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Abstract—Input-parallel output-parallel (IPOP) nonisolated
converters, including dc/dc and dc/ac converters, are effective solu-
tions to increase the power rating and to improve the reliability of
the system. For the safe and steady operation of these IPOP noniso-
lated converters, the circulating currents are the main challenge,
whose detailed mathematic model and corresponding characteris-
tics are not well studied. This paper focuses on the modeling and
analysis of circulating currents among these IPOP converters by
deriving the detailed mathematic model. Through these models,
the complicated characteristics of the circulating currents are pre-
sented, which shows that there are various types of circulating
currents including circulating currents within the single converter
and circulating currents among the multiple converters. It is first
demonstrated that the circulating currents will cause port degrada-
tion of the converter, that is, the positive and negative currents of the
converter are unequal, which makes some port-based control meth-
ods ineffective and influences the relay protection. Furthermore,
the corresponding influence factors, including line resistances, fil-
ters, and so on, are analyzed in detail, especially the asymmetry of
line resistances will cause large circulating currents even resulting
in instability. It is also found that the traditional control meth-
ods cannot completely eliminate these circulating currents because
of the strong coupling and complexity of IPOP nonisolated con-
verters. All the theoretical analyses are verified by the real-time
hardware-in-loop (HIL) tests.

Index Terms—Circulating currents, input-parallel output-
parallel (IPOP) converters, nonisolated converters, port
degradation.

NOMENCLATURE

IPOP Input-parallel output-parallel.
ISOP Input-separated output-parallel.
IPOS Input-parallel output-separated.
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BDDC Bidirectional dc/dc converter.
SDAC Single-phase dc/ac converter.
TDAC Three-phase dc/ac converter.
RES Renewable energy source.
HIL Hardware in loop.

I. INTRODUCTION

THE modern power demands are more and more various,
especially more and more dc loads and renewable energy

sources (RESs) are integrated into the power system. Therefore,
the existing ac distribution network should change to accommo-
date these dc components. In particular, the hybrid ac/dc distri-
bution network is an effective solution because it can exploit the
prominent features of both ac and dc power systems, and thus,
the efficiency of the whole system can be enhanced a lot [1]–
[4]. The power electronic devices, including bidirectional dc/dc
converters (BDDCs), single-phase dc/ac converters (SDACs),
and three-phase dc/ac converters (TDACs) are very critical to
transfer energy and convert voltage levels in the hybrid ac/dc
distribution network. A typical topology of the hybrid ac/dc dis-
tribution network is presented in Fig. 1; there are three-phase ac
industrial power systems, single-phase ac residential power sys-
tems, medium-voltage dc industrial systems, and low-voltage dc
residential systems, among which lots of power electronic de-
vices transfer energy and convert voltage levels.

As Fig. 1 shows, the input-parallel output-parallel (IPOP)
converters are widely adopted in the system, because there are
several advantages of this structure [5]–[7]. First, due to the lim-
itation of power rating of switching devices and the economic
consideration, the single converter is hard to transform large
power, the IPOP converters can allow the use of low-power
converter modules for high-power applications. Second, the
IPOP converters can realize higher global efficiency and better
thermal distribution, which can simplify the auxiliary design.
Third, the IPOP converters have intrinsic redundancy and can
provide ride-through capability when one of these converters
fails. Hence, the system reliability is improved. However,
there are also some challenges for the good operation of IPOP
converters, among which the main challenge is the circulating
currents. The circulating currents can increase the current stress
on the switching devices, degrade system efficiency, or even
cause system breakdown if not dealt with appropriately.
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Fig. 1. Typical topology of a hybrid ac/dc distribution network.

In the dc system, the analysis and suppression of circulating
currents among IPOP bidirectional dc/dc converters (BDDCs)
are widely researched. High-frequency isolation transformers
can decouple the input side and output side, which can reduce
circulating currents and can simplify the suppression strategies
[7]–[11]. By utilizing a common-duty-ratio control scheme, the
currents of multiple isolated dual-active half-bridge dc/dc con-
verters can be shared accurately [7]. Analogously, the automatic
current sharing are realized among multiple isolated half-bridge
dc/dc converters with chain-connected rectifiers based on the
common-duty-ratio control scheme [8]. But the common-duty-
ration control scheme basically treats the parallel converters as
one converter, which makes the extension of converters incon-
veniently and has less redundancy. Inspired by the IPOP struc-
ture, an isolated dc/dc converter with IPOP circuit topology with
low-power switching devices is designed in [9] to meet the high-
power demand, which can reduce switch count and also the sizes
of isolation transformers and passive components. Although this
kind of converter need not consider circulating currents, the re-
dundancy and extension are greatly influenced. In [10], IPOP
isolated three-level dc/dc converters with an interleaving con-
trol strategy are proposed. They can minimize and balance the
capacitor ripple currents, hence, the circulating currents can be
suppressed. Similarly, the extension is influenced because of
the interleaving control strategy. Based on magnetic-coupling
current-balancing cells, IPOP LLC resonant converter modules
are proposed in [11], which can work well under open-loop
operating condition naturally.

The aforementioned methods are based on the high-frequency
isolation transformers, which are bulk and expensive. They may
also suffer from both core and copper losses, hence, the effi-
ciency and power density of the system are decreased. As a re-
sult, some analyses and suppression strategies focusing on IPOP
nonisolated dc/dc converters are proposed [12]–[14]. Through
some simplifications, the model of circulating currents among
IPOP nonisolated dc/dc converters is established in [13] and
[14]. Furthermore, treating parallel converters as a whole, in-
terleaved multiphase PWM schemes are proposed to reduce
circulating currents. As mentioned earlier, the redundancy and
extension are greatly influenced. These approaches are not suit-
able for modular application. When more converters are con-
nected, the control system becomes very complicated to design.
On the other hand, the derived model of circulating currents is
not very comprehensive, especially the port degradation (that is

the positive and negative currents of one converter are unequal)
is not discussed.

In the ac system, the studies about circulating currents among
IPOP single-phase dc/ac converters (SDACs) are not very much
[15]–[19], while most are focused on circulating currents among
IPOP three-phase dc/ac converters (TDACs) [5], [6], [20]–[27].
By analyzing the operation states of IPOP SDACs, the circulat-
ing currents along dc loops and ac loops are clearly presented
in [15]. And from the point of common mode and differen-
tial mode, a centralized control scheme is proposed to sup-
press the circulating currents. Through graphics, the generation
mechanism of circulating currents among IPOP SDACs is qual-
itatively analyzed in [17] and [18]. Then, a simplified PWM
with switching constraint method applied in a centralized man-
ner is proposed to suppress the circulating currents. But the
method requires that the line impedances are matched with each
other. In [19], the method is expanded into a decentralized man-
ner, then the cost of parallel converters system can be reduced.
However, for these literatures, the analysis about the generation
mechanism of circulating currents among IPOP SDACs lacks
of detailed quantitative analysis; hence, the influence factors are
not explained clearly, which limits potential and more effective
control methods.

For the IPOP active-power filters (namely, TDACs), Asimi-
noaei et al. [5] minimize the circulating currents by installing
common-mode inductors on each active-power filter. This
approach cannot be popularized, particularly for high power, the
leakage inductance may saturate the core much faster. In [6], the
grid-connected dc microgrid is connected to the utility through
multiple IPOP TDACs to exchange large power flow. There
will be great dc offsets of currents among these IPOP TDACs,
a dc droop plus 0-axis control method is designed to realize the
power sharing and to eliminate dc offsets. Then, the circulating
currents can be effectively suppressed. But the influence factors
are not analyzed comprehensively and carefully. Compared
to input-separated output-parallel TDACs, the zero-sequence
circulating currents among IPOP TDACs are prominent. The
zero-sequence circulating currents models among two IPOP
TDACs are derived, and it is found that they are related to the
zero vectors of space-vector modulation in [20]–[22]. Through
adjusting the zero vectors, the zero-sequence circulating cur-
rents can be reduced. In [23], both cross-circulating-current and
zero-sequence circulating-current are considered and added into
the conventional droop plus virtual impedance control. Then,
average current-sharing performance among parallel voltage
source inverter (VSIs) can be improved. The circulating currents
models are generalized to N (N > 2) IPOP TDACs in [24]–[27].
The circulating currents are modeled based on zero sequence,
positive sequence, and negative sequence, and a corresponding
suppression strategy is designed in [24], but the computation
burden is very heavy. Zhang et al. [25] show that the circulating
currents are not only susceptible to the mismatches of circuit
parameters but also influenced by the interactions of circulating
currents controllers used by other paralleled TDACs. Based
on the analysis, a zero-vector feedforward method with
space-vector modulation is proposed to suppress the circulating
currents. A zero-sequence circulating currents suppression
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method is introduced using carrier phase-shift pulsewidth
modulation (PWM) in [26], which can reduce the peak value of
zero-sequence circulating currents regardless of the number of
IPOP converters. Wang et al. [27] analyze the circulating-current
paths in the parallel system and proposes a centralized control
strategy composed of the sum control and difference control
to eliminate the circulating currents. Similarly, these literatures
lack the detailed and strict mathematic model of circulating
currents, also the related influence factors are not well studied,
both of which will limit potential and more effective suppression
strategies.

