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Abstract—In dc distribution networks, the parallel H-bridge
dc/de converters (HBDCs) are widely adopted to convert voltage
levels with the higher power rating and reliability, in which the
parallel HBDCs are naturally connected in input-parallel output-
parallel (IPOP) form. However among IPOP HBDCs, there are
complicated circulating currents that will influence the safe and
steady operation of dc distribution networks. This paper focuses
on the suppression of these circulating currents. First, the detailed
mathematic models of circulating currents among IPOP HBDCs
are derived. Through the model, it is found that various types
of circulating currents exist in the system, including the circulat-
ing currents within the single HBDC and the circulating currents
among the multiple HBDCs. Hence, the suppression of circulating
currents among IPOP HBDC:s is a multiobjective control problem.
In this paper, it is proven that the conventional one degree of free-
dom control based on the bipolar modulation cannot eliminate all
the circulating currents. Second, a novel two degrees of freedom
control method is proposed to suppress all kinds of circulating cur-
rents based on the improved modulation way of HBDCs, which
consists of two parts. The droop based control is used to suppress
the circulating currents among the multiple HBDCs, whereas the
common mode control is used to control the circulating currents
within the single HBDC. All the theoretical analyses are verified
by the real-time hardware-in-loop tests.

Index Terms—Circulating currents, common mode control, dc
distribution networks, input-parallel output-parallel (IPOP).

1. INTRODUCTION

ECENTLY, more and more dc components are integrated
R into the power system no matter in the source side or the
load side [1], [2]. First, in the source side, the penetration of
renewable energy sources (RESs) is continuously increasing.
Among the different RESs, solar photovoltaic generations, fuel
cells, etc., are dc sources. Hence, another stage of conversion
(dc to ac) is required if they are connected into ac distribution
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Fig. 1. Typical topology of a dc distribution network.

networks. Second, in the load side, the data centers, electric ve-
hicles, etc., constitute a major part of the modern loads. All these
loads are supplied by dc power. Therefore, the development of
dc distribution networks can greatly improve the overall system
efficiency [3]-[5].

Fig. 1 presents a typical topology of the dc distribution
network. The multiple low-voltage dc distribution networks
are connected to the medium-voltage dc distribution network
through parallel H-bridge dc/dc converters (HBDCs) to con-
verter voltage levels. The low-voltage dc distribution networks
provide dc power for the dc loads and integrate dc RESs. Be-
cause of the structure of the dc distribution network, these HB-
DCs are naturally connected in the input-parallel output-parallel
(IPOP) form. The IPOP structures have following advantages
[6]-[9]. On the one hand, due to the limitation of power rating
of switching devices and the economic consideration, the single
HBDC is hard to transform large power; the IPOP HBDCs can
allow the use of low-power HBDC modules for high-power ap-
plications. On the other hand, the [IPOP HBDCs have intrinsic
redundancy and can provide ride-through capability when one of
these HBDCs fails. Hence, the reliability of the dc distribution
network is improved. However, due to the asymmetry of line
resistances, the IPOP structure easily results in circulating cur-
rents, which increase the current stress on the switching devices,
degrade system efficiency, or even cause system breakdown if
not dealt appropriately.

The suppression methods of circulating currents among IPOP
dc/dc converters are mainly classed into two categories. One
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category is to change the topology of the converters based on
the isolation solutions [8]-[11]. High-frequency isolation trans-
formers can decouple the input side and output side, which can
naturally eliminate the circulating currents within the single
converter and only needs to suppress the circulating currents
among the multiple converters. That is, it changes the multiob-
jective control problem into single-objective control problem.
Hence, the suppression methods can be simplified. Shi et al. [8]
split IPOP HBDCs into multiple IPOP dual-active half-bridge
modules and utilizes a common-duty-ratio control scheme to re-
alize the current sharing. Analogously, a modified topology with
chain-connected rectifiers connecting multiple isolated half-
bridge modules in the output terminal is proposed in [9], and
the common-duty-ratio control scheme is used again to real-
ize current sharing. However, the common-duty-ration control
scheme basically treats the parallel converters as one converter,
which makes the extension of converters inconveniently and has
less redundancy. In [10], the changed [IPOP HBDCs with isola-
tion transformers connecting the output terminals are proposed,
which are controlled by an interleaving control strategy. They
can minimize and balance the capacitor ripple currents; hence,
the circulating currents can be suppressed. Similarly, the exten-
sion is influenced because of the interleaving control strategy.
In [11], the magnetic-coupling current-balancing cells based
IPOP LLC resonant converter modules are designed, in which
the input level consists of HBDCs, the intermediate level con-
sists of isolation transformers, and the output level consists of
rectifiers. The [POP LLC resonant converter modules can work
well under open-loop operating condition naturally. The afore-
mentioned methods are based on the high-frequency isolation
transformers, which are bulk and expensive. They may also suf-
fer from both core and copper losses; hence, the efficiency and
power density of the system are decreased.

