,max, Vbat,maxq ¨

c

COSS
L

(11)

Figure 7 shows the inductor current waveform under the same load, input voltage and output
voltage but different phase-shift φ, with iA(t), iB(t), iC(t) corresponding to the phase-shift values of
φA, φB and φC, respectively. From Figure 7, the average values of iA(t), iB(t) and iC(t) are all equal
to the same load current IL. However, under different phase-shift values, the peak-to-peak inductor
currents appear to be different. To achieve ZVS, the inductor current is required to be negative at
t = t3; therefore, ZVS can be achieved for all waveforms in Figure 7. However, it can also be seen from
Figure 7 that an excessive phase-shift forces the peak-to-peak inductor current to increase, causing the
increases of the conduction loss and the power loss in the inductor. Hence, an adaptive phase-shift
(APS) control method is proposed in this paper. In this method, the phase-shift value is automatically
adjusted according to the output load. Since a lower root-mean-square (RMS) current flowing through
the inductor can effectively decrease the converter losses while still ensure the ZVS operation for all
power switches if the inductor offset current ´I0 remains negative. Therefore, there exists an optimal
phase-shift value which can keep the |I0| minimum.
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The flow chart of the proposed APS method is shown in Figure 8. From Figure 8, the operating
principle of the proposed method is similar to that of perturb and observe method, and can be described
as follows: When the load increases, the phase-shift value is increased by a fixed step ∆φ (1˝ in this
paper) and the value of the inductor current at t = t3 is measured. The phase-shift increment will
continue until the inductor offset current is turned from negative to positive. The phase-shift value of
previous instance is then recorded and set as the optimal value under this load condition. Likewise,
when the load decreases, the phase-shiftφ is reduced by a fixed step ∆φ until the inductor offset current
turns from positive to negative. With this APS control method, the proposed universal bidirectional
DC-DC converter can achieve ZVS under a wide range of load conditions. Comparing with the
conventional fixed phase-shift method, the conversion efficiency under different load conditions can
be improved.
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4. Firmware Architecture

The block diagram of the proposed system is shown in Figure 9. In this paper, a dsPIC33FJ16GS502
digital signal controller (DSC) from Microchip Corp. (Chandler, AZ, USA) is adopted to realize the
control algorithms. From Figure 9, signal conditioning circuits are used to sense the input voltage,
output voltage and output current at first. Analog to digital converter (ADC) is then utilized to
convert the analog signals into digital ones. After that, a digital finite impulse response (FIR) filter
is applied to remove the noises and the required voltage regulation is carried out via the digital PID
compensator. In this way, the dc-bus voltage regulation of the proposed bidirectional DC-DC converter
can be achieved.
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Figure 10 shows the flowchart of the implemented control algorithm. From Figure 10, the control
algorithm for the proposed bidirectional DC-DC converter can be roughly divided into two parts:
main program and ADC interrupt subroutine. The required peripheral modules are enabled and
initialized at the beginning of the main program. After that, the main program stays in an infinite
loop to wait for ADC interrupt to occur. In this paper, the ADC is triggered every 33.3 µs (30 kHz).
When the interrupt occurs, the voltage and current at both dc-bus side and battery side are measured
and fed into a FIR filter, the filtered results are then utilized to determine the operating modes.
If Vbus is greater/lower than 380 V, charging/discharging mode will be selected. In addition, a
hysteresis comparator with threshold voltage equals to 2 V is used to avoid frequent changing of
the operation modes. In discharging mode, if Vbat is higher than 380 V, the buck-discharging mode
activates; otherwise, the boost-discharging mode is adopted. Similarly, the boost-charging mode will
be activated when Vbat is higher than 380 V, and buck-charging mode will be adopted when Vbat is
lower than 380 V. After obtaining the operating modes, the gating signals of these four power switches
can be determined via Table 1. Next, the optimal phase-shift value under this load condition can be
obtained via the APS control method explained in Section 3. Finally, a new duty cycle can be calculated
using the digital PID controller.
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Figure 10. Flowchart of the control algorithm: (a) Main program; (b) ADC interrupt subroutine.

5. Simulation and Experimental Results

In this paper, PSIM simulation software by POWERSIM Co. (Nyborg, Norway) is applied to
verify the feasibility of the proposed universal bidirectional DC-DC converter. Due to space limitation,
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only the simulation results under buck-charging mode are provided. The specifications and circuit
parameters used in this simulation are listed in Table 2.

Table 2. Specifications and parameter settings of the proposed system.

