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ABSTRACT With an ever-growing number of batteries being integrated into the electric grid, bidirectional
converters with non-pulsating dc input current are required to replace the existing bidirectional converters
so as to extend the lifetime of such dc power suppliers. Bidirectional DC-DC converters are increasingly
used in a variety of applications including uninterruptable power supplies, electric vehicles and renewable
energy systems. In this study, we propose a new topology of bidirectional dc-dc converter with inherently
non-pulsating input current (NPIC), which is intended to be used for battery energy storage systems.
With simple modifications from the conventional converters, the proposed NPIC converter has no inherent
pulsating input current in the step-down (buck) mode under both continuous and boundary conduction
modes (CCM and BCM), whereas in the step-up (boost) mode, the proposed NPIC converter retains the
desired voltage gain. Underpinning theories, operating principles and steady-state performances are analyzed
and presented in detail, which are then corroborated by simulation and experimentation. The proposed
converter topology, with simple design principle and ease for implementation, is likely to have wide-ranging
applicability in interfacing electrochemically functioned dc sources to modern power systems.

INDEX TERMS Bidirectional dc-dc converter, non-pulsating input current, step-up mode, step-down mode,
continuous conduction mode, boundary conduction mode.

I. INTRODUCTION
In renewable energy integrated hybrid power systems, hybrid
vehicle energy systems and uninterruptible power sup-
ply systems, multiple dc power sources need to trans-
fer energy to other dc energy storage systems, which
requires bi-directional dc-dc converters [1]–[4]. The topol-
ogy of bidirectional dc-dc converter can be divided into
isolated (transformer-integrated) and non-isolated (without
transformer) types. Flyback converters, forward-flyback con-
verters, half-bridge converters and full-bridge converters
are typical bidirectional isolated dc-dc converters [5]–[7].
By adjusting the turns ratio of the transformer, this con-
verter family can obtain large voltage gains in both step-up
and step-down modes. However, the power leakage gener-
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ated by the converter cannot be recovered, causing a low
efficiency. Compared to isolated bidirectional dc-dc con-
verter, non-isolated converters have smaller volume and
higher efficiency due to the absence of transformer [8]–[10].
Conventional buck/boost converters are widely used due
to their simple topologies and required control strategies,
but these converters cannot operate in extensively wide
voltage-conversion range [11], [12]. For zeta/sepic and
cuk/cuk type converters, energy transfer efficiency is low
because of their two-stage structures [13]–[15]. In order to
improve the efficiency and increase the voltage-conversion
range, many new non-isolated bidirectional dc-dc con-
verters have been proposed. Authors in [16] proposed a
non-isolated bidirectional dc-dc converter with high volt-
age gain comprised of two boost converters; authors in
[17] and [18] proposed two non-isolated bidirectional dc–dc
converter topologies, with a simple circuit structure. Their
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experimentally proven superior voltage step-up performances
have extended their applicability to wide-ranging voltage
levels than conventional converters.

However, the above-mentioned converters only consider
voltage gain and device stress, without taking into account
the impact of dc pulsating input current on the input power
supply. For example, the buck/boost bidirectional converter
operating in step-down mode is equivalent to a buck con-
verter, and input current of the converter is equal to the
inductor current when the switch is turned on and becomes
zero when the switch is turned off, causing the converter
to have a pulsating input current [19]. The pulsating input
current of these bidirectional converters may degrade the
performance and lifespan of the electrochemically functioned
power sources or energy storage systems, because the pul-
sating current can lead to an accelerated aging rate of the
electrodes [20]–[22], which may also cause problems like
electromagnetic interference, slow transient response, and
reduction of energy efficiency.