Another category of suppression methods is to develop more
advanced control methods without inserting the isolation trans-
formers [12]-[16], which can enhance the efficiency and power
density of the system. Compared to isolated dc/dc converters, the
circulating currents among IPOP nonisolated dc/dc converters
are more complicated with multiple types, including circulating
currents both within the single converter and among the multiple
converters. Through some simplifications, the model of circulat-
ing currents among IPOP nonisolated dc/dc converters is estab-
lished in [13] and [14]. Furthermore, treating parallel converters
as a whole, interleaved multiphase PWM schemes are proposed
to reduce circulating currents. As mentioned above, the redun-
dancy and extension are greatly influenced. These approaches
are not suitable for modular application. When more converters
are connected, the control system becomes very complicated
to design. On the other hand, the proposed control methods
cannot eliminate the circulating currents within the single con-
verter. The topology of single-phase ac/dc converter is the same
as the HBDC. Through graphics, the generation mechanism of
circulating currents among IPOP single-phase ac/dc converters
is qualitatively analyzed in [15] and [16]. Then, a simplified
PWM with switching constraint method is proposed to sup-
press the circulating currents. But the analysis about the gen-
eration mechanism of circulating currents among [POP single-
phase ac/dc converters lacks of detailed quantitative analysis.
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Furthermore, the proposed control methods can only work well
when the line resistances are symmetric.

From the above narration, it can be concluded that the sup-
pression of circulating currents among IPOP nonisolated HB-
DCs in dc distribution networks is not well solved. Focusing
on this problem, this paper proposes two degrees of control
method to suppress the circulating currents among the IPOP
HBDC:s. First, the detailed mathematic model of the circulat-
ing currents is derived. Through the model, the complicated
characteristics and the corresponding influence factors of the
circulating currents are analyzed. It is found that there are var-
ious types of circulating currents including circulating currents
within the single HBDC and circulating currents among the
multiple HBDCs. Hence, the suppression of circulating currents
among [POP HBDC:s is a multiobjective control problem. The
asymmetry of both input and output line resistances can result
in great circulating currents. The circulating currents within the
single HBDC cause port degradation of the converter, that is, the
positive and negative currents of one converter are unequal. The
port degradation will make some port-based control methods in-
effective and influence the relay protection. Furthermore, it will
increase the orders of the system model and make the system
model more complicated. At the same time, from the point of
degrees of freedom, we have proven that the conventional bipo-
lar modulation based control methods with only one degree of
freedom cannot eliminate all the circulating currents. Second,
based on the analysis of circulating currents, a decentralized
two degrees of freedom control method is proposed to suppress
all kinds of circulating currents based on the improved modu-
lation way of HBDCs. The improved modulation way has two
degrees of freedom. That is, unlike the bipolar modulation, the
two bridge legs of one HBDC can be controlled independently.
Based on this, the proposed control method contains two parts.
The droop based control namely the second degree of freedom
control is used to suppress the circulating currents among the
multiple HBDCs, whereas the common mode control namely
the first degree of freedom control is used to control the circu-
lating currents within the single HBDC. The proposed control
method is fully decentralized, the control for one HBDC module
does not need information of other HBDC modules. Thus, it is
suitable for modular application very well. All the theoretical
analyses are verified by the real-time hardware-in-loop (HIL)
tests mainly composed of the RTLAB and STM32F407 MCUs.

The remainder of this paper is organized as follows. In
Section II, the modeling and analysis of circulating currents
among IPOP HBDCs are conducted. The proposed decen-
tralized two degrees of freedom control method is introduced
in Section III. In Section IV, the validity of the analyses is
demonstrated through HIL tests. At last, the conclusions are
drawn in Section V.

II. MODELING AND ANALYSIS OF CIRCULATING CURRENTS
AMONG IPOP HBDCs

A. Modeling

For convenience, we illustrate related problems through two
TPOP HBDCs, but the methods and conclusions can be extended
toN (N > 2) IPOP HBDCs with more complicated expressions.
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The structure of two IPOP HBDC:s is shown in Fig. 2 (a), where
the components of dc distribution networks are simplified and
only the main characteristics are taken into consideration. The
two HBDCs operate in coordination to convert the medium
voltage v4. to low voltage and to provide power for the load
R. The outputs of HBDCs are filtered by LC filters whose in-
ductances are L, L] and Lj, L;, capacitances are C; and
C,, respectively. The positive input line resistances are R} and
R}, , respectively, whereas the negative input line resistances are
R;, and R;,, respectively. The positive output line resistances
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Fig.4.  Operating states of two IPOP HBDC:s. (a) 16 different operating states.
(b) Sketches of duty ratios.

are R/} and R, , respectively, whereas the negative output line
resistances are I?,; and I?_,, respectively. The breakers of pos-
itive and negative poles are used to protect the HBDCs from
faults like overcurrent etc. Fig. 2 (b) shows the structure of two
input-separated output-parallel (ISOP) HBDCs, the meanings
of corresponding notations are the same as those in the Fig. 2
(a). The ISOP structures are widely applied in dc microgrids to
make different RESs integrate into the power system. Compar-
ing Fig. 2 (a) with (b), the essential difference between IPOP
HBDC:s in dc distribution networks and ISOP HBDCs in dc mi-
crogrids is that the potentials of points /N; and N, are clamped
in IPOP HBDCs. This difference will result in the model of
IPOP HBDCs with more constraints, then, makes the model
more complicated than the model of ISOP HBDCs.

