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Abstract—The bipolar dc microgrid configuration ensures
enhanced efficiency, flexibility, and improved power quality
compared to unipolar dc-based distribution. However, a bipolar
structure is susceptible to voltage imbalance caused by asymmetric
loading between its two poles. In such cases, power electronic
converters with constant power characteristics can provide addi-
tional overload to these bipolar lines. This article presents a novel
three-port dc–dc power electronic interface whose impedance can
be dynamically adjusted to regulate both the pole voltage mag-
nitudes (under balanced or unbalanced conditions) with reduced
overloading while feeding a constant power load. The performance
of the proposed configuration has been assessed using a three-port
structure referred to as the integrated dual input converter (IDIC).
The analysis of the converter operating modes, its pulsewidth mod-
ulation control, and the closed-loop system design for the bipolar
dc distribution interface has been developed in this article. The
theory of operation and control behavior has been validated using
experimental testing on a laboratory scale prototype of IDIC.

Index Terms—Bipolar dc distribution, current-mode control,
multiport dc–dc converter.

I. INTRODUCTION

THE advancement of the dc–dc power electronics converter
boosts the formation of dc microgrids. The dc microgrid

structure increases the flexibility to integrate micro dc power
sources like solar photovoltaics (PVs), fuel cells (FCs), batteries,
wind energy, etc., into the system [1], [2]. Furthermore, dc mi-
crogrid systems are unaffected by synchronization issues, skin
effects, reactive power, and other associated problems. There-
fore, the adoption of dc microgrid is expected to be compelling,
practical, and advantageous in modern power systems [3], [4].

DC microgrid distribution systems can be specified into
two categories—unipolar dc distribution system and bipolar dc
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Fig. 1. Bipolar DC microgrid system.

distribution system. Bipolar dc microgrid provides enhanced
reliability, safety, and efficiency than its counterpart and is be-
coming more and more prevalent [5]. Fig. 1 shows a conventional
bipolar dc microgrid structure where different power sources
and loads are connected to the bipolar dc microgrid systems.
This type of structure consists of a positive line, a negative
line, and a neutral line. Furthermore, to support this type of
system, different distributed sources are interfaced to the line.
Both the sources and loads can be connected to the positive
line or the negative line or both with the positive and negative
line based on the type of application. The dc distribution is
used in various voltage-level applications, a large portion of the
market share of the dc distribution system is the low voltage dc
distribution (LVdc) system [6]. As per the IEEE standards for
rural electrification discussed in [7], for a 48 V LVdc system, the
allowable range of voltage level is 36–58 V at PCC (i.e., 25%
change corresponding to nominal voltage level). Due to this wide
voltage variation, it is a challenging task to feed constant power
loads (CPLs) connected to a system without overloading it [8].
The review of the effects of CPL, voltage unbalance issue and
existing solutions are mentioned below.

1) Constant Power Loads: In dc microgrids, electronic loads
make up the majority of end users. POL converters are used
by these loads to regulate voltage and power processing. These
loads are referred to as CPLs because of their active regula-
tion capacity, which enables them to extract constant power
even under variable voltage conditions at the point of common
coupling [9]. Therefore, these types of loads exhibit negative
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incremental load (i.e., draw high current when voltage is low
and draw less current when voltage is high). Hence, during
low-voltage conditions, the drop in the line further increases due
to the connection of CPLs, which further decreases the voltage
at PCC. Furthermore, these kind of loads also reduces the input
impedance of the load which affects the voltage stability of the
dc microgrid system [10].

2) Voltage Unbalance Due to Asymmetrical Loading in Bipo-
lar DC Distribution System: Another major problem associated
with bipolar dc distribution systems is voltage unbalance due to
asymmetrical loading. To address this, voltage balancer (VB)-
based solutions are reported in [11], [12], and [13]. Furthermore,
source-side power converters with inherent voltage balancing
capabilities are reported in [14], [15], and [16]. However, in
the case of a distribution line with multiple load nodes, these
methods do not provide satisfactory results and voltage un-
balance persists in the line as the line length increases from
the source side. The number of VBs can be increased to re-
solve the problem; however, it requires coordination control
between the supplies and the VBs, which makes the system
more complicated [17]. To overcome these issues of voltage
unbalancing measures need to be taken from the load-interfaced
converters that consistently feed a CPL during voltage imbalance
conditions without overloading a specific line.

3) Dual Input Converter Used in Bipolar DC Grid for Load-
Side Voltage Unbalance Compensation (Existing Solutions): To
process power independently from a bipolar dc line dual input
converters are widely recommended [18]. Dual-input dc–dc con-
verters for a load-side solution to voltage unbalance in bipolar dc
distribution systems are reported in [19], [20], [21], [22], [23],
[24], and [25]. Yadav et al. [19] proposed a dual input converter.
The converter is connected to the load-side converter to suppress
the voltage imbalance in the bipolar dc distribution system due
to asymmetrical loading. The converter uses the LC resonat-
ing circuit to suppress the voltage imbalance at the load side.
However, this is an auxiliary converter and does not regulate the
output voltage. Byun et al. [20] presented an input series output
parallel bipolar converter. Although the converter provides a
load-side solution, it requires a higher number of switches and a
complex phase-shifted control algorithm to maintain the power
flow management of the converter. Liao et al. [21] presented
a dual input converter, the converter works on the dc-spring
concept to suppress the voltage imbalance. Furthermore, this
method uses lossy elements and a perplex control strategy. These
converters are used as an add-on to the existing regulating
converters as they do not feed the load directly. Another dual
input converter for bipolar dc-microgrid is reported in [22], this
is a load-side converter that requires coordination control (i.e.,
communication is required) from the grid side to generate the
switching signals and the operation is limited to a certain level of
voltage imbalance. Tavakoli et al. [23] presented an improved
version of the converter presented in [22] by adding an extra
inductor. However, due to DCM operation inductor current, the
switches experience more stress than the prior one. A full bridge-
based bipolar dc–dc converter is presented in [24] that uses eight
semiconductor switches that require a complex control strategy
for operation. Another load-end dual input bipolar converter is

proposed in [25], it has four control loops in this scheme, which
eventually increases the number of sensor counts and overall
complexity of the control system of the converter. Therefore,
there is a requirement for a dual input converter with a simple
control strategy that can be connected to the load side and can
process power independently from the bipolar line irrespective
of the voltage profile of the lines.

To overcome the aforementioned issues, this article proposes
a power converter architecture denoted as an integrated dual
input converter (IDIC), which can be used for power processing
when interfaced to a bipolar dc microgrid system. The major
contributions of the article are as follows.

1) We proposed a power converter architecture denoted as
an IDIC. IDIC topology is designed in such a fashion
that the line current of positive and negative poles can
be independently controlled with reduced switches.

2) The proposed IDIC is capable of regulating the output
voltage while reducing the overloading effect in bipolar
lines during voltage-unbalanced and reduced voltage con-
ditions.

3) A suitable control scheme is developed for the IDIC
which provides the flexibility to vary the converter input
impedance dynamically to compensate for the unbalance
voltage.

