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Abstract: Bipolar DC microgrids (BDCMGs) have several issues related to the voltage and require
numerous converters to supply power to both poles. To solve these issues, a bidirectional dual-
input dual-output (DIDO) converter is proposed for the voltage balancer in BDCMG. The DIDO
converter has dual-input sources and a dual-output port connected to the grid. Additionally, the
DIDO converter simultaneously performs independent bidirectional power control and voltage
balancing control. Based on the input voltages, this paper proposes modulation methods for three
cases. The modulation method of the second case has a wide operating range and low balancing
current ripple without increasing the switching frequency. Moreover, only voltage balancer mode
without active input sources is proposed, considering the intermittent source. Therefore, it can
operate as a voltage balancer under all conditions. The voltage balancing performance of the three
cases was analyzed. Finally, the proposed modulation and control method of the DIDO converter
were verified through experimental results.

Keywords: bipolar DC microgrid; dual-input dual-output converter; bidirectional converter; voltage
balancer

1. Introduction

Renewable energy sources such as photovoltaics (PV) and wind energy are used
extensively, and microgrids (MGs) are an important research area in this regard. MGs
are classified as AC and DC MG. In particular, the DC MG reduces power conversion
losses and has simple control structures, because DC MGs do not have reactive power and
synchronization issues [1-5].

DC MGs are classified into two types: unipolar and bipolar. In particular, bipolar
DC microgrids (BDCMGs) use two voltage levels with three wires, as shown in Figure 1.
Further, a BDCMG has higher reliability than unipolar DC microgrids, because BDCMG can
use independent DC buses [6,7]. Grid-connected converters use a suitable voltage level in
BDCMG. However, a BDCMG has several problems. The main issue is that a large number
of converters are required for positive, negative and DC buses. Additionally, unbalanced
voltage occurs depending on the load conditions in the positive and negative buses. The
unbalanced voltage causes low reliability and reduces the quality of the BDCMG. Voltage
balancers that control the voltage deviation of the bipolar DC bus are commonly used to
solve unbalanced voltages in BDCMG [8-10].

To solve the aforementioned main issues, a combined converter with voltage balancer
and various converter have been proposed previously [11-20]. A non-isolated SEPIK-
Cuk converter combined SEPIC and Cuk converter [11]; however, these converters are
unidirectional converters. The dual output boost converter combines two boost converters
with independent voltage control loops [12]. A combined boost-SEPIC type interleaved
DC-DC converter [13], and a voltage balancer with an EV charger [14], a non-isolated three-
level converter for voltage balancer [15,16], and a bi-directional DC-DC boost converter
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with additional inductors [17] were proposed. These non-isolated conventional converters
have a single input source and are used as voltage balancers. Moreover, isolated topologies
in BDCMG have been proposed in [18,19]. In [18], a three-level dual active bridge (DAB)
converter with a modulation balancing method was introduced. The DAB converter
operates without additional passive elements. The DAB converter and interleaved buck-
boost converter were combined in [19] as a voltage balancer.
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Figure 1. Configuration of the bipolar DC microgrid.

To control voltage balancing, these conventional converters supply power from an
input source to the unbalanced load of the bipolar bus with balancing control. Otherwise,
balancing control is possible only when power is supplied to the load. However, grid-
connected converters of DCMGs use several intermittent sources. As a result, if the input
sources are inactive, the operation of the voltage balancer is limited in BDCMG.

The aforementioned study has only a single input source. Moreover, a non-isolated
dual-input dual-output (DIDO) unidirectional DC-DC converter for BDCMG was proposed
in [20]. This converter controls a dual input source and regulates one of the bipolar bus
voltages with one active input source. However, this converter performs unidirectional
power flow and has limitations in voltage balancing because it requires an active input
source. A comparison of conventional converters and the proposed DIDO converter is
presented in Table 1.

Table 1. Comparison of conventional converters and proposed dual-input dual-output converter
for BDCMG.

Ref Topolo Input Sources of Control and Voltage Balancing Voltage Balancing
pology Converter Method without Input Source
SEPIC-Cuk Combination . Unidirectional control with
[11] Single source . No
Converter voltage balancing
Dual Output Boost .
[12] Converter Single source Independent voltage control loops No
Boost-SEPIC Interleaved . Bidirectional control with voltage
[13] Single source . Yes
Converter balancing
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Table 1. Cont.