The IPOP HBDCs are nonisolated topology, which can en-
hance the efficiency and power density of the converters, but
the currents of IPOP HBDCs are coupled together. As Fig. 3
(a) shows, according to Kirchhoff’s laws, the sum of out-
put currents and input currents of cut setl is zero, that is,
it — i,, =i, —i;, which cannot represent i;; — i, = 0.
Through the analyses of cut set2 and cut set3, the similar con-
clusions can be obtained, that is, the positive currents are not
always equal to the negative currents, which is called port degra-
dation in this paper. Because of the port degradation, there will
be multiple types of circulating currents including the circulat-
ing currents within the single HBDC and circulating currents
among the multiple HBDCs. Then, the suppression of circulat-
ing currents among IPOP HBDCs is more challenging.
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But for the IPOP isolated HBDCs, the positive currents are
always equal to the negative currents, which can be obviously
verified through the cut sets in Fig. 3 (b). Since there are no
circulating currents within the single HBDC, the suppression
becomes easier than that of IPOP HBDCs with only consider-
ation of circulating currents among the multiple HBDCs. But
due to the existence of high-frequency isolation transformers,
the volume and losses (core and copper losses) of converters will
increase; hence, the efficiency and power density of the system
are decreased. Similarly, for the ISOP HBDC:s, the positive cur-
rents are always equal to the negative currents, which can be
obviously verified through the cut sets in Fig. 3 (c). Hence, in
the application scenarios of this kind of ISOP structure such as
dc microgrids to make different RESs integrate into the power
system, the droop control can suppress the circulating currents
well because only the circulating currents among the multiple
HBDCs exist [17]-[19]. However, for the IPOP HBDCs, the
droop control cannot eliminate all kinds of circulating currents.

As Fig. 4 shows, there are 16 operating stages of two IPOP
HBDCs according to the on—off states of HBDC1 and HBDC2.
Based on Fig. 2 (a) and Fig. 4, the average model of switch cycle
can be derived as

LES 4 L% 4 (dyo R} + disRyy) i

+ (disR, + di2R;y) iy + vor = (di2 — di3) vac
(if — O i) Ry + (i7 — Cr%g) Ry,

+ (i — il i = G5 R = v

LY 4 L% 4 (dysRY, + dosRyy ) i
+ (dos Ry + daa R;y) iy + vo2 = (daz — das) vac
dLaz dvyy -
( -G )R;E ( -G ) 02
( Cl dLr)l + 22 — Oy dlnz)
21 + 22 =1, +iy

dt = Vo2
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where the duty ratios are shown in Fig. 4 (b). When the duty
ratio of legl is “1,” the upper tube (tubel) is on and lower tube
(tube3) is off. When the duty ratio of legl is “0,” the upper tube
(tubel) is off and lower tube (tube3) is on. The meaning of the
duty ratio of leg2 is similar. Hence, there are four combinations
of the on—off states between legl and leg2. The duty ratios of
different states are represented by dj, 1, dj 2, dj 3, and dj, 4 as
shown in Fig. 4 (b), where £k = 1,2 represents the different
HBDCs.

Equation (1) is a typical differential algebraic equation; hence,
we need to choose independent state variables to reduce the
orders of the system. Choose if, 115 Vols z; , Uyo as the state
variables, the standard state space model of IPOP HBDCs can
be obtained as follows:

AX=BX+U )

where X = [i] i] Vo1 i3 ve2]",
the bottom of this page.
For the two ISOP HBDCs, consider that i} =i, (k =1,2)
and then let i =1i; =i (k =1,2), based on Fig. 2 (b) and
Fig. 4, the average model of switch cycle can be derived as
(LT +Ly) 2+ (dva + dis) (R + R;y) i1 + vor
= (di2 — di3) vac

(i = Crfgt) (R + Ry ) + (i
xR = Vo1

(L3 + L) L2 + (das + dos) (R}, + Riy) ia + Voo
= (da2 — da3) vac

(ia — Co i) (R + Ry ) + (1 — Cr 25t +ip — Cor T2

unnumbered Eqn. shown at

Cl duul + 22 o 02 dzuz )

xR = Vo2
3)

where the duty ratios are shown in Fig. 4 (b).
According to (3), the standard state-space model of ISOP