Furthermore, the power-sharing between the positive and
negative lines depends on the voltage profile of each of the lines.
The proposed converter provides a load-side solution and does
not require additional VB circuits during voltage imbalance.
The converter finds its suitability in different applications such
as intermediate bus voltage-controlling converters connected to
point-of-load converters [26], replacement of conventional boost
converters or interleaved boost converters feeding CPLs [27],
and it also can be used for both constant power and contact
voltage loads [28].

The rest of this article is organized as follows. Section II dis-
cusses the stability criteria of a bipolar dc microgrid. Section III
describes the synthesis of the proposed converter from a con-
ventional boost converter along with the analysis, model-
ing, and design aspects of the proposed converter topology.
The control strategy for the converter has been discussed in
Section IV. The validation of the converter is shown in
Section V. Finally, Section VI concludes this article.

II. STABILITY ANALYSIS OF BIPOLAR DC MICROGRID

In the case of a bipolar dc microgrid system, two lines have
different input impedances due to the uneven loading of the
lines, which is also the reason for voltage unbalance. The voltage
unbalance factor (VUF) of a bipolar dc line can be expressed by
the following [29]:

%VUF =
|Vp − Vn|
|Vp + Vn|/2 × 100 (1)

where |Vp| and |Vn| are the positive and negative terminal voltage
of the line, respectively.

For instance, Fig. 2(a) shows the condition where Vp and Vn

are equal at the converter side voltage (Vconv) due to the balanced



BISWAS et al.: BIPOLAR DC GRID-INTERFACED INTEGRATED DUAL INPUT CONVERTER WITH REDUCED OVERLOADING 14581

Fig. 2. Drop in voltage from grid side voltage to converter side voltage of
bipolar dc line with (a) symmetrical loading in both lines and (b) asymmetrical
loading.

Fig. 3. Cascaded system connection.

loading of both the lines. Whereas, Fig. 2(b) shows a condition
where the Vconv is the same as before but Vn is significantly
less than Vp due to asymmetrical loading and unequal voltage
drop in the lines. In this scenario, the VUF of the unbalanced
line is higher than the balanced line which eventually leads to
a difference in the input impedance of the load for the positive
and negative lines.

The stability of the dc distribution system extensively depends
on the input impedance of the load. Due to the unbalanced pole
voltages in the bipolar dc distribution system, the load side input
impedance may cross the stability limit, which eventually leads
to sustained oscillations in the system or failure of source side
converters [30]. The importance of the load input impedance to
assess the stability of the dc distribution system is elaborately
discussed using two extensively used stability criteria and they
are as follows.

A. Impedance Specification Based Stability Criteria of DC
Distributed System

Middlebrook’s stability criteria was introduced to assess the
stability of a cascaded system due to the introduction of an
input filter. The fundamental objective of this was to ensure
the system’s stability and the converter dynamics should not be
affected by an input filter. However, the same is also applicable
for cascaded systems. It involves analyzing the interaction be-
tween the source and load impedances of a power converter. The
criteria help ensure that the system remains stable under various
operating conditions. A cascaded system is shown in Fig. 3.
This theorem analyses the ratio of the output impedance of the
source converter (Zo) and the input impedance (Zin) of the load
converter. If the ratio |Zo|

Zin
<< 1 (i.e., |Zo| << |Zin|) for every

condition the system is said to be stable as per the criteria [31].
In this condition, the loading effect due to the connection of the
load is negligible and the dynamics of the source side converter
are not affected by the load side converter. The application of

Fig. 4. Parallel connection of load to a DC bus.

Fig. 5. Polar plot ofGGP for fixed source side output impedance and different
values of load side input impedance.

Middlebrook stability criteria is further extended to dc distribu-
tion systems [32], [33]. For a system where a single source is
feeding multiple converters connected in parallel through a dc
bus as shown in Fig. 4. The cumulative input impedance of the
source converter isZin = Zin_1||Zin_2||. . .||Zin_n for n number of
parallelly connected converters. Hence, the ratio of |Zo|

|Zin| reduces
which also reduces the stability of the system. However, this
concept uses the magnitude of the impedances, and using this it
is difficult to comment on the stability of a complex system [34].

B. Phase Margin and Gain Margin-Based Stability Criteria.

For complex systems, gain margin (GM) and phase margin
(PM)-based stability criteria was proposed in [35]. This criterion
facilitates the existence of Zo/Zin within a specific frequency
range while ensuring the appropriate minimum levels of gain
and PMs, hence satisfying the Nyquist criterion. The ratio of Zo

Zin

is defined by GGP . It has been mentioned in the criterion that
for a well-designed system the GM and the PM should be 60◦

and 6 dB. This can also be expressed by the following:

|GGP | =
∣∣∣∣Zo

Zin

∣∣∣∣ ≤ 1

GM
&|arg(Zo)− arg(Zin)| ≤ 180− PM.

(2)
Therefore any frequency range where GGP lies beyond the

0.5 (−6 dB) circle, its phase must consistently deviate by at least
60◦ from 180◦. Specifically, whenGGP intersects the unit circle,
the PM will be no less than 60◦. Furthermore, whenever GGP

intersects the negative real axis, its GM will be no less than 6 dB.
If the PM is less than 60◦ and GM is less than 0.5 the system will
become unstable [35]. The unstable region is shown in Fig. 5.

Fig. 5 shows an example of polar plots in which the output
impedance of the source side converter (Zo) is fixed, but the input
impedance of the load side (Zin) changes due to the addition of
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Fig. 6. (a) Impedance grouping of converter connected to bipolar dc distribu-
tion; connection of power converter to bipolar dc line. (b) Two-port converter.
(c) Three-port converter.

further loads to the system. In Fig. 5, five different polar plots
are plotted for five systems (i.e., G1, G2, . . .G5) by considering
impedance variation of Zin1 > Zin2 > Zin3 > Zin4 > Zin5. As
load impedance reduces and the polar plot goes beyond the unit
circle, the stability of the system tends to decrease. For example,
when the system changes from G1 to G3, the stability margin
reduces as G3 plot is intersecting the unit circle close to PM
limit. Further, when system changes from G3 to G4, the plot of
G4 intersects the unit circle in an unstable region and violates
the PM criteria. Further, looking at the plot for system G5, it
can be observed that both the PM and GM criterion are violated.
Under this scenario, the overall system becomes unstable which
may lead to sustained oscillations in the distribution system or
the failure of the source side converters.