Input Sources of

Control and Voltage Balancing

Voltage Balancing

Ref Topology Converter Method without Input Source
Modified Series-capacitor . Bidirectional control with voltage
[14] Converter Single source balancing No
[15] Buck three-level Converter Single source Balancing control with modulation No
method
[16] Full-bridge three-level Sinele source Balancing control with modulation No
Converter & method
[17] Integrateél(’)tﬂf}ier-tleervel Boost Single source Independent voltage control loops Not considered
[18] Three-level DAB Converter Single source Balancing control with modulation No
method
[19] Enhanced Two-level DAB Single source Bidirectional contrgl with voltage Not considered
Converter balancing
[20] DIDO Unidirectional Dual sources Unidirectional control with single No
DC-DC Converter bus voltage control
1. Bidirectional and voltage
e balancing control with modulation
This paper DIDO Bidirectional DC-DC Dual sources method Yes

Converter

2. Only voltage balancer mode
without input sources

This paper proposes a combined bidirectional DIDO DC-DC converter that is used
as a voltage balancer under all conditions with two input sources. Additionally, three
types of modulation methods for voltage balancing in a BDCMG are proposed. The major
contributions of this paper are summarized as follows:

(1) The DIDO converter simultaneously performs voltage balancing and bidirectional
power controls with dual inputs and outputs. Independent bidirectional power
control and balancing control are realized under all load conditions.

(2) Three types of modulation methods are performed. All three modulations can com-
pensate for unbalanced power. Among the three types of modulation methods, the
second modulation method reduces the current ripple in the voltage balancer without
increasing the switching frequency.

(3) To maintain voltage balancing without active input sources, additional modulation
and control methods are required. Unlike conventional converters, this paper pro-

poses a voltage balancer mode without active input sources.

The performances of the bidirectional control and voltage balancing were experimen-
tally verified.

2. Proposed DIDO Converter
2.1. Configuration of the DIDO Converter

Figure 2 shows the bidirectional DIDO DC-DC converter. This converter has six power
switches (S1, S, S3, S4, S5 and Sg), three inductors (L1, L, and L3), and four capacitors (Cjy1,
Cin2, Cour1 and Couro). The output is connected to the BDCMG. P, O, and N are the nodes of
the positive bus V1 and negative bus V5. The boost inductors L; and L, are connected
to each input V1 and Vj,5. Ry and R; are the equivalent loads of the bipolar bus. Cj;;
and Cj,;» are the input capacitors, Coyt1 and Coup are the output capacitors. ipq and ir
are the inductor currents, and iy 3 is the balancing current. To perform voltage balancing
without active input sources, the balancing inductor L3 is connected directly to the neutral
line of the BDCMG. A theoretical analysis of the inductor currents and capacitors in the
DIDO converter is presented in Table 2. First duty ratio is D1, second duty ratio is D, and
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sampling time is T. The passive elements of each converter are designed based on Table 2
and the balancing inductor L3 is designed for the modulation methods described in the
next section.
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Figure 2. Proposed DIDO DC-DC converter.

Table 2. Theoretical analysis of the DIDO converter.

- Theoretical Analysis

Aipq VmLEl)lT and (V,-an(mLf)(lfDl)T
Airp Vx‘niDzT and (sz—Vmi(l—Dz)T
AN %(R]‘&%Z )Dle
Avim - vmufé)l)o] T2
Avyyp Lz(ljmz Vaut(lfgz)DzT

2.2. Modulation Methods of DIDO Converter for Voltage Balancing in BDCMG

To simultaneously control voltage balancing and dual input sources, there are three
possible operating cases: A, B and C. Three cases are defined based on d; and d,, and
an appropriate modulation method is proposed for each case. In every case, all switches
switch only once, and the converter implements independent control loops with the same
carrier waveform and switching frequencies.

The first duty ratio d; and second duty ratio d, have independent voltage gain, ex-

pressed as follows:
Vout 1

— __ 1
Vim (1 —di) @
Vout 1
—_—= )
Vinz (1 - dZ)
The main switches are connected in a series, and the duty ratio d; is limited depending
on dz.
dy < da. 3)
The voltage gain of the voltage balancer is expressed as follows:
Vout _ d3 ( 4)

Voutl (l - d3) .