L1+ dit n (.+ o) d@a ) R+1 (dllR-ﬁ + dMRfl) HBDCs can be obtained as follows, (4) shown at the bottom of
a N ’ . ' the next page.
x (if —ip) + (dl?R +disRyy ) if = (dhz + din) vac Comparing (2) and (4), it can be concluded that the model
=L d;f + (i = Cy dzl;z ) RYy + (do1 Ry + doa Ry of two IPOP HBDCs is more complicated than the model
n Ao R 4 doR=) it — (d J of two ISOP HBDCs. The orders of IPOP HBDCs (fifth-
X (iy —iy) + (de2 Ry + dasRpp) iy — (do2 + do1) U((ii) order model) are increased than the orders of ISOP HBDCs
[Ly Ly 0 0 0 (di2 — di3) vac
0 0 (RL+R,+R)C 0 RCy 0
A= |L; -Lj 0 Ly + Ly 0 , U = (d2a — da3) Vae
0 0 RCy 0 (RS, + R, + R) Cs 0
Lf 0 —RL,C, —L3 R}, C, (di1 + dia — da1 — da2) vac
[ - (dmR;rl + dmRi) - (d13R2+1 + deR;l) -1 0 0 ]
R, +R R, -1 R 0
B — — (do3 Rf5 + do2 R;5) dos Ry + doa Ry 0  —(dos+do3)(Ry+R;) -1
R, +R -R,, 0 R, + R, +R —1
~RY, — (dy, +d R R _ _ _
(ER,I( HdQlRlz) (dgiR Ll) dllR; + d14RZ-1 + dglR;é + d24RZ—2 0 R:Q + dQQR,;g + dggRiQ 0
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TABLE I
SYSTEM PARAMETERS OF IPOP HBDCs

Parameters Rated Value

Vde 1000 V

R 20

di1,dia, dis,diy 0.0,0.8,0.2,0.0
da1,dza, das, day 0.0,0.8,0.2,0.0

Ly, L, Ly, L, 0.5 mH, 0.5 mH, 0.5 mH, 0.5 mH
Cy, Cy 8 mF, 8 mF

R;,, R} R, R, 0.019,0.01,0.01Q,0.01Q
R, R,.R,,, R}, 0.01,0.01,0.01€,0.01

(fourth-order model). For the general case, the orders of N IPOP
HBDCs are 3N—1, whereas the orders of N ISOP HBDCs are
2N. Furthermore, it can be easily found that for ISOP HB-
DCs, the filters and line resistances of positive poles and neg-
ative poles can be combined together, that is, their effects are
equal to inductances L,:r + L;; and the resistances R:“k + R,
or RIk + R, (k = 1,2). However, for IPOP HBDCs, the fil-
ters and line resistances of positive poles and negative poles
must be considered separately.

B. Analysis

To further reveal the aspects of IPOP HBDCs, this part mainly
studies the dynamic and steady characteristics of [IPOP HBDCs
under the open-loop control according to the model established
in part A.

From (2), the poles of IPOP HBDCs can be solved through
solving the eigenvalues of matrix A~' B. The poles of IPOP
HBDC:s can directly reflect the dynamic characteristics. Simi-
larly, the steady output values of IPOP HBDCs can be solved
through calculating —B'Uin (). In steady state, zj = zz
andi,, =i, (k = 1,2). Then, the circulating currents can be
obtained, which can reflect the steady characteristics. The rated
system parameters are shown in Table I, where the modulation
way is the conventional bipolar modulation, that is, the switching
signals of legl and leg2 are complementary (dj 2 + dj 3 = 1,
k =1,2)as shown in Fig. 5. When the conventional bipolar
modulation is adopted, the operating states of IPOP HBDCs are
decreased into four states as identified through blue dashed box
in Fig. 4 (a).
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Fig. 6 (a) shows the dominant poles of IPOP HBDCs with the
changes of filter inductances of HBDC1, where Ll+ + L7 =
1 mH but their ratio L; /L] changes. The figure reflects the
dynamic characteristics of IPOP HBDCs. From the figure, it
can be seen that the asymmetry of positive and negative filter
inductances will influence the dynamics of the IPOP HBDCs
even though their sum remains unchanged. But for the ISOP
HBDCs, the dynamics will keep unchanged as long as the sum
of positive and negative filter inductances remains unchanged,
which can be easily proven through (4). This phenomenon indi-
cates that the IPOP HBDC's have unique characteristics and are
greatly different from the ISOP HBDC:s.

Fig. 6 (b) shows the circulating currents among IPOP HB-
DCs with the changes of input line resistances of HBDC1, where
R} + R;; = 0.02  but their ratio R;; /R, changes. The fig-
ure reflects the steady characteristics of [POP HBDCs. As the
figure shows, the asymmetry of the positive and negative input
line resistances of HBDC1 can cause great circulating currents
even though their sum keeps the same as that of HBDC2. Fur-
thermore, it can be found that there are various types of circu-
lating currents including circulating currents within the single
HBDC,e.g.,i}; —i,; and i/, — i,,, circulating currents among
the multiple HBDCs, e.g., i, — i, and i,; — i_,. But for the
ISOP HBDCs, there will be no circulating currents as long as the
sums of positive and negative input line resistances of different
HBDCs keep the same, which can also be easily proven through
(4). This phenomenon indicates that the circulating currents
among [POP HBDCs are more complicated than the circulat-
ing currents among ISOP HBDCs. Hence, the corresponding
suppression method is more challenging.