C. Effect of Asymmetrical Loading in Bipolar DC Distribution
System.

Fig. 6(a) shows a bipolar dc distribution network. The positive
bus of the distribution is connected to “n” number of loads
and the negative bus is connected to “m” number of loads with
different input impedance and many loads are connected to both
the positive line and negative line. Hence, the input impedance
of each positive line and negative line from the converter side is
expressed by (3) and (4), respectively. If both the lines are evenly
loaded then Zop = Zon (the load grouping is done as per [34]).
However, in the case of practical scenarios due to the uncertainty
of loading Zop �= Zon

Zop =
Zo

Zip_1||Zip_2||. . .||Zip_n||(Zin_b/2)
(3)

Zon =
Zo

Zin_1||Zin_2||. . .||Zin_m||(Zin_b/2)
(4)

Fig. 6(b) shows a two-port converter feeding a CPL connected
to a voltage-unbalanced bipolar dc line (for instance, Vp > Vn).
The input current from the positive line is I and so is the
current in the negative line. In this case, the input impedance of

Fig. 7. Schematic of IDIC.

the converter (|Zin| = (Vp + Vn)/I) is equally divided between

both of the lines. As the converter is feeding a CPL Gp =
|Zop|
|Zin|/2

and Gn = |Zon|
|Zin|/2 (where, Gp and Gn in the ratio of source’s

output impedance and load’s input impedance for the positive
line and negative line, respectively) are different andGp is lower
than Gn as Vp > Vn as per the assumption, and further increase
in Gn also decreases the stability of the system. In order to
solve this issue, we proposed that a three-port converter can
be connected to a bipolar dc line feeding a CPL, as shown in
Fig. 6(c). In this case, the neutral current can be varied such that
I2 = I1 − I3 (i.e., I1 �= I3). Hence, positive input impedance
|Zin_p| = |Vp|/|I1| and |Zin_n| = |Vn|/|I3| can be varied so that
Gn and Gp can be chosen based on the condition of the line.

III. ANALYSIS, MODELING, AND DESIGN OF IDIC

A. Synthesis of Dual-Input-Single-Output Topology

Fig. 7 shows the schematic of the proposed IDIC topology
interfaced to two series-connected dc sources (V1 and V2). This
architecture has been derived from a conventional boost con-
verter by replacing its controlled switch with series-connected
switches. Each of the input sources is connected to the switch
node through an inductor. The current in the topmost inductor
L1, which is connected with the V1 source is unidirectional,
while current through the L2 inductor is bidirectional in nature.
The power drawn from individual sources depends upon the
average current of the inductor connected to the terminal of that
particular source. The converter architecture facilitates power
processing, wherein the control of power from each of the
individual sources is possible.

B. Analysis and Modeling of IDIC

The proposed IDIC topology operates through three distinct
states within a switching cycle. Fig. 8 shows different modes of
operation of the converter and the corresponding states for the
converter. Fig. 8(a) shows a condition when both the inductor
currents are positive, and hence V2 source is supplying more
power than V1 source (Mode-I). Fig. 8(b) shows a scenario
when V2 source is supplying less power than V1 source and
the average current through L2 inductor is negative (Mode-II).
Fig. 8(c) shows the condition when the L2 inductor current is
both positive and negative, the power drawn from the V2 source
depends on the average value of L2 inductor current (Mode-III).
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Fig. 8. Different modes of operation of IDIC. (a) Positive L2 inductor current (iL2). (b) Negative L2 inductor current (iL2). (c) Positive and negative L2 inductor
current (iL2).

Fig. 9. Converter operation during different modes of operation. (a) Positive L2 inductor current (iL2). (b) Negative L2 inductor current (iL2). (c) Positive and
negative L2 inductor current (iL2).

The analysis of the converter is performed in Mode-I opera-
tion. InState-I, both the switches (S1 andS2) are ON for duration
DST · Ts, where Ts is the time period (switching frequency
fs) and DST is shoot-through duty ratio [see Fig. 9(a)]. Both
the inductor currents have positive slopes during this mode.
The system equations during State-I are given by (5), where,
rL1, rL2, and rC are the series resistance of inductor L1, L2 and
capacitor (C), respectively

L1
dIL1

dt = V1 + V2 − IL1rL1

L2
dIL2

dt = V2 − IL2rL2

C dVc

dt = −Vout

RL

Vout = Vc
RL

rC+RL

⎫⎪⎪⎬⎪⎪⎭ (5)

InState-II, switchS1 is OFF andS2 is ON. The time duration of
this state isDP1 · Ts, whereDP1 is the duty ratio of this interval
and DST +DP1 = DP is total duty ratio for the V2 source [see
Fig. 9(a)]. The current in inductor L1 freewheels through the
diode to the load with a negative slope, while inductorL2 current
flows through switch S2 with a positive slope. The system

equations corresponding to State-II are given by the following:

L1
dIL1

dt = V1 + V2 − IL1rL1 − Vout

L2
dIL2

dt = V2 − IL2rL2

C dVc

dt = − Vc

RL
+ IL1

RL

rc+RL

Vout = Vc
RL

rC+RL
+ IL1

RLrC
RL+rC

⎫⎪⎪⎬⎪⎪⎭ . (6)

In State-III, S1 is ON and S2 is OFF. The duration of this stage
is DP2 · Ts, where DP2 is the duty ratio of this interval [see
Fig. 9(a)]. During this mode, the inductor current L1 feeds into
the load, and the direction of theL2 inductor current (iL2) can be
positive or negative and this depends on the control strategy of
the converter which is discussed in the Section IV. The system
equations corresponding toState-III are given by the following:

L1
dIL1

dt = V1 + V2 − IL1rL1 − Vout

L2
dIL2

dt = V2 − IL2rL2 − Vout

C dVc

dt = −Vout
RL

+ IL1
RL

rc+RL
+ IL2

RL

rc+RL

Vout = Vc
RL

rC+RL
+ IL1

RLrC
RL+rC

+ IL2
RLrC
RL+rC

⎫⎪⎪⎬⎪⎪⎭
(7)
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L1
dIL1

dt = V1 + V2 − IL1rL1 − Vout(1−DST )

L2
dIL2

dt = V2 − IL2rL2 − Vout(1−DP )

C dVc

dt = −Vout
RL

+ IL1
(1−DST )RL

rc+RL
+ IL2

(1−DP )RL

rc+RL

Vout = Vc
RL

rC+RL
+ IL1

(1−DST )RLrC
RL+rC

+ IL2
(1−DP )RLrC

RL+rC

⎫⎪⎪⎪⎬⎪⎪⎪⎭ .

(8)

Evaluating the system dynamics in each state, the converter
average model can be derived based on two fundamental duty
ratios of the converter (i.e., DST and DP ). The output voltage
and the L1 inductor current of the converter are regulated by
DST duty ratio, whereas the L2 inductor current is regulated
by DP duty ratio. The average model of the converter can be
expressed by (8). The inductor currents iL1 and iL2 and the
capacitor voltage (vC) are chosen as the states of the converter.
The average model equation of the converter is perturbed and
the small signal model of the converter is derived, neglecting
the higher order perturbed terms. The small signal state-space
model of the converter is given by (9). In the expression (9), the
matrices A, B, and C show the relation between the dynamic
quantity of the states with the small signal perturbed converter
states (ĩL1, ĩL2, and ṽC), input voltages (ṽ1 and ṽ2) and the duty
ratios (d̃ST and d̃P ), respectively. The values of the state space
matrix coefficients of matrix A, B, and f are given by (10), (11),
and (12), respectively, where α = RL

RL+rC⎡⎢⎢⎣
˙̃

iL1

˙̃
iL2

˙̃vc

⎤⎥⎥⎦ =

⎡⎢⎣a11 a12 a13

a21 a22 a23

a31 a32 a33

⎤⎥⎦
︸ ︷︷ ︸

A

⎡⎢⎣ĩL1

ĩL2

ṽc

⎤⎥⎦+

⎡⎢⎣b11 b12

b21 b22

b31 b32

⎤⎥⎦
︸ ︷︷ ︸

B

[
ṽ1

ṽ2

]
(9)