As narrated earlier, the studies about circulating currents
are very diverse especially for many different kinds of IPOP
converters in hybrid ac/dc distribution networks. Furthermore,
the detailed mathematic model and corresponding characteris-
tics of circulating currents are not well studied systematically,
which will limit potential and more effective suppression
strategies. Especially for the IPOP nonisolated converters, the
related works are even less. But considering the economy and
energy efficiency of hybrid ac/dc distribution networks, the
IPOP nonisolated converters are more competitive with their
high efficiency and high power density. Therefore, this paper
systematically analyzes circulating currents of these heteroge-
neous converters, including IPOP nonisolated BDDCs, IPOP
nonisolated SDACs, and IPOP nonisolated TDACs, which are
the main power converters in hybrid ac/dc distribution networks.
For these heterogeneous IPOP converters, a unified modeling
approach is proposed to deduce the detailed mathematic
models of circulating currents among different IPOP converters
according to similar steps, which will make the modeling more
orderly and distinctly. Based on these mathematic models,
the complicated characteristics and the generation mechanism
of circulating currents are clearly explained, which shows
that there are various types of circulating currents including
circulating currents within the single converter and circulating
currents among the multiple converters. At the same time,
corresponding influence factors, like line impedances, filters,
and so on, are analyzed. Especially for the IPOP SDACs, the
asymmetry of positive and negative input line resistances will
result in instability. In addition, it is concluded that the circulat-
ing currents will cause port degradation of the converter, that is,
the positive currents and the negative currents of output port or
input port are not equal, which is never emphasized in existing
literatures. The port degradation will make some port-based
control methods ineffective and influence the relay protection,
which affects the system greatly. Then, through comparison and
theoretical derivation, it is found that many traditional control
methods, like droop control aiming to eliminate circulating
currents among input-separated output-parallel converters, are
no more suitable for IPOP converters. To some extent, for the
specific topologies, all types of circulating currents cannot be
completely eliminated together. We hope that these essential
works can make contributions to more effective suppression
strategies of circulating currents among IPOP nonisolated
converters. All the theoretical analyses are verified by the
real-time hardware-in-loop (HIL) tests mainly composed of the
RTLAB and STM32F407 MCUs.

Fig. 2. Structures of two BDDCs connected in (a) the IPOP form and (b) the
ISOP form.

The remainder of this paper is organized as follows. In
Sections II, III, and IV, the circulating currents among IPOP
nonisolated BDDCs, IPOP nonisolated SDACs, and IPOP non-
isolated TDACs are systematically modeled and analyzed, re-
spectively. In Section V, the validity of the analyses is demon-
strated through HIL tests. At last, the conclusions are drawn in
Section VI.

II. CIRCULATING CURRENTS AMONG IPOP
NONISOLATED BDDCS

A. Modeling

The BDDCs are used to convert dc voltage levels for var-
ious applications. There are different topologies of BDDCs,
but this section mainly focuses on typical nonisolated BDDCs,
which are widely used in practice for their simple and low-cost
constructions. For convenience, we illustrate related problems
through two IPOP BDDCs, but the methods and conclusions can
be extended to N (N > 2) IPOP BDDCs with more complicated
expressions.

The structure of two IPOP BDDCs is shown in Fig. 2(a). The
two BDDCs operate in coordination to provide power for the
load R. The outputs of BDDCs are filtered by LC filters whose
inductances are L1 and L2 and capacitances are C1 and C2, re-
spectively. The input voltage is vdc. Because in the low-voltage
distribution network, the lines are mainly resistive, only the line
resistances are taken into consideration. The positive input line
resistances are R+

i1 and R+
i2, respectively, while the negative input

line resistances are R−
i1 and R−

i2, respectively. The positive output
line resistances are R+

o1 and R+
o2, respectively, while the negative

output line resistances are R−
o1 and R−

o2, respectively. The break-
ers of positive and negative poles are used to protect the BDDCs
from faults like overcurrent and so on. Fig. 2(b) shows the struc-
ture of two input-separated output-parallel (ISOP) BDDCs, the
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Fig. 3. Differences between IPOP BDDCs and ISOP BDDCs. (a) Currents
coupling of IPOP BDDCs. (b) Currents decoupling of ISOP BDDCs.

Fig. 4. Operating stages of two IPOP BDDCs.

meanings of corresponding notations are the same as those in
Fig. 2(a). The ISOP structures are widely applied in microgrids
to make different RESs integrate into the power system. Com-
paring Fig. 2(a) with Fig. 2(b), the essential difference between
IPOP BDDCs and ISOP BDDCs is that the potentials of points
N1 and N2 are clamped in IPOP BDDCs, which makes the model
of IPOP BDDCs totally different from that of ISOP BDDCs.

Unlike ISOP BDDCs, the currents of IPOP BDDCs are cou-
pled together. As Fig. 3(a) shows, according to Kirchhoff’s
laws, the sum of output currents and input currents of cut
set1 is zero, that is, i+

o1 − i−
o1 = i+

i1 − i−
i1, which cannot represent

i+
o1 − i−

o1 = 0. Through the analyses of cut set2 and cut set3, the
similar conclusions can be obtained, that is, the positive currents
are not always equal to the negative currents, which is called port
degradation in this paper. But for the ISOP BDDCs, the positive
currents are always equal to the negative currents, which can be
obviously verified through the cut sets in Fig. 3(b). Because of
the port degradation, the model of IPOP BDDCs becomes more
complicated compared to that of ISOP BDDCs and there will
be multiple types of circulating currents.

As Fig. 4 shows, there are four operating stages of two IPOP
BDDCs according to the on–off states of BDDC1 and BDDC2

(omitting dead time). Based on Figs. 2(a) and 4, the average
model of switch cycle can be derived as

⎧
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

(d1 + d2) iL1 R+
i1 + (d1 + d2)

(
C1

dvo1
dt + i−

o1

)
R−

i1

+ L1
diL1
dt + vo1 = (d1 + d2) vdc

vo1 − i+
o1 R+

o1 − (
i+
o1 + i+

o2

)
R − i−

o1 R−
o1 = 0

(d1 + d4) iL2 R+
i2 + (d1 + d4)

(
C2

dvo2
dt + i−

o2

)
R−

i2

+ L2
diL2
dt + vo2 = (d1 + d4) vdc

vo2 − i+
o2 R+

o2 − (
i+
o1 + i+

o2

)
R − i−

o2 R−
o2 = 0

i+
o1 + i+

o2 = i−
o1 + i−

o2
[
C1

dvo1
dt + i−

o1 − (d3 + d4) iL1
]

R−
i1 + i−

o1 R−
o1

= [
C2

dvo2
dt + i−

o2 − (d2 + d3) iL2
]

R−
i2 + i−

o2 R−
o2

i+
o1 = iL1 − C1

dvo1
dt , i+

o2 = iL2 − C2
dvo2
dt .

(1)

For the two ISOP BDDCs, based on Fig. 2(b) and considering
the conditions that i+

o,k = i−
o,k (k = 1, 2), the average model of

switch cycle can be derived as
⎧
⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎩

(d1 + d2) iL1
(
R+

i1 + R−
i1

) + L1
diL1
dt + vo1 = (d1 + d2) vdc

vo1 − i+
o1

(
R+

o1 + R−
o1

) − (
i+
o1 + i+

o2

)
R = 0

(d1 + d4) iL2
(
R+

i2 + R−
i2

) + L2
diL2
dt + vo2 = (d1 + d4) vdc

vo2 − i+
o2

(
R+

o2 + R−
o2

) − (
i+
o1 + i+

o2

)
R = 0

i+
o1 = iL1 − C1

dvo1
dt , i+

o2 = iL2 − C2
dvo2
dt .