It is well known that large electrolytic capacitors con-
nected to the input port can cope with the inherent pulsating
input current issue, however, this solution is executed at the
expense of deterioration of the electrolytic capacitor, which
can shorten the lifespan of the overall converter system [22],
[23]. Another feasible option may be replacing the bulky
electrolytic capacitor with an LC filter, which, however, may
degrade energy efficiency and affect the dynamic perfor-
mance of the converter [24], [25]. Interleaved converter could
be another reasonable solution to alleviate the pulsating input
current issue, but this method has been proven to be not
suitable for bidirectional dc–dc converters [26], [27].

Knowing the need of non-pulsating input current convert-
ers and the shortage of a proper design, in this study, we pro-
pose a novel bidirectional dc-dc converter, which, compared
to its conventional counterparts, is able to draw NPIC from
the dc source while operating in the buck mode. At the same
time, the proposed NPIC bidirectional converter is also able
to retain its high voltage gain when working in the boost
mode. Simulation and experimentation are conducted in this
study, which verify the functionality and effectiveness and the
proposed converter structure. The proposed NPIC converter
has a simple topological design, and is easy to implement and
apply to industrial uses.

The remainder of the paper is organized as follows. The
structure and operating principle in buck and boost modes are
detailed in Section II. Simulations and experiments are con-
ducted with their results shown in Section III and Section IV
respectively. Finally, a conclusion is drawn in Section V.

II. OPERATING PRINCIPLE OF THE PROPOSED NPIC
CONVERTER
Fig. 1 shows the configuration of the proposed converter,
which mainly consists of two inductors L1 and L2, one capac-
itor Cb, two switches S1 and S2. Steady-state analysis of
the proposed converter in step-up and step-down modes is
discussed as follows. It is worth-noting that inductor L1 is

FIGURE 1. (a) Proposed converter. (b) Equivalent circuit in the step-down
mode. (c) Equivalent circuit in the step-up mode.

connected in series with the input source, with contributes
to the NPIC feature of the proposed converter. In order to
simplify the analysis, some reasonable assumptions are made
as: a) all semi-conductor devices and passive components
are considered ideal; b) capacities of the capacitors are large
enough to keep the capacitor voltages nearly constant.

A. STEP-DOWN MODE OF THE PROPOSED NPIC
CONVERTER
The proposed converter in step-down mode is shown in
Fig. 1(b). Characteristic waveforms of the proposed converter
in CCM are depicted in Fig. 3, and the current flow path in
one switching period is illustrated in Fig. 2(a).
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FIGURE 2. Key waveforms of the proposed converter in the step-down mode: (a) CCM; (b) BCM.

FIGURE 3. Equivalent circuits in step-down mode: (a) mode 1;
(b) mode 2.

1) OPERATION MODES
Mode 1 [t0 < t < t1]: As shown in Fig. 3 (a), switch S1
is turned on at t = t0 and switch S2 is turned off. The input

source delivers energy to inductor L1 and the load. Therefore,
inductor L1 starts to store energy, and accordingly the current
flowing through inductor L1 (iL1 ) increases. At the same time,
energy saved in capacitor Cb is released to inductor L2 and
the load. Correspondingly, the current of inductor L2 (iL2 )
starts increasing. In addition, current and voltage stresses of
switches S1 and S2 in this mode can be found in Fig. 2 (a).
Accordingly, the following equations among the components
during this time interval can be obtained,

iL1 (t) = IL1V +
vH − vL
L1

t,

iL2 (t) = IL2V +
vCb − vL

L2
t,

iCb (t) = −IL2V −
vCb − vL

L2
t,

iCL (t) = IL1V + IL2V + (
vH − vL
L1

+
vCb − vL

L2
)t − io,

(1)

where vH is the input voltage, vCb is the voltage of the
capacitor Cb, vL is the output voltage and IL1V and IL2V are
theminimumvalues of the currents flowing through inductors
L1 and L2, respectively.