+

⎡⎢⎣f11 f12

f21 f22

f31 f32

⎤⎥⎦
︸ ︷︷ ︸

f

[
d̃ST

d̃P

]

a11 = − rL1+(1−DST)
2αrC

L1
; a12 = − (1−DST)(1−DP )αrC

L1

a13 = −α(1−DST)
L1

; a21 = − (1−DST)(1−DP )αrC
L2

a22 = − rL2+(1−DP )2αrC
L2

; a23 = −α(1−DP )
L2

a31 = α(1−DST)
C ; a32 = α(1−DP )

C ; a31 = − 1
C(RL+rC)

⎫⎪⎪⎪⎪⎬⎪⎪⎪⎪⎭
(10)

b11 = b12 = 1
L1

; b21 = 0; b22 = 1
L2

; b31 = b32 = 0
}

(11)

f11 = αVc+αIL1rC(1−DST)+αIL2rC(1−DP )
L1

; f12 = 0

f21 = 0; f22 = αVc+αIL1rC(1−DST)+αIL2rC(1−DP )
L2

f31 = −αIL1

C ; f32 = −αIL2

C

⎫⎪⎬⎪⎭ .

(12)

Neglecting the nonidealities of the converter (rC = 0 and
rL1 = rL2 = 0), the plant transfer function for the current mode
control of the converter is given by

GP =
ṽout

ĩL1

=
s
(

(1−DST)Vout

L1C
− sIL1

C

)
(
s2 + s

RLC + (1−DP )2

L2C

)
Vout
L1

+ s(1−DST)IL1

L1C

.

(13)

The system equations for different states are derived consid-
ering current through the L2 inductor (iL2) is positive [i.e., from
source to load (Mode-I)] for all the cases. However, depending
on the control scheme the direction of the current through the
inductor L2 may change which subsequently alters the sign of
IL2 used in the system equations. The corresponding path of the
inductor current for L2 inductor current negative (Mode-II) and
both negative–positive (Mode-III) are shown in Fig. 9(b) and
(c), respectively.

To alleviate the dependence on the L2 inductor current, the
plant transfer function of the converter can be realized using
the current mode control plant transfer function of the boost
converter. A decoupled term is introduced with the output of the
voltage controller to generate the L1 inductor current reference
of the converter. The decoupled term is derived by implementing
the charge balance concept on the output capacitor. The ideal
expression for the capacitor current of the converter is given by

iC = C
dVout

dt
= −Vout

RL
+ IL1(1−DST)± IL2(1−DP ).

(14)
In steady-state conditions, due to charge balance, the average

value of the capacitor current over a switching period is zero.
Hence, the average value of the L1 inductor current (IL1) is
obtained by equating (14) to zero. The expression for IL1 is
expressed by the following:

−Vout

RL
+ IL1(1−DST)± IL2(1−DP ) = 0

IL1 =
Vout

RL(1−DST)
∓ IL2

1−DP

1−DST
. (15)

From (15), it can be observed that the IL1 currents depends
on the value of the L2 inductor current (IL2). To eliminate
the coupling between IL1 and IL2, output of the voltage con-
troller i′L1_ref is processed through the decoupler block (i.e.,

± 1−Dp

1−DST
IL2) and subtracted from i′L1_ref. Furthermore, by in-

troducing the decoupling term, the plant can be treated as a boost
converter with a plant transfer given by the following:

GPm
=

ṽout

ĩL1

=

(1−DST)Vout

L1C
− sIL1

C(
s+ 1

RLC

)
Vout
L1

+ (1−DST)IL1

L1C

. (16)

C. Open-Loop Gain of the Converter

Using the average model equations the gain of the converter
can be evaluated without considering the nonidealities. The gain
of the converter can be expressed in terms of multiple sources
or single switches with their associate duty ratios are given by
the following:

Vout =
V1 + V2

1−DST
=

V2

1−DP
. (17)

D. Mode-0 Operation

Apart from three modes of the converter which are explained
earlier, there is another mode of operation in which both the
switches of the converters operate simultaneously. The convert-
ers operate as conventional boost converters (Mode-0 operation).
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Fig. 10. Waveform of switch and diode currents, and voltages along with the
inductor currents and duty pulses (a) when L2 inductor current is positive and
(b) when L2 inductor current is negative.

In this mode, the IL2 current is uncontrolled but the IL1 current
is controlled. The average voltage across the inductor in this
condition is given by (18), which shows the average voltage
across the L2 inductor is negative for all cases. However, in this
mode of operation negative current through the inductors is not
allowed, for which the IL2 current remains in DCM

VL2 = V2DST + (V2 − Vout)(1−DST) = −ve. (18)

During the start-up process, the converter is operated in this
mode, and after reaching the desired output voltage IL2 current
control is implemented and the converter shifts to the Mode-I,
II, or III as per the controller action.

E. Selection of the Switches

The switch of the IDIC are selected based on the power
rating of the converter and the peak current of the inductor
current considering the maximum allowable current through the
inductor. The current through and the voltage across the switches
for Mode-I and Mode-II is shown in Fig. 10. The average value
of the L1 inductor current is given by

IL1(avg) =
1

Ts

{∫ DSTTs

0

(
IL1_c +

IL1_p − IL1_c

DSTTs
t

)
dt

+

∫ (1−DST)Ts

0

(
IL1_p − IL1_p − IL1_c

(1−DST)Ts
t

)
dt

}
. (19)

The average value of the L2 inductor current is given by

IL2(avg) =
1

Ts

{∫ DPTs

0

(
IL2_c +

IL2_p − IL2_c

DPTs
t

)
dt

+

∫ (1−DP )Ts

0

(
IL2_p − IL2_p − IL2_c

(1−DP )Ts
t

)
dt

}
. (20)

The peak value of the L1 inductor current is given by

IL1_p = IL1(avg) +
V1 + V2

2L1fs
DST. (21)

The peak value of the L2 inductor current is given by

IL2_p = IL2(avg) +
V2

2L2fs
DP . (22)

The peak value of the S1 switch for both Mode-I and Mode-II
is given by

Isw1_p = IL1(avg) +
V1 + V2

2L1fs
DST. (23)

The peak current expression for the L2 inductor current for
Mode-I and Mode-II and is given by

Isw2_p =

⎧⎨⎩ IL1_p +
{
IL2_c +

V2

L2fs
DST

}
: Mode-I

IL1_p −
{
IL2_c +

V2

L2fs
DST

}
: Mode-II.

(24)

The peak value of the diode current for Mode-I and Mode-II
is given by

ID_p =

{
IL1_p − V1+V2−Vout

L1fs
DP1 + IL2_p : Mode-I

IL1_p : Mode-II.
(25)

As the L1 inductor current should be in CCM for seamless
operation, the maximum average value of theL2 inductor current
considering the L1 inductor current is in boundary condition is
given by

IL2 <
IP

1−DP

{
fsL1

RLDST(1−DST)
− 1−DST

2

}
(26)

where IP is peak current of L1 inductor during boundary con-
dition. The DCM condition of IL1 will only happen if the IL2

current is positive and the value is more than the value given by
(26). Moreover, the IL1 inductor current will always be in CCM
condition when IL2 current is negative, hence (26) does not have
a negative boundary, however, it is limited by the switch ratings.