Based on the d; and d; values, the operating cases are defined as shown in Table 3.
Accordingly, Figure 3 shows the typical waveforms of the proposed modulations methods
with the voltage balancing method when the equivalent load of the ON bus is a heavy
load. In all cases, voltage balancing and bidirectional control are performed simultaneously.
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Values d; and d, are controlled independently; however, d; changes depending on the
case. In particular, in case B, the balancing current ripple decreases without increasing the
number of switching in the main switches.

Table 3. The operating range of duty ratio and used switches for balancing modulations.

Operating Range of Duty Used Switches for Voltage

Case

Ratio Balancing
A d1<dp <05 Sy or S3
B di <05and dy < dp Sq, Sy or S3, 54
C dy—dy; > 05 Sqor Sy

PWM carrier for the swithces(S~Ss) b PWM carrierfa/rthe swithces(S~Sg) b PWM carrier for the swithces(S;~Ss)
¥ PIs ! PI;
PI, / PI 1;,112 — i — PI,-PIj -
PL-PI, — Pl — L1
» H U 1 »
g | T T i T
T (@7 L1 | wrayr
3 ari iy o or o
S il > S, ! | ! [ N S5 I 1
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‘ (dzlrdz)T i _._ (drd)T i
i
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Figure 3. Typical waveforms of proposed modulation method with voltage balancing methods:
(a) case A; (b) case B; (c) case C.

The modulation methods use PI controller. The simple control loops for the grid-
connected mode are shown in Figure 4. PI; and PI, are the outputs of the PI controller in
the control loops, and PI3 is the output of balancing control. Based on the master-slave
control of BDCMG, current command references are selected by the master control with
communication. To generate the balancing modulation, a flow chart of the balancing
modulation is shown in Figure 5. If Vi is larger than Vo, the balancing current is
supplied to the ON pole using Outl. Conversely, if Vo is larger than V,,¢1, the balancing
current is supplied to the PN pole using Out2. The modulation methods of the three cases
are analyzed below.
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Figure 4. Control block diagram of the bidirectional DIDO converter.

Receive
Pl;

Outl = |PI;| Outl =0
Out2=10 Out2 = |PL;|

Figure 5. Flow chart of the balancing modulation.

22.1.Case A:d; <dr < 0.5

Figure 3a shows the typical waveforms of the modulation method in case A. Only one
switch (S, or S3) is used for voltage balancing; therefore, the modulation method is simple,
as shown in Figure 6. The balancing factors Out1 or Out2 is added to the PWM reference
of the switch (S, or S3) for voltage balancing. If Vi, is larger than Vo, Outl is used;
alternatively, if Voo is larger than Vi1, Out2 is used. Consequently, the current ripple of
the balancing inductor in the steady-state can be calculated as

V, 7
AiL3 = outl d3T or AiL3 = 701“2 (1 — dg)T (5)
Ly Ls
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_ PL-PI

PrI;
AN 87,84

PWM carrier

P12+
Pl @ tg <
N\A—»‘>—’ 2

Figure 6. The modulation method of case A.

There is no limit to compensate for unbalanced loads because the balancing inductor
is controlled similar to a buck-boost converter.

222.CaseB:d; <05and dy < dp

The second typical waveform of the modulation method in case B is shown in Figure 3b.
The modulation method in case B is more complex than those in cases A and C, as shown in
Figure 7. However, case B has a wide operation range and lower current ripple, because the
voltage of L3 is supplied twice during one switching period by the switch (S, S or S3, S4).
As a result, the current ripple of L3 is reduced without increasing the switching frequency.
The balancing factors Outl or Out2 are added to the PWM reference of a switch (S, or S3)
and subtracted from the PWM reference of the other switch (S; or S4). The operating modes
in case B are shown in Figure 7.

PIz-PII +
>

Figure 7. The modulation method of case B.
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Mode 1 (tp—t1) (Figure 8a): Sq, Sp, S3, S5, and Sg are turned on, and Sy is turned off.
The inductor current i1 is the negative current slope, and i1, is the positive current slope
because inductor voltage V1 is Vi;1—Vour and Vi, is equal to V5. The balancing current
ir 3 is the positive current slope generated by V1.

i i s
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Figure 8. Operating modes of case B: (a) mode 1 (ty—t1); (b) mode 2 (t1—t); (c) mode 3 (t,—t3); (d) mode
4 (t3—t4); () mode 5 (t4—t5).