L + Ly 0 0
0 (R + Ry +R) Gy 0
0 0 Li + L

0 RC, 0
—(di2 +di3)(R;, + R;y) —1
R +R,+R -1
B 0 0
R 0

— (d22 + d23)(R2+2 + R;Q) -1 9
RL+R,+ R —1] [vo2 0

! 4
RC, et
(o + Ry + R) Gy | | 252
0 0 i (dio — di3) Ve
R 0 Vo1 0

+ 4)
(doa — da3) vac (
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The influences of output line resistances are studied in similar
ways, which are shown in Fig. 6 (c), where le + R, =002
but their ratio R, /R, changes. Compared to Fig. 6 (b), it can
be concluded that the asymmetry of the positive and negative
output line resistances of HBDCI1 has greater influences on
circulating currents than input line resistances.

On the other hand, due to the existence of circulating currents
within the single HBDC, it can be seen that the port degradation
is obvious, that s, i, —i,; # Oori y —i,, # 0, which means
that the fundamental property of a port that the positive and
negative currents must be equal cannot be ensured. Hence, the
output terminal or input terminal of a single HBDC module
in IPOP HBDCs cannot be viewed as a port anymore. The
port degradation can be viewed as the generalization of zero-
sequence circulating currents in three-phase ac/dc converters
[20]-[23]. Some port-based control methods will be ineffective
because of the port degradation [24]—[27]. Taking the impedance
analysis as an example. Because the output currents of positive
and negative poles are different, the concept of “impedance” is
hard to define in dc system. Therefore, the impedance analysis
will be challenged and needs to extend. Furthermore, the port
degradation will influence 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 frequently because of the great differences between the
positive and negative currents.

The conventional droop control applied to ISOP HBDCs
cannot suppress the circulating currents among IPOP HBDCs
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effectively [17]-[19]. Assuming the droop control using the pos-
itive currents i, and i, as feedback signals, then the equivalent
control effects of droop control can be thought that two same re-
sistances namely the droop coefficients (>>positive output line
resistances) are added to the positive poles to make the equiva-
lent positive output line resistances equal. However, there is no
guarantee that the negative output line resistances are the same
as the equivalent positive output line resistances. Then, the cir-
culating currents can still exist as shown in Fig. 6 (c). That is,
the conventional droop control cannot suppress the circulating
currents among IPOP HBDC:s effectively.

Now, we prove that the conventional bipolar modulation can-
not suppress all kinds of circulating currents among IPOP HB-
DCs. In steady state, assume existing duty ratios that can elim-
inate circulating currents. Because of the bipolar modulation,
the following equations can be derived

diz = 1—dp»
doz = 1 —dyo
diy =dyy =dyy =dyy = 0

(&)

Then, let i)y =i, =i/, =i, = I and consider that
Qg =i s, =i (k =1,2) in steady state. The following

steady-state equations can be derived according to (1) and (5)
(R{, + R; + R}, + Ry, +2R) I = (2dy> — 1) vgc
(R + Ry + Rly + Ryy +2R) I = (2dys — 1) vgc
[dis (Rf; — R;) + Ry + R I — disvac .

= [das (R}, — Rj) + Ry 4+ R}, | I — daavgc
(6)

For (6), there are only two independent unknown variables but
three constraint equations. Hence, for arbitrary line resistances
and I, there is no duty ratios that can meet the equations. That
is, for the general case, the conventional bipolar modulation
cannot completely eliminate all types of circulating currents
among [POP HBDC:s.

In fact, through (5) and Fig. 5, it can be found that the bipolar
modulation is only with one degree of freedom. But the circu-
lating currents among IPOP HBDCs contain two independent
types, hence, the bipolar modulation cannot eliminate these two
kinds of circulating currents at the same time.

III. DESCRIPTION OF THE PROPOSED CONTROL METHOD

In Section II, the detailed mathematic model and characteris-
tics of circulating currents among IPOP HBDC:s are introduced.
And it is proven that the conventional bipolar modulation based
control methods with only one degree of freedom cannot elimi-
nate all kinds of circulating currents among IPOP HBDC:s. This
section mainly introduces the proposed control method that can
suppress the circulating currents effectively.