(2)
Comparing (1) and (2), it can be found that the model of two

IPOP BDDCs is more complicated than the model of two ISOP
BDDCs. Furthermore, through observation, it can be concluded
that for ISOP BDDCs, the line resistances of positive poles and
negative poles can be combined together, that is, their effects
are equal to the resistance R+

i,k + R−
i,k or R+

o,k + R−
o,k (k = 1, 2).

But for IPOP BDDCs, the line resistances of positive poles and
negative poles must be considered separately.

B. Analysis

This section mainly studies the steady state of IPOP BDDCs
according to (1) and reveals the corresponding influence factors
about circulating currents. Let the differential terms of (1) equal
to zero and simplify the unknown variables, the steady state
equations can be gotten as follows.

The steady values of output currents can be solved through
(3) shown at the bottom of the next page, at the same time, the
sensitivity analysis of related parameters like line resistances
can be conducted to reveal the corresponding influence factors
about circulating currents. Through (3), it can be concluded that
the output line resistances, the input line resistances and duty
ratios all have influences on the output currents. The influences
of duty ratios are only related to individual “on” time (d1 + d2

and d1 + d4) or “off” time (d3 + d4 and d2 + d3) of BDDC1 or
BDDC2. Hence, their influences are obvious and the detailed
analyses about duty ratios are omitted.

Compared to duty ratios, the influences of input and output
line resistances are more complicated, which need to be ana-
lyzed in detail. Since there are multiple independent variables
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TABLE I
SYSTEM PARAMETERS OF IPOP BDDCS

Parameters Rated Value

vdc 1000 V
R 2 �

C1, C2, L1, L2 5 mF, 5 mF, 1 mH, 1mH
d1, d2, d3, d4 0.2, 0.3, 0.3, 0.2
R−

i1, R+
i1, R−

i2, R+
i2 0.01 �, 0.01 �, 0.01 �, 0.01 �

R−
o1, R+

o1, R−
o2, R+

o2 0.01 �, 0.01 �, 0.01 �, 0.01 �,

Fig. 5. Circulating currents among IPOP BDDCs with changes of output
line resistances. (a) R+

o1 + R+
o2 = 0.02 � and R+

o1/R+
o2 is changed. (b) R−

o1 +
R−

o2 = 0.02 � and R−
o1/R−

o2 is changed. (c) R+
o1 + R−

o1 = 0.02 � and R−
o1/R+

o1
is changed. (d) R+

o1 + R+
o2 = 0.02 �, R+

o1 = R−
o1, R+

o2 = R−
o2, and R+

o1/R+
o2 is

changed.

which influence the solutions as shown in (3), the expressions of
analytical solutions are complicated. Therefore, the numerical
solutions are used to study related problems and the rated system
parameters used for numerical calculation are shown in Table I.

Fig. 5 shows the circulating currents among IPOP BDDCs
with the changes of output line resistances. The circulating cur-
rents are divided into four types, that is, i+

o1 − i+
o2 (two positive

poles), i−
o1 − i−

o2 (two negative poles), i+
o1 − i−

o1, and i+
o2 − i−

o2
(inner circulating currents). The influence factors of output line
resistance are also divided into four situations, where the other

Fig. 6. Circulating currents among IPOP BDDCs with changes of input
line resistances. (a) R+

i1 + R+
i2 = 0.02 � and R+

i1/R+
i2 is changed. (b) R−

i1 +
R−

i2 = 0.02 � and R−
i1/R−

i2 is changed. (c) R+
i1 + R−

i1 = 0.02 � and R−
i1/R+

i1
is changed. (d)R+

i1 + R+
i2 = 0.02 �, R+

i1 = R−
i1, R+

i2 = R−
i2, and R+

i1/R+
i2 is

changed.

parameters are kept the same as Table I except the variable
parameters. Fig. 5(a) shows the circulating currents when the
differences of two positive output line resistances are changed,
where R+

o1 + R+
o2 = 0.02 � but their ratio R+

o1/R+
o2 is changed.

As a contrast, Fig. 5(b) shows the circulating currents when the
differences of two negative output line resistances are changed,
where R−

o1 + R−
o2 = 0.02 � but their ratio R−

o1/R−
o2 is changed.

Fig. 5(c) shows the circulating currents when the differences
of positive and negative output line resistances in BDDC1 are
changed, where R+

o1 + R−
o1 = 0.02 �, but their ratio R−

o1/R+
o1 is

changed. Fig. 5(d) shows the circulating currents when the pos-
itive and negative output line resistances of individual BDDC
are kept the same, respectively, but output line resistances of
different BDDCs are changed, where R+

o1 = R−
o1, R+

o2 = R−
o2,

R+
o1 + R+

o2 = 0.02 �, but the ratio R+
o1/R+

o2 is changed. The in-
fluences of input line resistances are studied in similar ways,
which are shown in Fig. 6.

From Figs. 5 and 6, it can be seen that both the input and
output line resistances have influences on circulating currents,
but the sensitivity is not different. The differences of output
line resistances have greater influences on circulating currents

⎡

⎢
⎢
⎢
⎣

(d1 + d2) R+
i1 + R+

o1 + R R (d1 + d2) R−
i1 + R−

o1 0

R (d1 + d4) R+
i2 + R+

o2 + R 0 (d1 + d4) R−
i2 + R−

o2

1 1 −1 −1

− (d3 + d4) R−
i1 (d2 + d3) R−

i2 R−
i1 + R−

o1 − (
R−

i2 + R−
o2

)

⎤

⎥
⎥
⎥
⎦

·

⎡

⎢
⎢
⎢
⎣

i+
o1

i+
o2

i−
o1

i−
o2

⎤

⎥
⎥
⎥
⎦

=

⎡

⎢
⎢
⎢
⎣

(d1 + d2) vdc

(d1 + d4) vdc

0

0

⎤

⎥
⎥
⎥
⎦

(3)
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compared to the input line resistances. At the same time, the
changes of different parameters have different influences on
various circulating currents. Like the differences of two positive
line resistances influence the circulating currents between two
positive poles greatly, that is, i+

o1 − i+
o2 changes significantly

with the changes of R+
o1/R+

o2 or R+
i1/R+

i2, as Figs. 5(a) and 6(a)
show. The similar relationship can be found between i−

o1 − i−
o2

and R−
o1/R−

o2 or R−
i1/R−

i2, as Figs. 5(b) and 6(b) show. Compared
to ISOP BDDCs, the biggest difference is that the circulating
currents still exist even though R+

o1 + R−
o1 = R+

o2 + R−
o2 and

R+
i1 + R−

i1 = R+
i2 + R−

i2, as Figs. 5(c) and 6(c) show. If both the
positive and negative line resistances of individual BDDC can
be kept the same, then there are no inner circulating currents in
the BDDC, as Figs. 5(d) and 6(d) show.

On the other hand, it can be seen that the port degradation is
obvious, that is, i+

o1 − i−
o1 �= 0 or i+

o2 − i−
o2 �= 0. The port degra-

dation will make some port-based control methods ineffective
[28]–[31]. Taking the impedance analysis as an example, be-
cause the output currents of positive and negative poles are
different, the concept of “impedance” is hard to define in the dc
system. Therefore, the impedance analysis will be challenged
and needs to extend. Furthermore, the port degradation will in-
fluence relay protection. Usually, the breakers of the positive
and the negative poles are set the same protection values. If
the port degradation is not considered, the breakers will act fre-
quently because of the great differences between the positive
and negative currents.

The conventional droop control applied to ISOP BDDCs can-
not suppress the circulating currents among IPOP BDDCs effec-
tively. Assuming the droop control using the positive currents i+

o1
and i+

o2 as feedback signals, then the equivalent control effects of
droop control can be thought that two same resistances, namely,
the droop coefficients (� positive output line resistances) are
added to the positive poles to make the equivalent positive out-
put line resistance equal. But for the IPOP BDDCs, even though
the positive output line resistances are the same, the circulating
currents can still exist as shown in Figs. 5(b) and 6(b). That is,
the conventional droop control cannot suppress the circulating
currents among IPOP BDDCs effectively.