Mode 2 [t1 < t < t2]: In this mode, S1 is turned off and S2
is turned on at t = t1 as shown in Fig. 3 (b). During this mode,
energy stored in L1 and the input power source is delivered
to the load and Cb. Hence, the current flowing through L1
decreases. Meanwhile, inductor L2 releases energy to the
load and the current flowing through it keeps decreasing as

VOLUME 8, 2020 140295



G. Zhang et al.: Inherently NPIC DC–DC Converter for Battery Storage Systems

depicted in Fig. 2 (a). Main equations among the components
during this time interval can be deduced as,

iL1 (t) = IL1P −
vH − vCb − vL

L1
t,

iL2 (t) = IL2P −
vL
L2
t,

iCb (t) = IL1P −
vH − vCb − vL

L1
t,

iCL (t) = IL1P + IL2P − (
vH − vCb − vL

L1
+
vL
L2

)t − io,

(2)

where IL1P and IL2P are the maximum values of the currents
flowing through the inductors L1 and L2, respectively.
Assuming the converter is a lossless system and the voltage

ripples are ignorable in a switching period. Based on the
mode analysis and applying volt-second balance principle to
inductors L1 and L2, steady-state voltage relationships among
input voltage, output voltage, and capacitor voltages can be
obtained as,{

(VH − VL)D+ (VH − VCb − VL)(1− D) = 0,
(VCb − VL)D− VL(1− D) = 0,

(3)

where D is the duty cycle of switch S1.
From (3), the voltage of capacitor Cb and voltage of capac-

itor CL, i.e., the output voltage, can be derived as,{
VCb = VH,

VL = DVH.
(4)

According to (4), the voltage conversion ratio of the pro-
posed converter can be expressed as,

Gstep−down =
VL
VH
= D. (5)

2) INDUCTOR CURRENTS
Applying the ampere-second balance theorem for the capac-
itor current, we can have∫ Ts

0
iC (t)dt = 0, (6)

where Ts is the switching period.
Considering (1), (2), (4) and (6), the maximum and mini-

mum values of the inductor currents can be calculated as,

IL1P = DIo +
VH − VL

2L1
DTs, (7)

IL1V = DIo −
VH − VL

2L1
DTs, (8)

IL2P = (1− D)Io +
VH − VL

2L2
DTs, (9)

IL2V = (1− D)Io −
VH − VL

2L2
DTs, (10)

where Io is the load current. The average current of each
inductor can be derived as,

ĪL1 = DIo, (11)

ĪL2 = (1− D)Io. (12)

Then, current ripples of the inductors can be deduced as,

1iL1 =
VH − VL

L1
DTs, (13)

1iL2 =
VH − VL

L2
DTs. (14)

3) VOLTAGE AND CURRENT STRESSES OF POWER DEVICES
According to the above analysis, it can be obtained that
the voltage stresses of switches S1 and S2 in the proposed
converter, namely, VS1 and VS2 , are equal to the voltage of
the capacitor Cb, i.e., VCb , as shown in (4).
According to Fig. 2(a), peak currents flowing through

switches S1 and S2 can be derived as,

IS1peak = IL1P + IL2P, (15)

IS2peak = IL1P + IL2P. (16)

By applying (5), (7), and (9) to (15) and (16), equa-
tions (15) and (16) can be rewritten as follows,

IS1peak = IS2peak = Io +
VL(VH − VL)

2LefsVH
, (17)

where Le = L1//L2.

4) CRITICAL INDUCTANCE L1c AND L2c
When IL1V = 0, the critical inductance of the inductor L1 can
be derived as,

L1c =
RL(1− D)Ts

2D
, (18)

where RL = VL/Io. Incorporating (4), (18) can be rewritten
as,

L1c =
RL(VH − VL)

2VLfs
. (19)

Similarly, the critical inductance of inductor L2 can be
derived as,

L2c =
VLRL
2VHfs

. (20)

When inductances L1 and L2 are equal to critical values, the
converter operates in the boundary-conduction-mode (BCM)
mode. Fig. 2 (b) shows some typical waveforms in BCM
operation.