DC-Bus Voltage (Vbus) 380 V
Battery voltage (Vbat) 320–420 V

Switching frequency (fs) 30 kHz
Inductance (L) 1.5 mH

Capacitance (Cbus, Cbat) 33 µF
Rated power (Pout) 300 W

Figures 11 and 12 show the simulated results for gating signals and inductor current
waveforms under the buck-charging operation at 50 W and 300 W load conditions, respectively.
From Figures 11 and 12, the duty cycle of both S1 and S2 are 42.1% while the duty cycle of S3 and S4

are 50%. It can be observed that the simulated results agree with the theoretical waveforms described
in Section 2.
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Figure 12. Simulated gating signals and inductor current under buck-charging mode (load = 300 W).

Figure 13 shows the simulated results of the proposed APS control method during a load change
(50 W to 300 W). From Figure 13, the phase-shift value between S3 and S1 is able to vary with the load
to ensure that the inductor offset current is negative and, in consequence, the power switches can be
turned on with ZVS.
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Figure 13. Simulated results of the proposed APS control method during a load change (50 W to 300 W).
(a) Phase-shift value φ; (b) Load current.

Next, a prototyping circuit will be constructed and experiments will be carried out to validate the
correctness and effectiveness of the proposed method. The specifications and the circuit parameters of
the implemented universal bidirectional DC-DC converter are the same with those listed in Table 2.
Figures 14 and 15 show the measured waveforms under the charging mode and discharging mode
at full load (300 W), respectively. As can be seen from these figures, the full load condition can be
achieved under all operating modes. Since the operating principles for each mode are similar; therefore,
only circuit operation under the buck-charging mode is analyzed and discussed.
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Figure 14. Measured waveforms under charging mode (300 W). (a) Buck-charging mode;
(b) Boost-charging mode.
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Figure 15. Measured waveforms under discharging mode (300 W). (a) Buck-discharging mode;
(b) Boost-discharging mode. (CH1: 10 V/div, CH2: 10 V/div, CH4: 1 A/div, Time: 8 µs/div).

Figure 16 shows the measured current waveforms at different load conditions with the phase-shift
value fixed at 148˝. From Figure 16, the experimental results agree with the theoretical and
the simulated waveforms. Moreover, it can easily be observed that when operated with fixed
phase-shift value, the inductor offset current under light-load condition will be lower than that
under full-load condition.

Energies 2016, 9, 501 16 of 23 

 

 

(a) (b) 

Figure 15. Measured waveforms under discharging mode (300 W). (a) Buck-discharging mode;  

(b) Boost-discharging mode. (CH1: 10 V/div, CH2: 10 V/div, CH4: 1 A/div, Time: 8 μs/div) 

Figure 16 shows the measured current waveforms at different load conditions with the 

phase-shift value fixed at 148°. From Figure 16, the experimental results agree with the theoretical 

and the simulated waveforms. Moreover, it can easily be observed that when operated with fixed 

phase-shift value, the inductor offset current under light-load condition will be lower than that 

under full-load condition.  

 
(a) (b) 

Figure 16. Measured waveforms under fixed phase-shift value (148°). (a) 50 W; (b) 300 W. (CH1: 10 

V/div, CH2: 10 V/div, CH4: 1 A/div, Time: 8 μs/div) 

Figures 17 and 18 show the measured gating signals and current waveforms using different 

control methods under 50 W and 250 W load conditions, respectively. In both figures, Figures 17a 

and 18a are obtained using the proposed APS control method, while Figures 17b and 18b are 

obtained using the conventional fixed phase-shift value method. It can be seen from Figure 17 and 

Figure 18 that the peak-to-peak values of the inductor currents using the proposed APS method are 

all lower than those by the conventional method. As a result, it becomes the main reason of the 

efficiency improvement.  

S1

S3

IL

S1

S3

IL

(a) (b)

Figure 16. Measured waveforms under fixed phase-shift value (148˝). (a) 50 W; (b) 300 W.
(CH1: 10 V/div, CH2: 10 V/div, CH4: 1 A/div, Time: 8 µs/div).

Figures 17 and 18 show the measured gating signals and current waveforms using different control
methods under 50 W and 250 W load conditions, respectively. In both figures, Figures 17a and 18a
are obtained using the proposed APS control method, while Figures 17b and 18b are obtained using
the conventional fixed phase-shift value method. It can be seen from Figures 17 and 18 that the
peak-to-peak values of the inductor currents using the proposed APS method are all lower than those
by the conventional method. As a result, it becomes the main reason of the efficiency improvement.