As mentioned above, the conventional bipolar modulation
cannot eliminate circulating currents among IPOP HBDCs com-
pletely. In this paper, a novel modulation way based on common
mode and differential mode is proposed to overcome the disad-
vantages of bipolar modulation. As shown in Fig. 7 (a), the two
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Fig. 7. Proposed two degrees of freedom control method. (a) Control block
of the proposed control method for kth HBDC. (b) Proposed modulation way.

legs of one HBDC are modulated, respectively. The duty ratios
of two legs can be expressed as follows
Legl : dk,C + dk,D
(7N
Leg2 : dkﬁC — dk:,D

where £ = 1,2 represents different HBDCs, dj, ¢ represents
common mode components, and dj p represents differential
mode components.

According to (7) and Fig. 7 (b), the corresponding duty ratios
of Fig. 4 can be calculated as

dp1 =dyc — |dgp|

dpa = 1—dic —|di.p| ®
dro = 2h(dr.p)|di.p|
dps = 2(1—h(dgyp))|drpl

where h (d}cﬁ]_‘)) =1if dk,D >0, h (dk-7p) =0if dkA,D < 0.
From (7) and (8), it can be concluded that the proposed modu-
lation way has two degrees of freedom namely dj, ¢ and d;, p,
which can make the most of two legs.

Now, we prove that the proposed the modulation way can
realize the suppression of circulating currents among IPOP HB-
DCs. Similarly, in steady state, assume existing duty ratios that
can eliminate circulating currents. Then, leti/; =i,; =i, =
iy, = I and consider that i}, =i} , ipr =1 (k =1,2)in
steady state. The following steady-state equations can be derived
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according to (1) and (8)
[2|dip| (RY + R;y) + RY + Ry, +2R] I
= (4h (dip) |dip [=2[dip]) vac
2|d2p| (R + Riy) + Riy + Ry +2R] T
= (4h (d2p) |dap |=2| d2p]|) vac
21 (dip) |dip| (R, — Riy) + 2|dip| Ry + Ry ] 1
= (dic = |dip| + 2h (dip) |dip]) vac
= [2h(d2p) |dop| (R, — Riy) +2|dep| Riy + Ry | T
— (dac — |dzp| 4 2h (d2p) |d2p]) vac

(C))

From (9), it can be found that there are four independent un-
known variables but only three constraint equations. Hence, the
proposed modulation way can eliminate all kinds of circulating
currents among IPOP HBDCs.

Concretely, the two degrees of freedom dj ¢ and dj, p are
used to suppress different kinds of circulating currents. As
shown in Fig. 7 (a), the first degree of freedom dj, ¢, namely
the common mode components, is used to control the circulat-
ing currents within the single HBDC. The difference between
the positive current and the negative current 4, — i, is sent to
a proportlonal integral (PI) controller, which regulates dj, ¢ to
make 7 — i + €qual zero. Then, the circulating currents within
the single HBDC can be suppressed. The control law can be
expressed as

k
dpc = 0.5+ (kcp + CI) (i, — i)

where kcp is the proportional coefficient, kcr is the integral
coefficient.

For the circulating currents among the multiple HBDCs, the
droop-based control strategy is adopted as shown in Fig. 7 (a),
which mainly regulates the second degree of freedom dj p
namely the differential mode components. The second degree
of freedom control consists of two parts. The outer loop is the
typical droop control, which is used to realize current sharing
among HBDC:s. That is, the circulating currents among the mul-
tiple HBDCs can be suppressed effectively. The control law can
be expressed as

(10)

(11)

where 7y, is the droop coefficient, v} is the rated low voltage,
fff i 18 the reference output voltage for the inner loop.

The inner loop of the second degree of freedom control is
composed of dual-loop control. The current loop controls the
current zz with a proportional controller k;p to increase the
damping of the system and to make the system more stable. The
voltage loop controls the output voltage v, ;. with a PI controller
kop + k;" to realize the accurate tracking.

Through the two degrees of freedom control, both the circu-
lating currents within the single HBDC and among the multiple
HBDCs can be suppressed effectively. Furthermore, from Fig. 7
(a), it can be seen that the proposed control method is decen-
tralized, which does not need information of other HBDCs.

ref % -+
Vde,k = VYde = Tkl i
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Fig. 8. HIL platform setup. (a) Simulated dc distribution network. (b) Equip-

ment of HIL tests.

TABLE I
CONTROL PARAMETERS OF IPOP HBDCs

Second Degree of Freedom Value
Droop controller vy, =500V
ry =1y =0.3V/A
Voltage controller kyp = 1.0A/V
kyr = 100.0 A/Vs
Current controller kip =0.01 A"
First degree of freedom Value

kep = 0.002 A1
kcr = 0.15 (As)™!

Current controller

Hence, it can save the cost of communication devices and it
is easy to implement. Furthermore, it is suitable for modular
application very well. On the other hand, though the proposed
control method is demonstrated by two IPOP HBDCs, it can be
generalized to N (N > 2) IPOP HBDCs.