5) OUTPUT VOLTAGE RIPPLE ANALYSIS IN CCM
According to the characteristics of the capacitor, voltage
ripples of the capacitor can be calculated as,

vripC =
1
C

∫ t02

t01
iC (t)dt, (21)

where t01 is the time that the current flowing through it
changes from positive to negative, and t02 is the time that the
current flowing through the capacitor changes from negative
to positive.
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FIGURE 4. Key waveforms of the proposed converter in the step-up mode: (a) CCM.; (b) BCM.

For capacitor CL, the voltage ripple can be calculated as,

vCCMCL−rip =
1
CL

∫ t02

t01
iCL (t)dt, (22)

where t01 and t02 can be calculated as,

t01 =
Le(Io − IL1V − IL2V )

VH − VL
=
DTs
2

, (23)

t02 =
Le(Io − IL1P − IL2P)

VL
= −

(1− D)Ts
2

. (24)

From (21)–(24), the voltage ripple can be calculated as,

vCCMCL−rip =
VL(VH − VL)
8LeCLVHf 2s

. (25)

B. STEP-UP MODE OF THE PROPOSED CONVERTER
The proposed converter in step-upmode is shown in Fig. 1(c),
whose equivalent circuits in CCM mode are depicted in
Fig. 5, and the characteristic waveforms are illustrated in
Fig. 4(a).

1) OPERATION MODES
Mode 1 [t0 < t < t1]: As shown in Fig. 5 (a), S1 is turned on
and S2 is turned off. Input source VL and L1 and L1 supply
power to the load, so iL1 decreases. At the same time, L2 and
Cb release energy to the load, so iL2 and iCb also decrease.
Therefore, the following equation set relating the electric

quantities of the components during this time interval can be
obtained, 

iL1 (t) = IL1P −
vH − vL
L1

t,

iL2 (t) = IL2P −
vCb − vL

L2
t,

iCb (t) = IL2P −
vCb − vL

L2
t,

iCL (t) = IL1P −
vH − vL
L1

t − io.

(26)

Mode 2 [t1 < t < t2]: As shown in Fig. 5 (b), switch
S1 is turned off and the switch S2 is turned on. During this
mode, VL charges L1, L2 and Cb while releasing energy to
the load. So, iL1 , iL2 and iCb start to increase. The main
equations relating the components during this time interval
can be deduced as,

iL1 (t) = IL1V +
vH − vL − vCb

L1
t,

iL2 (t) = IL2V +
vL
L2
t,

iCb (t) = −(IL1V +
vH − vL
L1

t),

iCH (t) = IL1V +
vH − vL
L1

t − io.

(27)

Based on the mode analysis and applying volt-second bal-
ance principle to inductors L1 and L2, voltage relationships
in steady state among the input voltage, output voltage, and
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FIGURE 5. Equivalent circuits in step-up mode: (a) mode 1; (b) mode 2.

capacitor voltages can be obtained as,{
(VL − VH)D+ (VL + VCb − VH)(1− D) = 0,
(VCb − VL)D− VL(1− D) = 0.

(28)

From (28), the voltage of capacitor Cb and the voltage of
capacitor CL, i.e., the output voltage, can be derived as,{

VCb = VH,

VL = DVH.
(29)

According to (29), the voltage conversion ratio of the
proposed converter can be expressed as,

Gstep−up =
VH
VL
=

1
D

. (30)

2) CURRENTS OF INDUCTORS
Combining (26), (27), (29) and (6), the maximum and mini-
mum values of the inductor currents can be calculated as,

IL1P = Io +
VH − VL

2L1
(1− D)Ts, (31)

IL1V = Io −
VH − VL

2L1
(1− D)Ts, (32)

IL2P =
1− D
D

Io +
VH − VL

2L2
(1− D)Ts, (33)

IL2V =
1− D
D

Io −
VH − VL

2L2
(1− D)Ts. (34)

Then, average currents of L1 and L2 can be derived as

ĪL1 = Io, (35)

ĪL2 =
1− D
D

Io. (36)