Furthermore, there is no as such limitation of the upper value
of the L1 inductor current. However, the upper value of the
inductor current cannot be increased indefinitely, the upper limit
of the L1 inductor current is defined by the power rating of
the converter and the maximum current limit set by the user.
Hence, the S1 is selected based on the maximum value of the
L1 inductor current. The S2 is selected depending upon the
maximum allowable value of L1 inductor current or maximum
value of the L2 [(26)] inductor current whichever is higher.
Additionally, safety factors can also be considered during the
selection of the switches. The flowchart of switch selection is
shown in Fig. 11.

F. Selection of Switching Frequency

The switching frequency of the converter depends on the
permissible value of the inductor current ripple and the DCM
condition of the L1 inductor current. The expression of ripple
content of the L1 and L2 inductor currents are given by

ΔiL1 =
V1 + V2

fsL1
DST; ΔiL2 =

V2 − Vout

fsL2
DP2. (27)
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Fig. 11. Flowchart to select current ratings of the switches.

Fig. 12. Connection of IDIC with source and load.

However, as mentioned before for seamless operation the L1

inductor current should be in CCM and to maintain this the
minimum switching frequency of the converter is given by

fs >
RLTsDST(1−DST)

L1

{
1−DST

2
+

(1−DP )IL2

IP

}
.

(28)
Hence, the maximum switching frequency of the converter

can be defined by the user as per the defined ripple content
in the inductor currents, the value of the inductances (i.e., L1

and L2) and the maximum switching frequency of the switches.
However, the minimum switching frequency is restricted by
converter operation and given by (28).

IV. CONTROL STRATEGY OF IDIC

The control structure for IDIC consists of an outer voltage
loop to regulate the output voltage. Each of the inductor currents
is regulated using current-programmed control. The control
methodology, current controller and voltage controller are as
follows.

A. Control Methodology

Fig. 12 shows the connection of IDIC with the source or the
bipolar line which represents the converter highlighted in Fig. 1.
The impedance grouping of the source side and the load side
has been done as per [34]. The input side terminal voltages of
the converter are measured and the current references can be
determined to achieve power flow management and the desired
converter input impedance. The input power depends on the
voltage level of the sources and the inductor current, and the
expression of the power is given by (29). Here, Pp represents
the amount of power drawn whenL2 inductor current is positive,
hence, I2 is positive. Under this scenario, the maximum power
drawn from the negative line is limited by (26). Pn in (29)
represents the power drawn when I2 current is negative and
in this condition, the maximum power drawn from the positive

line is limited by the switch current limits of the converter

Pp = V1 × I1 + V2 × (I1 + I2)
Pn = V1 × I1 + V2 × (I1 − I2)

}
. (29)

The current drawn from the bipolar dc source with respect to
the positive and negative line are I1 and I1 ± I2, respectively.
The input current to the converter I1 and I2 are the same as
the L1 and L2 inductor current, respectively. Hence, power
flow management is done by controlling the respective inductor
currents. Based on the voltage imbalance of the line when more
power needs to be drawn from the negative line (i.e., V2 > V1),
theL2 inductor current reference iL2_ref is set to a positive value.
Similarly, if the positive line has more stability margin (i.e.,
V1 > V2) theL2 inductor current reference iL2_ref is set negative.
For balanced conditions, theL2 inductor current reference iL2_ref

is set to zero or slightly positive or negative as per the deviation of
the line voltage. Furthermore, the positive line impedance (Zin_p)
and negative line input impedances (Zin_n) of the converter is
expressed by (30) and (31), respectively

Zin_p =
V 2

out

P
(1−DST)

2

{
1± IL2(1−DP )

IL1(1−DST)

}
V1

V1 + V2

(30)

Zin_n =
V 2

out

P
(1−DP )

2{
IL1(1−DST)

(IL1 ± IL2)(1−DST)
± IL2

IL1 ± IL2

}
. (31)

An illustrative diagram is shown in Fig. 12, where IDIC is
feeding a CPL while connected to a bipolar dc grid. The grid
side voltages for the positive and negative lines are Vgp and Vgn,
respectively. It is assumed that the positive line is more loaded
than the negative line, and due to this, the converter side voltage
V1 is less than V2. Hence, Zin_P is less than Zin_n if the same
amount of current is drawn from both of the lines (IL2 = 0). The
power contributed by the positive line and negative line when IL2

is zero is P1 and P2, respectively. The maximum and minimum
impedance of the converter is specified for stable operation and
the IL2 current is varied as per the (32), whereK = (V1/V2)

1/2.
As the negative line is less loaded, more current can be drawn
from this line and the new power shared by the line is P ′

2.
Similarly, the load on the positive line can be minimized and the
new power drawn from the positive line is P ′

1. This is achieved
by setting the IL2 current to a positive value, hence, the Zin_p

will increase, andZin_n will decrease based on the voltage levels
and current shared by the lines. The power sharing between two
lines and the operating points are shown in Fig. 13

IL2 = (I1 −KI3)/(1 +K). (32)

For better understanding, a load of 120 W is connected with
IDIC, and the line input voltages to the converter are V1 = 10V
and V2 = 12V (i.e., V1 < V2). The line inductance and resis-
tance were 0.97 mH and 0.121 mΩ, respectively. The value
of the decoupling capacitors are 200 μF. Based on the voltage
magnitude the negative line is healthier than the positive line
and more power can be drawn from the negative line with IL2

current control. Fig. 14 shows the comparative analysis of the
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Fig. 13. Input impedance of the converter (a) for positive line and (b) for
negative line.

Fig. 14. Polar plot of |Zo |
|Zin | . (a) For positive line. (b) For negative line.

stability margin of the positive and negative line by using polar
plots with and without IL2 current control. From Fig. 14(a), it
is observed that the PM of |Zop|

|Zin_p| increases by 8◦ due to IL2

current control. Whereas, from Fig. 14(b) it is observed that the
PM of |Zon|

|Zin_n| reduces by 2◦. In other words, the positive line
loading has been reduced by 9.14% (I1 reduces from 5.454 to
4.955 A), whereas the negative line loading increased by 7.08%
(I3 increases from 5.454 to 5.87 A). Therefore, while powering
a CPL using IDIC, the weaker line (i.e., positive line) is less
affected than the healthier line (i.e., negative line). Furthermore,
the reduction in the stability margin of the negative (healthier)
line is less significant compared to the improvement in the
stability margin of the positive line. However, the IL2 current
can not be increased indefinitely, for proper converter operation
IL1 current should be continuous and the limit of IL2 current is
given by (26).

Nevertheless, as per the PM criterion, keeping the PM above
60◦ for stable operation is recommended. Hence, |Zin| of the
converter for any input port can not be reduced indefinitely as a
decrease in |Zin| reduces the PM of that line associated with the
input port. The PM of the impedance ratio of the negative line
|Zo|
|Zin| should be above 70◦ by introducing a safety factor of 10◦.

B. Relationship Between Inductor Currents With Variation in
Voltage Unbalance

The relationship between inductor currents with the unbalance
in the pole voltages is derived using (32) and (33) expressed
by (34)

I3 = IL1 + IL2; IL1 = I1 (33)

IL2

IL1
= 1−

√
V1

V2
. (34)

Fig. 15. Plot of change in Il2
IL1

with respect to change in V1
V2

.