IV. HARDWARE-IN-LOOP TESTS

To verify the effectiveness of the proposed control method,
the corresponding HIL tests are conducted. The studied dc dis-
tribution network system is simulated by four parts including
the medium-voltage dc bus, the low-voltage dc bus, two IPOP
HBDCs, and the resistive dc load as shown in Fig. 8 (a). The
HIL platform is based on the RTLAB and STM32F407 MCUs,
which is shown in Fig. 8 (b).

The rated medium voltage is 1000 V and the rated low voltage
is 500 V. The medium voltage is fixed and the low voltage is
obtained through the IPOP HBDCs to convert the voltage levels.
Hence, the medium-voltage side is viewed as the input terminal,
whereas the low-voltage side is viewed as the output terminal.
The dc load is resistive whose resistance is 2 €. The topology
of the two IPOP HBDC:s is the same as Fig. 2 (a), the related
electrical parameters are the same as Table I but the output
line resistances are changed into R}, = 5m{), R,; = 10 mQ,
R}, =20mQ, R,, = 10 m§2. The related control parameters
are shown in Table II.

Fig. 9 shows the dynamics of the system when the different
degree of freedom control is enabled. Fig. 9 (a) shows control
effects of the first degree of freedom control. When there is no
any suppression strategy, the output currents are i, ~ 183 A,
i, ~ 144 A, i, ~ 71 A, i, ~ 110 A. The circulating currents
within the single HBDC are obvious and the port degradation is
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Fig. 9. Dynamics of IPOP HBDCs when different degree of freedom control
is enabled. (a) Output currents of IPOP HBDCs when only the first degree of
freedom control is enabled. (b) Output currents when only the second degree
of freedom control is enabled. (c) Output currents when both the first and the
second degrees of freedom control are enabled. (d) Output low voltage when
both the first and the second degrees of freedom control are enabled.

serious. From the figure, it can be visually understood that the
port degradation will influence the relay protection and some
port-based control methods. Furthermore, the output currents
of various HBDCs are also different, that is, there exist the
circulating currents among the multiple HBDCs. In conclusion,
when there is no any suppression strategy, there exist multiple
types of circulating currents among [POP HBDCs. Then, when
the first degree of freedom control is enabled, the positive and
negative output currents become the same, which are i, =
i, ~ 170 A,i, =i, ~ 84 A.Thecirculating currents within
the single HBDC can be suppressed effectively with the first
degree of freedom control. However, the circulating currents
among the multiple HBDC:s still exist. This result means that the
two degrees of freedom control strategies are decoupled and can
work independently, which can make the control strategies more
flexible. Thus, we can choose the different degree of freedom
control according to the actual demands.

Fig. 9 (b) shows the control effects of the second degree
of freedom control. Similarly, when there is no any suppres-
sion strategy, the output currents are i, ~ 183 A, i, ~ 144 A,
ity ~ 71 A, i, ~ 110 A. There exist multiple types of circu-
lating currents among [POP HBDCs. Then, when the second
degree of freedom control is enabled, the output currents be-
comeil; =120 A,i,; ~ 80 A, i), =116 A,i , ~ 156 A. The
second degree of freedom is based on droop control and adopts
the positive output currents as feedback signals, hence, the pos-
itive output currents i,; and 7., become approximately equal.
But it cannot ensure that the negative output currents ¢,; and i_,
are equal. Combining Fig. 9 (a) and (b), it can be concluded that
only the first degree of freedom control or only the second de-
gree of freedom control cannot eliminate all kinds of circulating
currents completely.

Fig. 9 (c) shows the control effects when both the first de-
gree of freedom control and the second degree of freedom



XIA et al.: CIRCULATING CURRENTS SUPPRESSION BASED ON TWO DEGREES OF FREEDOM CONTROL IN DC DISTRIBUTION NETWORKS

10823

OO 310 MYE2H07I T g 03 12 58 017 NED310U MY Th g 1246020
0%/ 2 2008 3 2008 EL ‘ 000 )

0 B 488 o wit
—1sidiv | [T [ | | ¥ T T [ —=1sdiv
| 440 A/div

Fig. 10.
HBDCs.

Effects of droop control applied to (a) IPOP HBDCs and (b) ISOP

control are enabled. As the figure shows, through enabling
the control strategies in succession, the control effects of two
degrees of freedom control are clearly presented. When both
the first degree of freedom control and the second degree
of freedom control are enabled, the output currents become
ity =i, ~il, =i, a 120 A. That is, both the circulating
currents within the single HBDC and the circulating currents
among the multiple HBDCs are suppressed effectively by the
proposed two degrees of freedom control method.

Fig. 9 (d) shows the voltage of the low-voltage dc bus.
From the figure, it can be seen that the output voltage of the
[POP HBDCs can be maintained within reasonable range (465—
500 V) under the control of the proposed two degrees of freedom
control method. Because of the droop control, when the second
degree of freedom control is enabled, there are some voltage
sags. Furthermore, it can be concluded that the first degree of
freedom control has few effects on the output voltage of IPOP
HBDCs.