3) VOLTAGE AND CURRENT STRESSES OF POWER DEVICES
Based on the previous discussions, voltage stresses of the
switches VS1 and VS2 are equal to the voltage of the capacitor
Cb i.e., VCb, which is shown in (29).
According to Fig. 4(a), the peak value of the currents

flowing through switches S1 and S2 can be derived as,

IS1peak = IL1P + IL2P, (37)

IS2peak = IL1P + IL2P. (38)

By applying (30), (31), (33) to (37) and (38), we can have

IS1peak = IS2peak =
1
D
Io +

(VH − VL)2

2LefsVH
, (39)

where Le = L1//L2.

4) CALCULATION OF CRITICAL INDUCTANCE L1c AND L2c
When IL1V = 0, critical inductance of inductor L1 can be
derived as,

L1c =
(VH − VL)(1− D)Ts

2Io
=
RH(VH − VL)2

2V 2
Hfs

. (40)

Similarly, critical inductance of inductor L2 can be derived
as,

L2c =
RHVL(VH − VL)

2V 2
Hfs

. (41)

When L1 and L2 are equal to their critical values, the
converter operates in the BCM mode. Fig. 4 (b) shows some
typical waveforms in BCM operation.

5) OUTPUT VOLTAGE RIPPLE ANALYSIS IN CCM
According to (21), voltage ripples ofCH can be calculated as,

vCCMCH−rip =
1
CH

∫ t02

t01
iCH (t)dt =

(VH − VL)3

8L1CHV 2
Hf

2
s

, (42)

C. COMPARION OF THE PROPOSED NPIC CONVERTER
AND OTHER BI-DIRECTIONAL DC-DC CONVERTERS
Comparisons between the NPIC converter proposed in this
paper and other commonly used and previously proposed
bidirectional converters are shown in TABLE 1. Compared
with these converters, the proposed NPIC converter has the
advantages of continuous input current in the step-down
mode, simple structure with the fewest number of additional
electronic devices.

III. SIMULATION VERIFICATION
In order to verify the effectiveness of the proposed converter,
the converter topology is simulated in PSIM software envi-
ronment with useful parameters shown in TABLE 2.

Step-down simulation results are demonstrated in
Fig. 6 (a) and (b), which comprise the driving signals (vgs1
and vgs2), input current (iin), output voltage (vo), inductor and
switch currents (iL1, iL2, iS1 and iS2), switch voltage stresses
(vds1 and vds2), respectively. Since inductor L1 is in series with
the power source, current of L1 is equal to the input current,
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TABLE 1. Performance comparison of various bi-directional dc-dc converters.

TABLE 2. Simulation parameters.

i.e., iL1 = iin. Fig. 7 shows the input current waveform of the
proposed NPIC converter and the conventional buck/boost
converter with the same simulation parameters. Apparently
the proposed NPIC converter is able to regulate and draw
non-pulsating input current into the converter system, demon-
strating its superiority its conventional counterparts.

The step-up simulation results are demonstrated in
Fig. 6 (c) and (d), which comprise the driving signals (vgs1
and vgs2), input current (iin), output voltage (vo), inductor and
switch currents (iL1, iL2, iS1 and iS2), switch voltage stresses
(vds1 and vds2), respectively. According to Fig. 6 (c) and (d),
this NPIC converter can obtain the same voltage gain as
buck/boost bidirectional converter when working in the
step-up mode.

IV. EXPERIMENTAL VERIFICATION
To further validate the effectiveness of the proposed con-
verter, a prototype of the converter is built in this study,

TABLE 3. Experimental platform.

TABLE 4. Experimental parameters.

with the physical prototype and experimental environment
shown in Fig. 8 and TABLE 3, and the parameters used in
the experiment are shown in TABLE 4.