TABLE I
VOLTAGE UNBALANCE AND PERCENTAGE CHANGE IN LOADING DUE TO IL2

CURRENT CONTROL

Fig. 15 shows the variation in the ratio of Il2
IL1

with respect to

the change in ratio of V1

V2
. From this figure, it can be said that

when the V2 voltage is less compared to V1 the IL2 current will
be negative and IL2 current is positive when V1 is more than
V2. The blue line shows the operating line in which the overall
input impedance of the converter is maximum. The zones are
also mentioned for overcompensation and undercompensation.
Table I shows the imbalance in the voltage and the corresponding
change in the I1 (positive line current) and I3 negative line
current, load power considered is 120 W.%UB is the percentage
unbalance in the voltage with respect to the V2 voltage. In the
table, I1 and I3 show the line currents if the load is connected
to a conventional two-port converter, and I1_C and I2_C show
the line current after connecting the load using IDIC. Through
this current control methodology, the stress on the weaker line
(low voltage line) is reduced in cost of increased stress on the
healthier line (voltage is more). Furthermore, from Table I, it is
also evident that the percentage reduction in load in the weaker
line is more than the increase in stress in the healthier line. In
the extreme conditions, it is shown that the reduction in stress
in the low voltage line is 20.41%, whereas the increase in stress
in the high voltage line is 12.25%. Furthermore, the converter
can also be used in under or overcompensating region if further
reduction of stress in the lines are required.

C. Voltage Tolerance Level of the Converter

The converter specifications are: L1, L2 = 100 μH , fs =
50 kHz, Load power= 120 W,V1, V2 = 12V (nominal voltage),
Vout = 48 V and switch current limit 20 A.
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1) Case 1: When (V1 > V2): Under this scenario, the mini-
mum value of the negative line voltage is limited by the maxi-
mum duty ratio (DP ) of the converter that is 0.9. Hence, the min-
imum permissible value of the V2 voltage is 48× (1− 0.9) =
4.8 V. Considering the diode voltage drop of 0.7 V, inductor
resistance drop and switch drop, the value of V2 voltage is
5.65 V. Hence, the converter can not tolerate the negative voltage
below 5.65 V for seamless operation. Now considering V1 = 6
V and V2 = 5.65 V (V1 > V2), the maximum current through
the switch is 13.38 A. Hence, the considered switch rating is
higher than the maximum switch current and the converter can
tolerate this condition.

2) Case 2: When (V2 > V1): When the positive line voltage
(V1) is less than the negative line voltage (V2), the tolerance
limit is set by the maximum allowable L2 inductor current [as
per (26)] and switch ratings. Keeping the negative line voltage
(V2) fixed to its minimum value of 5.65 V and reducing the
positive pole voltage V1 to 2.9 V the maximum current through
switch S2 is 19.48 A. Hence, further reduction in the V1 voltage
will result in a higher current through the switches and may
hit the maximum limit of switch current ratings. Therefore,
the minimum tolerable value of the positive pole voltage is
2.9 ≈ 3 V.

D. Voltage and Current Controller

The outer voltage loop of the converter is implemented using
a PI controller. The output voltage of the converter is compared
with the reference voltage to generate the error signal. The error
signal is processed by the PI controller to generate the current
reference for L1 inductor current. Peak current mode control is
considered for the current controller. Ramp compensation is used
to overcome the subharmonic instability in the inductor current.
The slope of the L1 and L2 inductor currents for different states
of operation are given as follows:

mL1 =

⎧⎪⎨⎪⎩
V1+V2

L1
: State-I

V1+V2−Vout

L1
: State-II

V1+V2−Vout

L1
: State-III

;

mL2 =

⎧⎪⎨⎪⎩
V2

L2
: State-I

V2

L2
: State-II

V2−Vout

L2
: State-III.

(35)

The L1 inductor current rises during State-I and falls during
State-II and State-III. In case of L2 inductor current, it rises
during State-I and State-II and falls during State-III. Based on
the falling slope of the inductor current the slope of the ramp
(mc) is calculated and subtracted from the generated current
reference from the voltage controller. In this control approach,
the inductor currents are estimated internally using the same
digital controller used to control the converter.

E. Inductor Current Estimation

The proposed IDIC is operated using the digital peak current
mode control technique. Hence, the inductor current feedback

Fig. 16. Detailed diagram of the control scheme implementation using a digital
controller.

is very crucial for seamless operation of the converter. How-
ever, in this case, instead of sensing the inductor currents, they
are estimated within the same processor used to control the
converter. The current estimation scheme presented in [36] is
implemented to estimate both the inductor currents. The detailed
control scheme is represented in Fig. 16.

The continuous domain transfer function of the current esti-
mator block is given by

Gest =
iL_est

vL
=

1

sL+ rL
(36)

where iL_est, vL, L, and rL are the estimated inductor current,
voltage across the inductor, inductance, and inductor resistance,
respectively.

In (36), the transfer function is known, hence, the inductor
current is estimated by using the voltage across the inductor
(vL) in different switching intervals. The voltage across the
inductors can not be measured directly (due to its switching
nature), hence it is indirectly calculated in different switching
intervals using the terminal voltages and the switch status (i.e.,
ON/OFF). The ON/OFF status of the combination of S1 and S2

switch is detected using an analog comparator see Fig. 16). As
per the converter operation, the current through the L1 inductor
current is continuous in nature. Hence, the voltage across L1

inductor (vL1) can be calculated using the analog comparator
signal (c) and the terminal voltages of the converter. When both
the switches (S1 and S2) are ON, the output of the comparator
signal (c) is low (zero) and when any of the switches are OFF, c is
high (one). The corresponding voltages (vL1) across the inductor
L1 in different switching intervals are provided in Table II.

In the case of L2 inductor, The PWM signal (QS_2) is used
to generate an internal comparator signal c1. However, due to
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TABLE II
VOLTAGE ACROSS THE INDUCTOR AND COMPARATOR SIGNALS IN DIFFERENT

STATES OF THE IDIC

Fig. 17. State machine based inductor voltage calculation. (a) L1 inductor
voltage (vL1). (b) L2 inductor voltage (vL2).

the startup process of the converter, L2 inductor current will
have discontinuous conduction mode (DCM) (Mode-0). Hence,
to detect the DCM another internal digital comparator c2 is
introduced. However, when IL2 current is controlled the L2

inductor current operates in continuous conduction mode (CCM)
and the c2 comparator signal is neglected under this condition.
The voltages (vL2) across the inductor L2 in different switching
intervals for both CCM and DCM conditions are provided in
Table II. The state machine-based transition of inductor voltage
in different switching intervals is depicted in Fig. 17 where the
state-to-state transition is triggered by the comparator signals.
Moreover, the analog comparator aids in the protection of the
converter as it is also used to detect the fault of the switches.

To estimate the inductors’ current digitally the continuous do-
main transfer function (36) of the current estimator is discretized
using the bilinear transformation. The digital equivalent equa-
tion of the current estimation is represented by the following:

iL_est[n] =
Ts

2L+ rLTs
· vL [n] +

Ts

2L+ rLTs
· vL [n− 1]

+
2L− rLTs

2L+ rLTs
· iL_est [n− 1]

iL_est[n] = a0 · vL [n] + a1 · vL [n− 1] + b1 · iL_est [n− 1] .