Also, through the steady state equations, the corresponding
inverse problem can be illustrated. That is, whether there are
duty ratios to eliminate circulating currents. Assume the existing
duty ratios that can eliminate circulating currents and then let
i+
o1 = i−

o1 = i+
o2 = i−

o2 = I . The following steady-state equations
can be derived according to (1):

⎧
⎪⎨

⎪⎩

[
(d1 + d2)

(
R+

i1 + R−
i1

) + R+
o1 + R−

o1 + 2R
]

I = (d1 + d2) vdc
[
(d1 + d4)

(
R+

i2 + R−
i2

) + R+
o2 + R−

o2 + 2R
]

I = (d1 + d4) vdc

(d1 + d2) R−
i1 + R−

o1 = (d1 + d4) R−
i2 + R−

o2
(4)

Equation (4) cannot hold unless R+
o1+R−

o1+2R
vdc/I−(R+

i1+R−
i1)

R−
i1 + R−

o1 =
R+

o2+R−
o2+2R

vdc/I−(R+
i2+R−

i2)
R−

i2 + R−
o2. This condition does not always hold

for arbitrary I . Therefore, for the general cases, all types of
circulating currents among IPOP BDDCs cannot be eliminated
completely and only specific types of circulating currents can

Fig. 7. Structures of two SDACs connected in (a) the IPOP form and (b) the
IPOS form.

be eliminated, like that the droop control can suppress the cir-
culating currents between two positive poles.

III. CIRCULATING CURRENTS AMONG IPOP
NONISOLATED SDACS

A. Modeling

The SDACs are used to realize the mutual conversion between
ac power and dc power for the low-voltage residential power.
The topologies of BDDCs are various for different application.
This section mainly focuses on typical nonisolated H-bridge
SDACs, which are widely used in practice with their simple and
low-cost constructions. For convenience, we illustrate related
problems through two IPOP SDACs, but the methods and con-
clusions can be extended to N (N > 2) IPOP SDACs with more
complicated expressions.

The structure of two IPOP SDACs is shown in Fig. 7(a). The
two SDACs operate in coordination to provide power for the load
R. The outputs of SDACs are filtered by LC filters whose induc-
tances are L1 and L2, capacitances are C1 and C2, respectively.
The input voltage is vdc. Because in the low-voltage distribution
network, the lines are mainly resistive, only the line resistances
are taken into consideration. The positive input line resistances
are R+

i1 and R+
i2, respectively, while the negative input line re-

sistances are R−
i1 and R−

i2, respectively. The positive output line
resistances are R+

o1 and R+
o2, respectively, while the negative out-

put line resistances are R−
o1 and R−

o2, respectively. The breakers
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Fig. 8. Differences between IPOP SDACs and IPOS SDACs. (a) Currents
coupling of IPOP SDACs. (b) Currents decoupling of IPOS SDACs.

Fig.9. Operating stages of two IPOP SDACs.

of positive and negative poles are used to protect the SDACs
from faults. Fig. 7(b) shows the structure of two input-parallel
output-separated (IPOS) SDACs with an isolation transformer
in the output terminal, the meanings of corresponding notations
are the same as those in the Fig. 7(a).

Being similar to the analysis of IPOP BDDCs, the currents
of IPOP SDACs are coupled together too as shown in Fig. 8(a).
That is, the port degradation also occurs in the IPOP SDACs.
On the other hand, the currents of IPOS SDACs are simple
and decoupled, the positive currents are always equal to the
negative currents, which is similar to the ISOP BDDCs and can
be obviously verified through the cut sets in Fig. 8(b). Due to
the port degradation, the model of IPOP SDACs becomes more
complex and there will be multiple types of circulating currents.

The unified modeling approach is used to establish the model
of circulating currents among IPOP SDACs, which has been
adopted in the modeling of circulating currents among noniso-
lated IPOP BDDCs. According to the on–off states of SDAC1
and SDAC2 based on bipolar modulation (d = 1, Tube1 and
Tube4 are on; d = 0, Tube2 and Tube3 are on), there are four
operating stages (omitting dead time) of two IPOP SDACs, as
shown in Fig. 9. Based on Figs. 7(a) and 9, the average model

of switch cycle can be derived as

⎧
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

L1
diL1
dt + iL1

[
(d1 + d2) R+

i1 + (d3 + d4) R−
i1

] + vo1

+ (
C1

dvo1
dt + i−

o1

) [
(d1 + d2) R−

i1 + (d3 + d4) R+
i1

]

= (d1 + d2 − d3 − d4) vdc

vo1 − i+
o1 R+

o1 − (
i+
o1 + i+

o2

)
R − i−

o1 R−
o1 = 0

L2
diL2
dt + iL2

[
(d1 + d4) R+

i2 + (d2 + d3) R−
i2

] + vo2

+ (
C2

dvo2
dt + i−

o2

) [
(d1 + d4) R−

i2 + (d2 + d3) R+
i2

]

= (d1 + d4 − d2 − d3) vdc

vo2 − i+
o2 R+

o2 − (
i+
o1 + i+

o2

)
R − i−

o2 R−
o2 = 0

i+
o1 + i+

o2 = i−
o1 + i−

o2
(
C1

dvo1
dt + i−

o1

) [
(d1 + d2) R−

i1 + (d3 + d4) R+
i1

]

+i−
o1 R−

o1 + d4vdc

= (
C2

dvo2
dt + i−

o2

) [
(d1 + d4) R−

i2 + (d2 + d3) R+
i2

]

+i−
o2 R−

o2 + d2vdc

i+
o1 = iL1 − C1

dvo1
dt , i+

o2 = iL2 − C2
dvo2
dt .

(5)

For the two IPOS SDACs, based on Fig. 7(b) and considering
the conditions that i+

o,k = i−
o,k (k = 1, 2), the average model of

switch cycle can be derived as

⎧
⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎩

L1
diL1
dt + iL1

(
R+

i1 + R−
i1

) + vo1 = (d1 + d2 − d3 − d4) vdc

vo1 − io1+(Ro1+ + Ro1−) − (io1+ + io2+)R = 0

L2
diL2
dt + iL2

(
R+

i2 + R−
i2

) + vo2 = (d1 + d4 − d2 − d3) vdc

vo2 − i+
o2

(
R+

o2 + R−
o2

) − (
i+
o1 + i+

o2

)
R = 0

i+
o1 = iL1 − C1

dvo1
dt , i+

o2 = iL2 − C2
dvo2
dt .

(6)
Comparing (5) and (6), it can be found that the model of two

IPOP SDACs is more complicated than the model of two IPOS
SDACs. Furthermore, through observation, it can be concluded
that for IPOS SDACs, the line resistances of positive poles and
negative poles can be combined together, that is, their effects
are equal to the resistance R+

i,k + R−
i,k or R+

o,k + R−
o,k(k = 1, 2).

But for IPOP SDACs, the line resistances of positive poles and
negative poles must be considered separately. These conclusions
are similar to those of IPOP BDDCs and ISOP BDDCs.

B. Analysis

This part mainly studies the steady state of IPOP SDACs
according to (5) and reveals the corresponding influence fac-
tors about circulating currents. Compared to dc steady solu-
tions of IPOP BDDCs, the steady solutions of (5) are more
complex because of the ac variables. For simplification and
mainly studying the influences of line resistances, duty ra-
tios of SDAC1 and SDAC2 are assumed to be the same. That
is, d1 + d2 = d1 + d4 = 0.5 + D · sin(ωt), and then d3 + d4 =
d2 + d3 = 0.5 − D · sin(ωt).