Fig. 10 shows the control effects of droop control when it
is applied into IPOP HBDCs and ISOP HBDCs. The topol-
ogy of the tested ISOP HBDCs is presented in Fig. 2 (b). The
parameters of two kinds of HBDCs are the same. Fig. 10 (a)
shows the control effects of droop control in IPOP HBDCs,
which is the same as Fig. 9 (b). As the figure shows, before the
droop controlisenabled i, ~ 183 A,i,, ~ 144 A, i/, ~ 71 A,
i, ~ 110 A. After the droop control is enabled i, = 120 A,
i, ~80A, i, =116 A,i, ~ 156 A. The two positive output
currents of IPOP HBDC's became approximately equal, but the
negative output currents are still unequal. Therefore, the conven-
tional droop control cannot completely suppress the circulating
currents among IPOP HBDCs.

Fig. 10 (b) shows the control effects of droop control in ISOP
HBDCs. As the figure shows, before the droop control is en-
abled i}, =i, ~ 160 A, i}, =i, ~ 80 A. This results means
that the asymmetry of output line resistances does not cause cir-
culating currents within the single HBDC and port degradation,
which is very different from the IPOP HBDCs. After the droop
control is enabled i, =i, = 120 A, i}, =i, = 120 A. That
is, the output currents of ISOP HBDCs become equal and circu-
lating currents are suppressed effectively. Through comparison,
it can be concluded that the types of circulating currents among
IPOP HBDCs are increased compared to the ISOP HBDCs. And
the suppression of circulating currents among [IPOP HBDCs is
more difficult and challenging.

()
Fig. 11.  Control effects when the proposed control method is applied to three

IPOP HBDCs. (a) Positive output currents. (b) Negative output currents. (c)
Output low voltage.

The related theoretical analyses and the derivation of the pro-
posed control methods are based on two IPOP HBDCs, but the
proposed control methods can be applied to the dc distribution
networks containing N (N > 2) IPOP HBDCs. Fig. 11 shows
the control effects of the proposed two degrees of freedom
control when the system contains three [POP HBDCs, where
the output line resistances of the HBDC3 are R/; = 10 m(,
R_; = 10 mQ2, the other electrical parameters and control pa-
rameters are the same as those of the HBDC1 and HBDC2.

Fig. 11 (a) and (b) show the positive and negative output
currents of the three IPOP HBDCs under the proposed two de-
grees of freedom control method, respectively. When there is no
any suppression strategy, the output currents are i} ~ 124 A,
i, ~96A, i, A4 A, i, ~T2A, il ~80A, i, ~80A.
There exist multiple types circulating currents among IPOP
HBDCs. Then, when the first degree of freedom control is en-
abled, the output currents become i}, =i,; ~ 112 A, i}, =
iy A 56 A,il, =i, ~ 80 A.Thatis, the circulating currents
within the single HBDCs are eliminated effectively through
first degree of freedom control. At last, when the second de-
gree of freedom control is enabled, the output currents become
it =i, ~80A,i), =i, ~80A, i, =i, =~ 80A. That
is, the circulating currents among the multiple HBDCs are elim-
inated effectively through the second degree of freedom control.
Combing the above two points, the proposed control method can
suppress all kinds of circulating currents among IPOP HBDCs
completely. Fig. 11 (c) shows the voltage of the low-voltage dc
bus. From the figure, it can be seen that the output voltage of the
IPOP HBDCs can be maintained within reasonable range under
the control of the proposed control method.

In conclusion, the proposed decentralized two degrees of free-
dom control method can be well applied to the dc distribution
networks containing N (N>2) [IPOP HBDCs. The whole control
method is not influenced by the number of HBDC modules.
Hence, the proposed control method is suitable for module ap-
plication very well.
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V. CONCLUSION

In this paper, a decentralized two degrees of freedom con-
trol method is proposed to suppress the circulating currents
among [POP HBDC:s in dc distribution networks. First, the de-
tailed mathematic models of circulating currents among IPOP
HBDC:s are derived. Through the model, the complicated char-
acteristics of the circulating currents are studied. It is found
that there are multiple types of circulating currents in the sys-
tem, including circulating currents within the single HBDC and
the circulating currents among the multiple HBDCs. Hence, the
suppression of circulating currents among IPOP HBDCs is a
multiobjective control problem. In the paper, it is proven that
the conventional one degree of freedom control based on the
bipolar modulation cannot eliminate all the circulating currents.
Second, based on the model and analysis of circulating currents
among IPOP HBDCs, a novel two degrees of freedom control
method is proposed to suppress all kinds of circulating currents
based on the improved modulation way of HBDCs, which con-
sists of two parts. The droop-based control namely the second
degree of freedom control is used to suppress the circulating
currents among the multiple HBDCs, while the common mode
control namely the first degree of freedom control is used to
control the circulating currents within the single HBDC. At last,
the real-time hardware-in-loop tests are conducted to verify the
effectiveness of the proposed control method.
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