Energies 2016, 9, 501 17 of 23
Energies 2016, 9, 501 17 of 23 

 

 

(a) (b) 

Figure 17. Measured waveforms using different control methods (50 W). (a) Proposed APS control 

method (41°); (b) Fixed phase-shift value (148°). (CH1: 10 V/div, CH2: 10 V/div, CH4: 1 A/div, Time: 

8 μs/div) 

 

(a) (b) 

Figure 18. Measured waveforms using different control methods (250 W). (a) Proposed APS control 

method (99°); (b) Fixed phase-shift value (148°). (CH1: 10 V/div, CH2: 10 V/div, CH4: 1 A/div, Time: 

8 μs/div) 

Figure 19 shows the measured ZVS turned-on waveforms for power switch S1 under different 

load conditions. It is worth noted that with the proposed APS control method, the voltage across 

the power switch, Vds, can successfully drop to zero regardless of the load conditions. Therefore, the 

ZVS turned-on can be achieved and the switching losses can be reduced.  

 

(a) (b) 

Figure 19. Measured ZVS waveforms under different load conditions. (a) 50 W; (b) 300 W. (CH1: 10 

V/div, CH2: 100 V/div, Time: 800 ns/div) 

(a) (b)

(a) (b)

ZVS

Vds Vgs

ZVS

Vds Vgs

(a) (b)

Figure 17. Measured waveforms using different control methods (50 W). (a) Proposed APS control
method (41˝); (b) Fixed phase-shift value (148˝). (CH1: 10 V/div, CH2: 10 V/div, CH4: 1 A/div, Time:
8 µs/div).
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Figure 18. Measured waveforms using different control methods (250 W). (a) Proposed APS control
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Figure 19 shows the measured ZVS turned-on waveforms for power switch S1 under different
load conditions. It is worth noted that with the proposed APS control method, the voltage across the
power switch, Vds, can successfully drop to zero regardless of the load conditions. Therefore, the ZVS
turned-on can be achieved and the switching losses can be reduced.
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Figure 20. Measured waveforms of the proposed APS control method during a load change (50 W
to 300 W). (a) Full view; (b) Enlarged view at 50 W (41˝); (c) Enlarged view at 300 W (148˝).
(CH1: 10 V/div, CH2: 10 V/div, CH4: 2 A/div).
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Figure 20 shows the measured waveforms of the proposed APS control method during a load
change (50 W to 300 W), in which Figure 20a shows the whole view and Figure 20b,c illustrate the
enlarged view under 50 W and 300 W loads, respectively. From Figure 20, the phase-shift value
between S3 and S1 is able to vary with the load to ensure that the power switches can be turned on
with ZVS, which agrees with the simulated results.

Figures 21–24 show the measured efficiency curves of the proposed converter under different load
conditions with and without the proposed APS control. The numbers above the circles shown represent
the optimal phase-shift values found by the APS control method. It can be noticed that the measured
efficiencies of the proposed APS control method are better than the conventional method under the
full range of load conditions. Figures 21–24, the obtained peak efficiencies are 96.2%, 97.0%, 96.9%,
and 97.0% under buck-charging, boost-charging, buck-discharging and boost-discharging operating
modes, respectively. Figure 25 shows the efficiency improvement percentage of the proposed APS
control method over the conventional one. From Figure 25, an averaged 12.2%, 6.9%, 4.0%, 2.0%, and
1.0% efficiency improvement under 50 W, 100 W, 150 W, 200 W and 250 W load conditions can be
achieved. Finally, Figure 26 shows the picture of the implemented converter.
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6. Conclusions

In this paper, a 300 W universal bidirectional DC-DC converter with a digital control algorithm is
realized. The advantages of this circuit include simple hardware structure and less passive components.
With properly manipulating the gating signals of the four power switches, the direction of the energy
flow can easily be controlled; therefore, all the operating modes can be achieved. Moreover, an APS
control method is proposed. With this method, the phase-shift value can be adjusted automatically
under different load conditions. Using the proposed APS control method, the efficiency under the full
range of load conditions can be improved. The proposed universal bidirectional DC-DC converter
was simulated and tested to verify the feasibility. According to the experimental results, the obtained
maximum efficiencies of these four operating modes are all higher than 96.1%. Moreover, a 12.2% and
4.0% efficiency improvement can be obtained under light load and half load condition, respectively.

Nomenclature

Vbus Bus voltage Vbat Battery voltage Sn Switch, n = 1~4
Db-sn Body diode of Sn Cossn Parasitic capacitor of Sn L inductor
Cbus Bus side capacitor Cbat Battery side capacitor DSn Duty cycle of Sn

φ Phase-shift value φCD φ of buck-charging mode φCU φ of boost-charging mode
TS Switching period φDD φ of buck-discharging mode φDU φ of boost-discharging mode
iL Inductor current IL DC value of iL I0 Inductor offset current
Pin Input power Pout Output power Paverage Averaged power
f s Switching frequency Vds Drain-to-source voltage Vgs Gate-to-source voltage
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