Let iL ,k = I s
L ,k sin(ωt) + I c

L ,k cos(ωt), vo,k = V s
o,k sin(ωt) +

V c
o,k cos(ωt), i+

o,k = I +s
o,k sin(ωt) + I +c

o,k cos(ωt), i−
o,k = I −s

o,k

sin(ωt) + I −c
o,k cos(ωt), k = 1, 2. The steady-state equations can
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be gotten as follows:

[
ωLk I s

L ,k + 0.5
(
R+

i,k + R−
i,k

)
I c

L ,k + 0.5ωCk
(
R+

i,k + R−
i,k

)
V s

o,k

+ 0.5
(
R+

i,k + R−
i,k

)
I −c
o,k + V c

o,k

]
cos (ωt) + [−ωLk I c

L ,k

+ 0.5
(
R+

i,k + R−
i,k

)
I s

L ,k − 0.5ωCk
(
R+

i,k + R−
i,k

)
V c

o,k

+ 0.5
(
R+

i,k + R−
i,k

)
I −s
o,k + V s

o,k − 2Dvdc
]

sin (ωt)

+ (
DIs

L,k+ωCk DV c
o,k− DI−s

o,k

) (
R+

i,k− R−
i,k

)
sin (ωt) sin (ωt)

+ (
DI c

L,k−ωCk DV s
o,k−DI−c

o,k

) (
R+

i,k − R−
i,k

)
sin (ωt) cos (ωt)

= 0 (7)
[
V c

o,k − R+
o,k I +c

o,k − R
(
I +c
o1 + I +c

o2

) − R−
o,k I −c

o,k

]
cos (ωt)

+ [
V s

o,k − R+
o,k I +s

o,k − R
(
I +s
o1 + I +s

o2

) − R−
o,k I −s

o,k

]
sin (ωt) = 0

(8)
(
I +c
o,k − I c

L ,k + ωCk V s
o,k

)
cos (ωt)

+ (
I +s
o,k − I s

L ,k − ωCk V c
o,k

)
sin (ωt) = 0 (9)

(
I +c
o1 + I +c

o2 − I −c
o1 − I −c

o2

)
cos (ωt)

+ (
I +s
o1 + I +s

o2 − I −s
o1 − I −s

o2

)
sin (ωt) = 0 (10)

[
0.5ωC1

(
R+

i1 + R−
i1

)
V s

o1 + (
R−

o1 + 0.5R+
i1 + 0.5R−

i1

)
I −c
o1

− 0.5ωC2
(
R+

i2 + R−
i2

)
V s

o2 − (
R−

o2 + 0.5R+
i2 + 0.5R−

i2

)
I −c
o2

]

× cos (ωt) + [−0.5ωC1
(
R+

i1 + R−
i1

)
V c

o1

+ (
R−

o1 + 0.5R+
i1 + 0.5R−

i1

)
I −s
o1 + 0.5ωC2

(
R+

i2 + R−
i2

)
V c

o2

− (
R−

o2 + 0.5R+
i2 + 0.5R−

i2

)
I −s
o2

]
sin (ωt)

+ [(
ωC1 DV c

o1 − DI−s
o1

) (
R+

i1 − R−
i1

) − (
ωC2 DV c

o2 − DI−s
o2

)

× (
R+

i2 − R−
i2

)]
sin (ωt) sin (ωt)

+ [(−ωC1 DV s
o1 − DI−c

o1

) (
R+

i1 − R−
i1

)+(
ωC2 DV s

o2 + DI−c
o2

)

× (
Ri2

+ − R−
i2

)]
sin (ωt) cos (ωt) = 0. (11)

The unknown variables I +s
o,k , I +c

o,k , I −s
o,k , I −c

o,k , and so on, can
be solved through letting the coefficients of trigonometric func-
tions equal to zero in (7)–(11), then the steady values of output
currents can be obtained based on I +s

o,k , I +c
o,k , I −s

o,k , and I −c
o,k . At

the same time, the sensitivity analysis of related parameters like
line resistances can be conducted to reveal the corresponding
influence factors about circulating currents.

Equations (7) and (11) contain more than two constraints, as
emphasized in bold font, that is,

⎧
⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎩

(
DI s

L ,k + ωCk DV c
o,k − DI −s

o,k

) (
R+

i,k − R−
i,k

) = 0
(
DI c

L ,k − ωCk DV s
o,k − DI −c

o,k

) (
R+

i,k − R−
i,k

) = 0
(
ωC1 DV c

o1 − DI −s
o1

) (
R+

i1 − R−
i1

)

− (
ωC2 DV c

o2 − DI −s
o2

) (
R+

i2 − R−
i2

) = 0
(−ωC1 DV s

o1 − DI −c
o1

) (
R+

i1 − R−
i1

)

+ (
ωC2 DV s

o2 + DI −c
o2

) (
R+

i2 − R−
i2

) = 0

. (12)

TABLE II
SYSTEM PARAMETERS OF IPOP SDACS

Parameters Rated Value

vdc 1000 V
R 2 �

D, ω 0.3, 100π rad/s
C1, C2, L1, L2 8 mF, 8 mF, 1 mH, 1 mH
R−

i1, R+
i1, R−

i2, R+
i2 0.01 �, 0.01 �, 0.01 �, 0.01 �

R−
o1, R+

o1, R−
o2, R+

o2 0.01 �, 0.01 �, 0.01 �, 0.01 �

Then the total number of constraints will exceed the total
number of unknown variables, which will make (7)–(11) to
have no solutions in the fundamental frequency. If (7)–(11) can
hold, there must be other harmonic components in iL ,k , vo,k , i+

o,k ,
and i−

o,k . Through simulation, it can be found that the harmon-
ics are very large so that they make the IPOP SDACs unstable.
Through observing (12), if R+

i,k = R−
i,k , (k = 1, 2), the equa-

tions can hold, no matter what the unknown variables are. Then,
the constraints of (12) can be released. Therefore, if the IPOP
SDACs are stable, the necessary conditions are that R+

i,k = R−
i,k

(k = 1, 2). This conclusion can be easily expanded to general
situations when d1 + d2 �= d1 + d4. For the IPOS SDACs or
ISOP SDACs, the asymmetry of positive input line resistances
and negative input line resistances will not result in instability,
which can be easily proved through (6). This phenomenon in-
dicates that the IPOP SDACs are essentially different from the
IPOS SDACs and ISOP SDACs.

Since (7)–(11) are pretty complex, the expressions of ana-
lytical solutions are difficult to obtain. Therefore, the numerical
solutions are used to study related problems and the rated system
parameters used for numerical calculation are shown in Table II.

Fig. 10 shows the circulating currents among IPOP SDACs
with the changes of output line resistances. Being similar to the
analysis of the circulating currents among IPOP BDDCs, the
circulating currents are divided into four types, that is, i+

o1 − i+
o2

(two positive poles), i−
o1 − i−

o2 (two negative poles), i+
o1 − i−

o1, and
i+
o2 − i−

o2 (inner circulating currents). The influence factors of
output line resistance are divided into four situations, where the
other parameters are kept the same as Table II except the variable
parameters. Fig. 10(a) shows the circulating currents when the
differences of two positive output line resistances are changed,
where R+

o1 + R+
o2 = 0.02 � but their ratio R+

o1/R+
o2 is changed.

As a contrast, Fig. 10(b) shows the circulating currents when the
differences of two negative output line resistances are changed,
where R−

o1 + R−
o2 = 0.02 � but their ratio R−

o1/R−
o2 is changed.

Fig. 10(c) shows the circulating currents when the differences
of positive and negative output line resistances in SDAC1 are
changed, where R+

o1 + R−
o1 = 0.02 � but their ratio R−

o1/R+
o1

is changed. Fig. 10(d) shows the circulating currents when the
positive and negative output line resistances of individual SDAC
are kept the same, respectively, but the output line resistances
of different SDACs are changed, where R+

o1 = R−
o1, R+

o2 = R−
o2,

and R+
o1 + R+

o2 = 0.02 � but the ratio R+
o1/R+

o2 is changed.
Fig. 11 shows the circulating currents among IPOP SDACs

with the changes of input line resistances and filters. Because the
positive input line resistances and negative input line resistances
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Fig. 10. Circulating currents among IPOP SDACs with changes of output
line resistances. (a) R+

o1 + R+
o2 = 0.02 � and R+

o1/R+
o2 is changed. (b) R−

o1 +
R−

o2 = 0.02 � and R−
o1/R−

o2 is changed. (c) R+
o1 + R−

o1 = 0.02 � and R−
o1/R+

o1
is changed. (d) R+

o1 + R+
o2 = 0.02 �, R+

o1 = R−
o1, R+

o2 = R−
o2, and R+

o1/R+
o2 is

changed.