A. STEP-DOWN MODE
Experimental results are demonstrated in Figs. 9∼11, which
consist of the driving signals (vgs1), output voltages (vL),
inductor currents (iL1 and iL2), switch currents (iS1 and iS2)
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FIGURE 6. Simulation results for the proposed NIPC converter: (a) CCM in
step-down mode; (b) BCM in step-down mode; (c) CCM in step-up mode;
(d) BCM in step-up mode.

FIGURE 7. Input current of the proposed NPIC converter and
conventional buck/boost converter in step-down mode.

and switch voltage stresses (vds1 and vds2), respectively.
As can be seen from Fig. 9, input currents (iin = iL1 ) of
the converter under both CCM and BCM modes are greater
than 0. Obviously, the proposed converter can maintain a

FIGURE 8. Prototype with the experimental environment.

FIGURE 9. Experimental waveforms of the driving signal, output voltage,
and the currents of inductors L1, L2 in step-down mode: (a) CCM;
(b) BCM.

FIGURE 10. Experimental waveforms of the currents of switches S1 and
S2 in step-down mode: (a) CCM; (b) BCM.

FIGURE 11. Experimental waveforms of the voltage stresses of the switch
S1 and S2 in step-down mode: (a) CCM; (b) BCM.

continuous and non-pulsating input current for the converter
system. It is thus safe to state that the experimental results
agree well with the theoretical analyses and stimulation
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FIGURE 12. Experimental waveforms of the driving signal, output voltage,
and currents of the inductors L1, L2 in step-up mode: (a) CCM; (b) BCM.

FIGURE 13. Experimental waveforms of the currents of switches S1 and
S2 in step-up mode: (a) CCM; (b) BCM.

FIGURE 14. Experimental waveforms of the voltage stresses of the switch
S1 and S2 in step-up mode: (a) CCM; (b) BCM.

FIGURE 15. Efficiency of proposed converter with different operation
power.

results, further proving the non-pulsating input current fea-
ture of the proposed NPIC converter.

B. STEP-UP MODE
In the step-up mode, experimental results are demonstrated in
Figs. 12∼14, including driving signals (vgs1), output voltages
(vH), inductor currents (iL1 and iL2), switch currents (iS1 and
iS2) and switch voltage stresses (vds1 and vds2), respectively. It
can be seen from Figs. 12∼14 that the converter can achieve
a stable output voltage. It can be concluded through experi-

mentation that the proposed NPIC converter is able to retain
the desired voltage gain in the step-up mode while producing
non-pulsating input current in the step-down mode.

Fig. 15 shows efficiency curves of the proposed converter
under different operation modes and power output, which
demonstrates that the proposed converter has high efficiency.
when the output power varies from 25 W to 125 W, the
efficiency of the proposed converters is over 90%.

V. CONCLUSION
In this study, a novel bidirectional dc-dc converter converter
with no inherent pulsating input current in step-down mode
has been proposed. The proposed converter has lesser number
of active and passive components. And in the step-down
mode, the input current of the proposed converter in both
CCM mode and BCM mode is greater than 0. In the step-up
mode can retain the desired voltage gain. With the increase
of the output power, the efficiency of the proposed converter
promotes gradually. As it can be seen that the analysed effi-
ciency is about 90-91.5% in the step-up mode and 91-94%
in the step-down mode. This converter is a good candidate
for applications like battery storage systems, which require
continuous input current. Compared to traditional boost/buck
bidirectional converters whose input current is inherently
intermittent or pulsating, the proposed NPIC converter is able
to produce a continuous non-pulsating input current in the
step-down mode, overcomes the limitations of conventional
converters and can better reserve the lifetime of electrochem-
ically functioned dc sources such as batteries and fuel cells.
The operating principle and steady-state performance of the
proposedNPIC current have been first demonstrated in detail,
which have then been corroborated through both simulation
and experimentation, verifying the functionality and unique
features of the proposed NPIC converter topology. It has also
been proven in this study that the proposed converter has
low output voltage ripples, high efficiency and the ability to
remain the desired voltage gain in the step-up mode.
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