(37)

Here, a0, a1, and b1 are the coefficients of the discrete equa-
tion. These coefficient values depend on the inductor parameter
(rL and L) and the sampling time (Ts) of the processor. This
digital equation can be realized using different formats. In this
work, it is implemented as an IIR filter to get the estimate of the
inductor current.

V. IMPLEMENTATION AND VALIDATION OF IDIC OPERATION

A. Design and Implementation of the System

The controller is implemented using the Artix-7-based Basys-
3 board. It has a 4-channel, 1 MSPS ADC within the board. The
detailed digital implementation of the control scheme is shown
in Fig. 16. The terminal voltages of the converter are sensed
using a resistive divider circuit and then sensed with a 4-channel
ADC with a maximum sample rate of 1-MSPS. The voltage
controller for the outer voltage loop is implemented using a
digital PI controller. The digital value of the sensed output
voltage of the converter (V ′

out_D) is subtracted from the reference
output voltage (Vref_D) and the error signal is processed through
the PI controller to generate the L1 inductor current reference
signal i′L1_ref. A feedforward term [as per (15)] is introduced
and subtracted from the i′L1_ref to decouple the L1 inductor
current reference from the effect L2 inductor current. The new
L1 inductor current reference iL1_ref is fed to the IL1 current
controller block. In the current controller block, a compensating
ramp signal is generated [as per (35)] and subtracted from iL1_ref,
then the resultant is compared with the estimated L1 inductor
current iL1_est and the output of the comparator is the input to the
reset (R) terminal of the SR latch. The set (S) terminal of the latch
is triggered using a PWM clk signal of 50 kHz. The output of
the SR latch is d1 which is fed to the modulator block as an input
signal. The voltage across the L1 inductor (VL1) is calculated as
per Table II using the digital value of the sensed terminal voltages
of the converter (V ′

t_D and V ′
out_D) and the comparator signal (c).

The calculated voltage is processed through the current estimator
block to generate the estimated value of the L1 inductor current
iL1_est. In the case of L2 inductor current the voltage across it
(VL2) is calculated as per the Table II using V ′

2_D and V ′
out_D

voltages and the internally generated comparator signal c1 and
c2. The calculated value of VL2 is processed through the current
estimator block to estimate iL2_est. The estimated value of the
L2 inductor current is fed to IL2 current controller block where
it is compared with the L2 inductor current reference (iL2_ref)
which is generated using V ′

t_D, V ′
2_D, and iL1_est as per (34).

The working principle of the L2 inductor current controller is
the same as the L1 current controller except the compensating
ramp signal which is generated based on the L2 inductor current
falling slope. The output of the IL2 current controller is d2 which
is fed to the modulator as an input. Using the d1 and d2 signal the
switching signal for S1 and S2 switch is generated (i.e., QS_1

and QS_2) by the modulator.

B. Hardware Verification of IDIC

The proposed IDIC is validated using a laboratory-scale hard-
ware prototype (see Fig. 18). The system specification of the
system is given in Table III. Two dc sources are connected in
series to realize a bipolar dc microgrid system. The converter is
operated in the aforementioned modes and the practical results
are shown in this article. Fig. 19 shows the steady-state operation
of the converter when IL2 current is uncontrolled, and it is in
DCM (Mode-0) condition. The output voltage of the converter is
maintained at 48 V, and the load power is 120 watts. Fig. 20(a)
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Fig. 18. Testbed of the proposed converter.

TABLE III
SYSTEM SPECIFICATION OF LABORATORY TESTBED

Fig. 19. Steady-state condition in Mode-0 (without IL2 current control).
(a) V2 terminal voltage. (b) V1 + V2 voltage.

Fig. 20. Steady-state waveform of IDIC in Mode-I with positive L2 inductor
current. (a) V2 terminal voltage and (b) V1 + V2 voltage.

and (b) shows the converter performance when IL2 is set to
a positive value (Mode-I). The average value of IL2 is 4.5 A
and the average value of IL1 current is 2 A. Fig. 21(a) and
(b) shows the operating mode of the converter with a negative
value of the IL2 current (Mode-II). The average value of the
IL2 current is −4.5A and the average value of the IL1 current is
6.5 A. Fig. 22(a) and (b) shows the converter operation with
the IL2 current control, the average current is close to zero
and current is both positive and negative within the switching
interval (Mode-III). The average current through the inductors
in this mode of operation is IL1 = 4.5 A and IL2 = −0.5 A.
In each of these results, the terminal voltages of the converters

Fig. 21. Steady-state waveform of IDIC in Mode-II with negative L2 inductor
current. (a) V2 terminal voltage and (b) V1 + V2 voltage.

Fig. 22. Steady-state waveform of IDIC in Mode-III with both positive and
negative L2 inductor current. (a) V2 terminal voltage and (b) V1 + V2 voltage.

Fig. 23. Performance of the converter with (a) step-up change in iL2 current
and (b) step-down change in iL2 current.

are captured. Figs. 20(a), 21(a), and 22(a) show the V2 terminal
voltage, whereas Figs. 20(b), 21(b), and 22(b) show the V1 + V2

voltage of the converter, respectively. From these results, it can
be said that IDIC operation is satisfactory with different modes
of operations.

The performance of the proposed converter is also verified
with step changes in the operating conditions. An internal MUX
is used to change the reference of the L2 inductor current (IL2)
from -3 A to 3 A, the zoomed version of the different parameters
are also shown in the captured results [see Fig. 23(a)]. Fig. 23(b)
shows the step-down change in the L2 inductor current when
the reference inductor current (IL2) is changed from -4 to 4 A.
The experimental results show the dynamic behavior of the
converter with different operating points. It can be observed that
the converter is capable of drawing different amounts of current
from the individual lines. This property of the converter can be
used to share the power demand of the load between the positive
and negative lines.

The dynamic behavior of the converter is verified during
unbalanced pole voltage conditions. The V2 voltage is varied
manually using the regulating knob of the dc voltage source to
create a voltage imbalance condition in a bipolar dc microgrid



BISWAS et al.: BIPOLAR DC GRID-INTERFACED INTEGRATED DUAL INPUT CONVERTER WITH REDUCED OVERLOADING 14591

Fig. 24. Variation of L2 inductor current with variation in V2 voltage,
(a) increase in V2 voltage, and (b) decrease in V2 voltage.

Fig. 25. Performance of the converter with a step change in load current.

system. The V2 voltage is varied from 11 to 17 V and then
back to 11 V. Fig. 24(a) shows the zoomed-in version when
IL2 current increases due to the increase in V2 voltage. The
increase in IL2 current reduces the loading of the positive line as
IL1 current reduces. Similarly, Fig. 24(b) shows the zoomed-in
version when IL2 current reduces due to the reduction in V2

voltage. During this condition, IL1 current gradually increases
to reduce the loading of the negative line. Hence, as voltage
changes the line currents adjust accordingly to minimize the
loading effect. The converter is also tested with a step change in
the load current. A semiconductor switch with a resistive load
is connected in parallel to the output of the converter. Fig. 25
shows the converter performance with a step change in the load
current from 2 to 3.6 A (i.e., 80% step change in load). It can
be observed from the results that the converter can regulate its
output voltage satisfactorily when there is a sudden change in
the load.