Fig. 11. Circulating currents among IPOP SDACs with changes of input
line resistances and filters. (a) R+

i1 + R+
i2 = 0.02 �, R+

i1 = R−
i1, R+

i2 = R−
i2, and

R+
i1/R+

i2 is changed. (b) L1 + L2 = 2 mH and L1/L2 is changed. (c) C1 + C2 =
16 mF and C1/C2 is changed.

must be kept the same to ensure the stability of the IPOP SDACs,
we mainly research the circulating currents when the input line
resistances of two SDACs are different but the positive and
negative input line resistances of individual SDAC are kept the
same. That is, R+

i1 + R+
i2 = 0.02 �, R+

i1 = R−
i1, R+

i2 = R−
i2 but

R+
i1/R+

i2 is changed, and the other parameters are kept the same
as Table II. The results are shown in Fig. 11(a). The influence of

filters are shown in Fig. 11(b) and (c), where L1 + L2 = 2 mH
but L1/L2 is changed, C1 + C2 = 16 mF but C1/C2 is changed,
respectively. The other parameters are kept the same as Table II.

From Figs. 10 and 11, it can be seen that asymmetry of the
input or output line resistances and filters will cause serious cir-
culating currents among IPOP SDACs with different sensitivity.
Compared to the differences of two positive line resistances, the
differences of two negative line resistances have greater influ-
ences on circulating currents, as shown in Fig. 10(a) and (b). The
biggest difference is that the circulating currents still exist even
though R+

o1 + R−
o1 = R+

o2 + R−
o2 and R+

i1 + R−
i1 = R+

i2 + R−
i2,

as shown in Fig. 10(c), which will not occur in IPOS SDACs.
Unlike the IPOP BDDCs, even both the positive and negative
line resistances of individual SDAC are kept the same, the inner
circulating currents in the single SDAC still exist, as shown in
Figs. 10(d) and 11(a).

On the other hand, it can be also seen that the port degra-
dation is obvious, that is, i+

o1 − i−
o1 �= 0 or i+

o2 − i−
o2 �= 0. The

degradation will make some port-based control methods inef-
fective and influence relay protection. According to the similar
analysis of BDDCs, the conventional droop control applied to
IPOS SDACs cannot suppress the circulating currents among
IPOP SDACs effectively.

Through the steady-state equations, the corresponding in-
verse problem can be researched. Namely, whether there are
duty ratios to eliminate circulating currents based on the bipolar
modulation. Similarly, assume existing duty ratios that can elim-
inate circulating currents, and then let i+

o1 = i−
o1 = i+

o2 = i−
o2 = i ,

d1 + d2 = 0.5 + da , d1 + d4 = 0.5 + db. With the aforemen-
tioned analysis that if IPOP SDACs are stable, then R+

i,k = R−
i,k

(k = 1, 2), the following steady-state equations can be derived
according to (5):
⎧
⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎩

L1
diL1
dt + iL1

(
R+

i1 + R−
i1

) + i
(
R+

o1 + R−
o1 + 2R

) = 2davdc

L2
diL2
dt + iL2

(
R+

i2 + R−
i2

) + i
(
R+

o2 + R−
o2 + 2R

) = 2dbvdc

iL1
(
R+

i1 + R−
i1

) + 2i R−
o1 − iL2

(
R+

i2 + R−
i2

)

−2i R−
o2 = 2 (da − db) vdc

vo1 = i
(
R+

o1 + R−
o1 + 2R

)
, vo2 = i

(
R+

o2 + R−
o2 + 2R

)

iL1 = i + C1
dvo1
dt , iL2 = i + C2

dvo2
dt .

(13)
Equation (13) cannot hold unless

L1
diL1

dt
− L2

diL2

dt
= i

[(
R+

o2 − R−
o2

) − (
R+

o1 − R−
o1

)]
. (14)

Let vo1 = V sin(ωt); according to (13), the following solutions
can be obtained:

⎧
⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎩

i = V sin(ωt)
(R+

o1+R−
o1+2R)

vo2 = R+
o2+R−

o2+2R

(R+
o1+R−

o1+2R) V sin (ωt)

iL1 = V sin(ωt)
(R+

o1+R−
o1+2R) + ωC1V cos (ωt)

iL2 = V sin(ωt)
(R+

o1+R−
o1+2R) + R+

o1+R−
o1+2R

(R+
o1+R−

o1+2R)ωC2V cos (ωt)

. (15)

According to (15), if (14) holds, these conditions L1 = L2 and
ω2L2 C2(R+

o2 + R−
o2 + 2R) − ω2L1 C1(R+

o1 + R−
o1 + 2R) =

(R+
o2 − R−

o2) − (R+
o1 − R−

o1) must be met. Hence, for the gen-
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Fig. 12. Structures of two TDACs connected in (a) the IPOP form and (b) the
ISOP form.

eral cases, all types of circulating currents among IPOP SDACs
cannot be eliminated completely based on the bipolar modu-
lation and only specific types of circulating currents can be
eliminated.

IV. CIRCULATING CURRENTS AMONG IPOP
NONISOLATED TDACS

The TDACs are used to realize the mutual conversion be-
tween ac power and dc power for the medium-voltage indus-
trial power. The topologies of TDACs are various, this section
mainly focuses on typical nonisolated TDACs, which are widely
used in practice with their mature control technologies. For
convenience, we illustrate related problems through two IPOP
TDACs, but the methods and conclusions can be extended to N
(N > 2) IPOP TDACs with more complicated expressions.

The structure of two IPOP TDACs is shown in Fig. 12(a).
The two SDACs operate in coordination to provide power for
the load R. The outputs of TDACs are filtered by LC filters
whose inductances are La,b,c

1 and La,b,c
2 , capacitances are Ca,b,c

1

and Ca,b,c
2 , respectively. The input voltage is vdc. The positive

input line resistances are R+
i1 and R+

i2, respectively, while the
negative input line resistances are R−

i1 and R−
i2, respectively.

Fig. 13. Differences between IPOP TDACs and ISOP TDACs. (a) Currents
coupling of IPOP TDACs. (b) Currents decoupling of ISOP TDACs.

The output line resistances are Ra,b,c
o1 and Ra,b,c

o2 , respectively;
the output line inductances are La,b,c

o1 and La,b,c
o2 , respectively.

The breakers of output terminals are used to protect the TDACs
from faults. Fig. 12(b) shows the structure of two input-separated
output-parallel (ISOP) TDACs, which are widely applied in
microgrids to integrate different RESs into the power system.
The meanings of corresponding notations are the same as those
in Fig. 12(a). Comparing ISOP TDACs with IPOP TDACs, the
essential difference is that the potentials of points N1 and N2 are
clamped in IPOP TDACs, which will make the model of IPOP
TDACs totally different from that of ISOP TDACs.

Being similar to the analysis of IPOP BDDCs and SDACs,
the currents of IPOP TDACs are coupled together. As Fig. 13(a)
shows, according to Kirchhoff’s laws, the sum of output currents
and input currents of cut set1 is zero, that is, i a

o1 + i b
o1 + i c

o1 =
i+
i1 − i−

i1, which means that i a
o1 + i b

o1 + i c
o1 �= 0 could hold. In

other words, for the IPOP TDACs, there will be zero-sequence
circulating currents. Through the analyses of cut set2 and cut
set3, similar conclusions can be obtained. This kind of explana-
tion about the mechanism of zero-sequence circulating currents
in three-phase system is very novel, which has never been men-
tioned in existing literatures. But for ISOP TDACs, there will
be no zero-sequence circulating currents, which can be easily
proven by the cut sets in Fig. 13(b). The zero-sequence circulat-
ing currents can be regarded as a big difference between IPOP
TDACs and ISOP TDACs.

As analyzed in IPOP BDDCs and SDACs, not only the asym-
metry of output terminal will cause the circulating currents, but
also the asymmetry of input terminal could cause the circulating
currents. The influences of output terminal are well researched
by the existing literatures [24]–[27]; then this paper mainly fo-
cuses on the influences of input terminal, which are scarcely
mentioned in existing literatures. The combinations of on–off
states of TDAC1 and TDAC2 are very numerous, which reaches
64 operating stages. Hence, the complete mathematic model is
very tedious to obtain. But the related problems can still be il-
lustrated through some operating stages among total operating
stages.

As shown in Fig. 14, which is one operating stage of two
IPOP TDACs. For simplification, assuming that the parameters
of these two TDACs in ac side are the same, but the input line
resistances are asymmetric. If there are no circulating currents,
then the potentials of a1, b1, c1 and a2, b2, c2 are different on
account of the asymmetry of the input line resistances. These
potential differences contradict with the assumption that there
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Fig. 14. One operating stage of two IPOP TDACs.

Fig. 15. Droop plus d–q–0 three-axis control.

are no circulating currents, because the output line impedances
in the ac side are the same, the differences of potentials of
a1, b1, c1 and a2, b2, c2 will cause circulating currents. There-
fore, the assumption does not hold and there are circulating
currents with the influences of input line resistances. On the
other hand, the positive pole of input terminal of TDAC1 is
connected in parallel with the positive pole of the input ter-
minal of TDAC2, as shown by green arrows in Fig. 14, while
the negative pole of input terminal of TDAC1 is connected in
parallel with the negative pole of the input terminal of TDAC2,
as shown by blue arrows in Fig. 14. Hence, the positive in-
put currents and negative input currents may be not equal with
asymmetric input line resistances. That is, zero-sequence circu-
lating currents could occur because i a

o,k + i b
o,k + i c

o,k = i+
i,k − i−

i,k
(k = 1, 2). In fact, the asymmetric input line resistances mainly
cause zero-sequence circulating currents by the verification of
experiments.

The circulating currents caused by the asymmetric input line
resistances can be suppressed effectively by the droop plus
d–q–0 three-axis control, as shown in Fig. 15, in which the
0-axis mainly control the zero-sequence components. Through
introducing dc offsets in the modulation voltages, the IPOP
TDACs will generate opposite circulating currents, and then
the zero-sequence circulating currents can be suppressed ef-
fectively. With the droop control which can realize active and
reactive power sharing, the currents among IPOP TDACs can
be regulated well.

Fig. 16. HIL platform setup.

Fig. 17. Output currents of IPOP BDDCs with changes of output line resis-
tances from rated state to (a) state1: R+

o1 = 15 m�, R−
o1 = 10 m�, R+

o2 = 5 m�,
R−

o2 = 10 m�; (b) state2: R+
o1 = 10 m�, R−

o1 = 15 m�, R+
o2 = 10 m�, R−

o2 =
5 m�; (c) state3: R+

o1 = 5 m�, R−
o1 = 15 m�, R+

o2 = 10 m�, R−
o2 = 10 m�;

(4) state4: R+
o1 = 5 m�, R−

o1 = 5 m�, R+
o2 = 10 m�, R−

o2 = 10 m�.

V. HARDWARE-IN-LOOP TESTS

To verify the effectiveness of the earlier theoretical analyses,
the corresponding HIL tests are conducted. The HIL platform is
based on the RTLAB and STM32F407 MCUs. The equipment
of the HIL platform is shown in Fig. 16.

A. IPOP BDDCs

The topology of the tested IPOP BDDCs is the same as
Fig. 2(a), and the rated parameters are designed as the same
as given in Table I.

Fig. 17 shows the output currents of IPOP BDDCs with
the changes of output line resistances under the open-
loop control, where the duty ratio is the same as given in
Table I. In the rated state, R+

o1 = R−
o1 = R+

o2 = R−
o2 = 10 m�.

In state1, R+
o1 = 15 m�, R−

o1 = 10 m�, R+
o2 = 5 m�, and

R−
o2 = 10 m� to test the influence of asymmetry of positive

output line resistances. In state2, R+
o1 = 10 m�, R−

o1 = 15 m�,
R+

o2 = 10 m�, and R−
o2 = 5 m� to test the influence of
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Fig. 18. Output currents of IPOP BDDCs with changes of input line resis-
tances from rated state to (a) state1: R+

i1 = 15 m�, R−
i1 = 10 m�, R+

i2 = 5 m�,
R−

i2 = 10 m�; (b) state2: R+
i1 = 10 m�, R−

i1 = 15 m�, R+
i2 = 10 m�, R−

i2 =
5 m�; (c) state3: R+

i1 = 5 m�, R−
i1 = 15 m�, R+

i2 = 10 m�, R−
i2 = 10 m�; (4)

state4: R+
i1 = 5 m�, R−

i1 = 5 m�, R+
i2 = 10 m�, R−

i2 = 10 m�.

asymmetry of negative output line resistances. In state3,
R+

o1 = 5 m�, R−
o1 = 15 m�, R+

o2 = 10 m�, and R−
o2 = 10 m�

to test the influence of asymmetry of positive and nega-
tive output line resistances in individual BDDC. In state4,
R+

o1 = R−
o1 = 5 m�, R+

o2 = R−
o2 = 10 m� to test the influence

of asymmetry of output line resistances of two BDDCs. Fig. 18
shows the output currents of IPOP BDDCs with the changes
of input line resistances under the open-loop control, where the
constant duty ratio is the same as given in Table I. The designed
test states are similar to Fig. 17. Only the output line resistances
are replaced with the input line resistances.

From the results, it can be concluded that the asymmetry of
line resistance will cause serious circulating currents among
IPOP BDDCs, which include multiple types like i+

o1 − i+
o2 (two

positive poles), i−
o1 − i−

o2 (two negative poles), i+
o1 − i−

o1, and
i+
o2 − i−

o2 (inner circulating currents). Compared to the output
currents of ISOP BDDCs, the output currents of IPOP BDDCs
are much more complex. Especially, the port degradation
is very obvious, that is, i+

o1 �= i−
o1 or i+

o2 �= i−
o2 when there is

asymmetry of the positive and negative line resistances in
individual BDDC. On the other hand, comparing Figs. 17 with
18, it can be seen that the influences of input line resistances
are less than the influences of output line resistances.

The different kinds of asymmetry of line resistances have dif-
ferent sensitivity on various circulating currents. As Figs. 17(a)
and 18(a) show, the asymmetry of positive line resistances influ-
ences the circulating currents between two positive poles greatly,
while as Figs. 17(b) and 18(b) show, the asymmetry of negative
line resistances influences the circulating currents between two
negative poles greatly. For the inner circulating currents, if both
the positive and negative line resistances of individual BDDC
can be kept the same, this kind of circulating currents can be
eliminated, as Figs. 17(d) and 18(d) show.

Furthermore, unlike the ISOP BDDCs, even though R+
o1 +

R−
o1 = R+

o2 + R−
o2 and R+

i1 + R−
i1 = R+

i2 + R−
i2, the circulating

Fig. 19. Output currents of BDDCs before and after droop control is enabled.
(a) ISOP BDDCs. (b) IPOP BDDCs.

currents still exist, as Figs. 17(c) and 18(c) show. Hence, the sup-
pression of circulating currents among IPOP BDDCs is harder
than that of ISOP BDDCs.

Fig. 19 shows the control effects of droop control when it is
applied into ISOP BDDCs and IPOP BDDCs. The topology of
the tested ISOP BDDCs is presented in Fig. 2(b). The parame-
ters of two kinds of BDDCs are the same. R+

o1 = R−
o1 = 5 m�,

R+
o2 = R−

o2 = 10 m�, and the other parameters are the same
as Table I. The droop coefficients of two BDDCs are set
as 0.2 V/A, which is much larger than the line resistance.
Fig. 19(a) shows the control effects of droop control in ISOP
BDDCs. As the figure shows, before the droop control is en-
abled, i+

o1 = i−
o1 = 150 A, i+

o2 = i−
o2 = 100 A. After the droop

control is enabled, i+
o1 = i−

o1 = 125 A, i+
o2 = i−

o2 = 125 A. That
is, the output currents of ISOP BDDCs become equal and circu-
lating currents are suppressed effectively. Fig. 19(b) shows the
control effects of droop control in IPOP BDDCs. As the figure
shows, before the droop control is enabled, i+

o1 = i−
o1 = 150 A,

i+
o2 = i−

o2 = 100 A. After the droop control is enabled, i+
o1 =

i+
o2 = 125 A, i−

o1 = 140 A, and i−
o2 = 110 A. The two positive

output currents of IPOP BDDCs became equal, but the negative
output currents are still unequal. Therefore, the conventional
droop control cannot completely suppress the circulating cur-
rents among IPOP BDDCs.

B. IPOP SDACs

The topology of the tested IPOP SDACs is the same as
Fig. 7(a), and the rated parameters are designed as the same
as Table II.