C. Efficiency Analysis

The efficiency of the converter is obtained in different oper-
ating conditions. The losses that are taken into account are the
inductor loss, switch conduction loss, switching loss, diode loss,
and capacitor loss. The dc resistance of the inductor mentioned
in the datasheet is 0.032 Ω. The switch loss of the converter is
divided into two categories: the ON-state conduction loss and
the switching loss. The ON-state resistance of the switches is
0.041Ω. In case of S1, the turn ON switching loss is not present
due to the ZVS turn ON by virtue of the PWM control of the
converter. The losses in the diode are mainly the conduction
losses, which are due to the ON-state resistance loss and diode
ON-state voltage drop. The diode voltage drop is 0.7 V and the
ON-state resistance is 0.017 Ω. The ohmic losses in the output
capacitor is due to the equivalent series resistance (ESR) of the

Fig. 26. (a) Efficiency plot of the IDIC converter for different load conditions.
(b) Loss distribution of the converter at 120 W load.

Fig. 27. Efficiency plot of the IDIC converter for different voltage conditions.
(a) Fixed V2 voltage, (b) fixed V1 voltage, and (c) both V1 and V2 varying.

capacitor and the value is 0.054Ω. Fig. 26(a) shows the efficiency
of the converter for different load conditions where the current
IL2 is varied. Fig. 26(b) shows the percentage break up of the
losses in the converter at a load power of 120 W when IL2 = 2A.

The efficiency of the converter is evaluated for different values
of the line voltages. Fig. 27(a) shows the efficiency plot when
the V2 line voltage is kept constant at 12 V and the V1 line
voltage is varied. Fig. 27(b) similarly shows the efficiency plot
when the V1 line voltage is kept constant at 12 V and the V 21
line voltage is varied. In each of the cases, the variable voltage
is varied from 10–14 V. Fig. 27(c) shows the 3-D surface plot
of the converter efficiency when both V1 and V2 line voltage is
varied. From these results, it can be said that converter efficiency
is low (94.6%) when the terminal voltages are low (10 V) and
the efficiency increases, and the maximum efficiency achieved
is 96.9% when both the terminal voltages are 14 V (the nominal
voltage is 12 V).

D. Comparative Analysis With IDIC With Other Bipolar
Converters

Dual-input dc–dc converters for a load-side solution to voltage
unbalance in bipolar dc distribution systems are reported in
[19], [20], [21], [22], [23], [24], and [25]. In [19] and [21],
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TABLE IV
COMPARISON OF IDIC WITH OTHER BIPOLAR CONVERTERS IN LITERATURE

the proposed converter does not regulate the output voltage. The
proposed converters in [20], [22], [23], [24], and [25] consist
of a higher number of switches. The proposed converter in
[21] uses a lossy method to mitigate the voltage unbalance.
The proposed converter in [22] requires communication-based
control for operation. Tavakoli et al. [23] presented an improved
version of the converter presented in [22] by adding an extra
inductor. However, due to DCM operation inductor current,
the switches experience more stress than the prior one. The
converter proposed in [25] consists of a higher number of control
loops. The comparison between the converters used in bipolar
dc distribution systems as a load-side solution is provided in
Table IV.

VI. CONCLUSION

This work presents a three-port dc–dc converter coined as
IDIC that can act as an interfacing converter or a front-end
converter to a CPL connected to a bipolar dc microgrid. The pro-
posed converter provides a load-side solution to the unbalanced
pole voltages and overloading issues associated with bipolar dc
microgrids. This article presents the analysis and design of the
IDIC and its control methodology to reduce line overloading and
to compensate the unbalanced voltages. The converter is capable
of processing power from the individual lines seamlessly based
on their voltage profile. Moreover, the proposed IDIC utilizes a
reduced number of switches as compared to the existing topolo-
gies. The operational mechanism of the proposed converter is
validated using a laboratory testbed with a switching frequency
of 50 kHz and a power rating of 120 W. The designed IDIC can
tolerate 53% and 75% reduction in negative and positive line
voltages, respectively. Furthermore, results also show that during
a 40% unbalanced condition, the overloading of the weaker
line can be reduced by 12.35% by increasing the loading of
the healthier line by 7.41%. The practical results show a close
correlation between the theoretical and practical behavior of
the converter. Comparative analysis presented in Section V-D
demonstrates the superiority of the proposed IDIC over the ex-
isting topologies. The proposed converter can be used for series
connected dc sources with different voltage and power levels.

APPENDIX

Losses in Passive Elements: The inductor losses are the ohmic
losses due to the inductor dc resistances. The losses in the
inductor can be expressed by (38). The loss due to ESR of the
capacitor can be expressed by (39)

Pind =

2∑
n=1

I2Ln(rms)rL (38)

Pcap = I2cap(rms)rC . (39)

Switch Loss: The switch conduction loss and the switching
loss can be expressed by the following:

PS =

2∑
n=1

Iswn(rms)rdson (40)

PSw_on =
VswIsw

6
tonfs;PSw_off =

VswIsw

6
tofffs. (41)

The loss in the diode is expressed by the following:

PD = VD(avg)ID(avg) + I2D(rms)rD. (42)

The rms current through the switches are given by

I2sw1(rms) =
1

Ts

{∫ DSTTs

0

(
IL1_c +

IL1_p − IL1_c

DSTTs
t

)2

dt

+

∫ DP2Ts

0

(
IL2_p − IL2_p − IL2_c

DP2Ts
t

)2

dt

}
(43)

I2sw2(rms) =
1

Ts

{∫ DSTTs

0

(
IL1_c +

IL1_p − IL1_c

DSTTs
t

)2

dt

+

∫ DPTs

0

(
IL2_c +

IL2_p − IL2_c

DPTs
t

)2

dt

}
.

(44)

REFERENCES

[1] V. A. K. Prabhala, B. P. Baddipadiga, and M. Ferdowsi, “DC distribution
systems — an overview,” in Proc. Int. Conf. Renewable Energy Res. Appl.,
2014, pp. 307–312.

[2] K. Strunz, E. Abbasi, and D. N. Huu, “DC microgrid for wind and solar
power integration,” IEEE Trans. Emerg. Sel. Topics Power Electron., vol. 2,
no. 1, pp. 115–126, Mar. 2014.

[3] P. A. Madduri, J. Poon, J. Rosa, M. Podolsky, E. A. Brewer, and S. R.
Sanders, “Scalable DC microgrids for rural electrification in emerging
regions,” IEEE Trans. Emerg. Sel. Topics Power Electron., vol. 4, no. 4,
pp. 1195–1205, Dec. 2016.

[4] R. Panigrahi, S. K. Mishra, S. C. Srivastava, and P. Enjeti, “Microgrid inte-
gration in smart low-voltage distribution systems,” IEEE Power Electron.
Mag., vol. 9, no. 2, pp. 61–66, Jun. 2022.

[5] S. Rivera, R. L. F, S. Kouro, T. Dragičević, and B. Wu, “Bipolar DC
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