Fig. 20 shows the output currents of IPOP SDACs with the
changes of output line resistances under the open-loop control,
where the modulation mode is bipolar and the duty ratio is the
same as Table II. In the rated state, R+

o1 = R−
o1 = R+

o2 = R−
o2 =

10 m�. In state1, R+
o1 = 18 m�, R−

o1 = 10 m�, R+
o2 = 2 m�,

R−
o2 = 10 m� to test the influence of asymmetry of positive

output line resistances. In state2, R+
o1 = 10 m�, R−

o1 = 18 m�,
R+

o2 = 10 m�, R−
o2 = 2 m� to test the influence of asymme-

try of negative output line resistances. In state3, R+
o1 = 2 m�,

R−
o1 = 18 m�, R+

o2 = 10 m�, R−
o2 = 10 m� to test the influ-

ence of asymmetry of positive and negative output line re-
sistances in individual SDAC. In state4, R+

o1 = R−
o1 = 2 m�,

R+
o2 = R−

o2 = 10 m� to test the influence of asymmetry of out-
put line resistances of two SDACs.

From the results, it can be concluded that the asymmetry of
output line resistance will cause various kinds of circulating
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Fig. 20. Output currents of IPOP SDACs with changes of output line resis-
tances from rated state to (a) state1: R+

o1 = 18 m�, R−
o1 = 10 m�, R+

o2 = 2 m�,
R−

o2 = 10 m�; (b) state2: R+
o1 = 10 m�, R−

o1 = 18 m�, R+
o2 = 10 m�, R−

o2 =
2 m�; (c) state3: R+

o1 = 2 m�, R−
o1 = 18 m�, R+

o2 = 10 m�, R−
o2 = 10 m�;

(4) state4: R+
o1 = 2 m�, R−

o1 = 2 m�, R+
o2 = 10 m�, R−

o2 = 10 m�.

currents among IPOP SDACs with different sensitivity.
Compared to the output currents of IPOS SDACs, the output
currents of IPOP SDACs are relatively complex. Especially, the
port degradation is obvious and becomes complicated. Unlike
the IPOP BDDCs, even though the positive and negative output
line resistances of individual SDAC are kept the same, the port
degradation is still existing, that is, i+

o1 �= i−
o1 or i+

o2 �= i−
o2, as

Fig. 20(d) shows.
As Fig. 20(a) shows, the asymmetry of positive output line

resistances has less influences on the output currents. But the
asymmetry of negative output line resistances has great in-
fluences on the output currents, as shown in Fig. 20(b). Fur-
thermore, unlike the IPOS SDACs, even though R+

o1 + R−
o1 =

R+
o2 + R−

o2 and R+
i1 + R−

i1 = R+
i2 + R−

i2, the circulating currents
still exist, as Fig. 20(c) shows. Hence, the suppression of circu-
lating currents among IPOP SDACs is harder than that of IPOS
SDACs.

As analyzed in Section III, the positive and negative input line
resistances of individual SDAC must be the same else the IPOP
SDACs are unstable. Hence, for the input line resistances, only
the test state where R+

i1 = R−
i1 = 2 m�, R+

i2 = R−
i2 = 10 m�

is conducted to test the influence of asymmetry of input line
resistances. Fig. 21(a) shows the output currents from rated
state to this test state. From the result, it can be concluded that
the input line resistances have great influences on circulating
currents compared to the output line resistances. The influences
of filters are shown in Fig. 21(b) and (c), where L1 = 1.5 mH
and L2 = 0.5 mH, C1 = 10 mF and C2 = 6 mF, respectively.

Fig. 22 shows the influence of asymmetry of positive and
negative input line resistances in individual SDAC, where the
test state is that R+

i1 = 2 m�, R−
i1 = 18 m�, R+

i2 = 10 m�, and
R−

i2 = 10 m�. Fig. 22(a) shows that the asymmetry of positive
and negative input line resistances will make IPOP SDACs
unstable. But for IPOS SDACs whose topology is shown in
Fig. 7(b), the asymmetry of positive and negative input line

Fig. 21. Output currents of IPOP SDACs with changes of input line resistances
and filters. (a) From the rated sate to R+

i1 = R−
i1 = 2 m�, R+

i2 = R−
i2 = 10 m�.

(b) From the rated sate to L1 = 1.5 mH and L2 = 0.5 mH. (c) From the rated
sate to C1 = 10 mF and C2 = 6 mF.

Fig. 22. Influence of asymmetry of positive and negative input line re-
sistances in individual SDAC (R+

i1 = 2 m�, R−
i1 = 18 m�, R+

i2 = 10 m�,
R−

i2 = 10 m�). (a) IPOP SDACs. (b) IPOS SDACs.

resistances does not cause instability, as Fig. 22(b) shows.
This phenomenon means that the IPOP SADCs are essentially
different from the IPOS or ISOP SDACs.

C. IPOP TDACs

The topology of the tested IPOP TDACs is the same as shown
in Fig. 12(a), and the control block diagram is the same as shown
in Fig. 15. The parameters are as follows. DC voltage vdc =
1000 V; rated ac voltage and frequency are 311 V and 50 Hz,
respectively; ac load is 20 kW; input line resistances are asym-
metric, R+

i1 = 5 m�, R−
i1 = 15 m�, R+

i2 = R−
i2 = 10 m�; out-

put line impedances are symmetric, Ro1 = Ro2 = 1 m�, Lo1 =
Lo2 = 1 mH; LC filters of two TDACs are designed the same,
L1 = L2 = 1 mH, C1 = C2 = 5 mF; droop controller: P∗

1 =
P∗

2 = 5 kW, Q∗
1 = Q∗

2 = 0 kW, m1 = m2 = 0.025 Hz/kW,
n1 = n2 = 0.1 V/kVar; inner loops of two TDACs are designed
the same; voltage controller: kPV = 0.8 A/V, kI V = 800 A/Vs;
and current controller: kPC = 0.01 V/A.

Fig. 23 shows the output currents of IPOP TDACs. Fig. 23(a)
shows the three-phase output currents of TDAC1. When only
the d–q axis-based droop control is applied, it can be seen that
there are great zero-sequence components because of the asym-
metry of input line resistances. But when the d–q–0 axis-based
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Fig. 23. Control effects of d–q–0 axis-based droop control when the input line
resistances are asymmetric in IPOP TDACs: (a) three-phase output currents of
TDAC1 and (b) a-phase currents of two TDACs.

Fig. 24. Three-phase output currents of TDAC1 of ISOP TDACs with only
the d–q axis-based droop control.

droop control is applied, it can be seen that the zero-sequence
components are suppressed effectively. Fig. 23(b) shows the
a-phase output currents of TDAC1, TDAC2, and the sum of
them. If only the d–q axis-based droop control is applied, the
output currents of two TDACs are fluctuating with great dc off-
sets, but the sum of them is normal. It means that there are
circulating currents between these two TDACs. After the d–q–0
axis-based droop control is applied, the output currents of two
TDACs become normal and equal, and at the same time, the dc
offsets are greatly decreased.

Fig. 24 shows that the asymmetry of input line resistances will
not result in circulating currents among ISOP TDACs, whose
topology is shown in Fig. 12(b). The test parameters are the same
as shown in Fig. 23, and only the d–q axis-based droop control
is applied. This phenomenon means that the IPOP TDACs and
ISOP TDACs have great differences.

VI. CONCLUSION

The circulating currents of IPOP nonisolated BDDCs,
SDACs, and TDACs are modeled and analyzed in this paper,
which are the main challenge when these nonisolated converters
are applied into hybrid ac/dc distribution network. First, the
detailed mathematic models of circulating currents are derived
through a unified modeling approach. Through comparison,
it can be found that the models of IPOP converters are very
complicated and are greatly different from the models of ISOP
or IPOS converters. The complicated characteristics and the

generation mechanism of circulating currents are clearly ex-
plained. Second, based on the models, it can be concluded that
circulating currents will cause port degradation, which will make
some port-based control methods ineffective and influence the
relay protection. Also, the corresponding influence factors like
line resistances, filters, and so on, are analyzed in detail. Through
numerical analysis, the asymmetry of line resistances has great
influences on circulating currents and results in more complex
circulating currents than that in ISOP or IPOS converters. Then,
some traditional control methods cannot eliminate these circu-
lating currents completely. Especially for the IPOP SDACs, the
asymmetry of input line resistances will cause instability. At last,
the real-time HIL tests are conducted to verify the effectiveness
of the theoretical analyses. We hope that these essential works
can make contributions to more effective suppression strategies
of circulating currents among IPOP nonisolated converters.
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