Mode 2 (t1—t2) (Figure 8b): 51, Sy, S3, and Sy are turned on, S5 and Sg are turned off. All
the main switches are turned on. The inductor currents iy 1 and i, have a positive current
slope because the inductor voltage V1 is V1 and V15 is equal to V5. The balancing
current if 3 is the negative current slope generated by —V,,2. This mode determines the
maximum inductor current ripple of L3.

Mode 3 (t,-t3) (Figure 8c): S1, S, S4, S5, and Sg are turned on, and Ss is turned off. The
inductor currents iy 1 and i, are negative current slopes because the inductor voltage V7 is
Vin1=Vour and Vi is Vi,0-Vour. The balancing current ij 3 is the positive current slope once
again, like Mode 1. In case B, the current ripple is reduced because this positive current
slope is repeated twice.

Mode 4 (t3—t4) (Figure 8d): 51, S4, S5, and S¢ are turned on, and Sy, S3 are turned off.
The inductor current 77 and ij » are negative currents as in Mode 3. The balancing current
ir 3 is the negative current slope.

Mode 5 (t4—t5) (Figure 8e): Sy, S4, S5, and Sg are turned on, and Sy, Sy are turned off.
The inductor current i; 1 and i;, are the same as those in mode 1. The balancing current i3
is still the negative current slope. In addition, the maximum current ripple of L3 changes
according to d; and d,. Therefore, an analysis is required for inductor design. The current
ripple of L3 in the steady-state is calculated as follows:

%%@T to<t<t
Aj ;‘2”31”2 T hH<t<t ©)
1 =
L3 Vij’gﬂdg,T b <t<It

_Li";'z(lfdledg)T t3 <t <t5
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Based on Equation (6), the positive current slopes are determined by d3, but the value
of d3 is equal in the first and third current slopes. Therefore, the maximum current ripple
of L3 is determined by the second and fourth current slope as d.

When d; < 0.25, the maximum current ripple of L3 is

_‘Ifout2 le < _‘Zout2 (1 . dl _ 2d3)T; as d] < 0.25 (7)
3 3

When d; > 0.25, the maximum current ripple of L3 is

-V -V
o2 g T > 2021 gy — 2d3)T; as dq > 0.25. 8)
Lz Ls
Based on Equations (7) and (8), the maximum current ripple of L3 is calculated based
on d;. When d; is 0.25 and Vpy is 190 V, the minimum current ripple is half the current
ripples of the other cases, as shown in Figure 9.

2.2.3.CaseC:dy —dy > 0.5

The modulation method for case C is shown in Figure 3c. Only one switch (S1 or Sy) is
used in the balancing modulation to have a sufficient voltage gain for the balancer. The
balancing factors Outl or Out2 are subtracted from the PWM reference of the switch (S; or
S4) as shown in Figure 10. The modulation method is simple and uses the same voltage
gain similar to case A. The current ripples of the buck-boost converter in a steady-state can
be calculated as follows:

1% -V,
Aipy = ~2L 02T or Aips = —242(1 — d3)T. )
L3 L3

The three modulation methods simultaneously perform dual bidirectional power
control and voltage balancing control. The duty ratios are independently controlled and
voltage balancing is implemented regardless of the unbalanced power.

0 o

Figure 9. Current ripple of L3 in case B.
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PI, - PI; +
—A M S
PI, ¢
! + '|(')m1 \ PWM _carrier
+
—A MAPl— Sy
Out2
+
Al D> s
PI,
PI, +
VW — S5.8;

]

Figure 10. The modulation method of case C.

2.3. Modulation Methods of DIDO Converter for Voltage Balancing in BDCMG

The previous balancing methods are implemented with an active input source; i.e.,
converters supply power from an input source to an unbalanced load of the bipolar bus
with balancing control, or balancing control is possible only when power from the input
source is supplied to the load. Because the combined converters simultaneously perform
balancing and power control with modulation, the voltage balancing operation is limited by
the condition of input sources, for example, PV, battery application, and fuel cell. However,
as BDCMG always maintain voltage balancing, an additional balancing method is required.
Therefore, the DIDO converter circuit has buck-boost-based voltage balancer for only
voltage balancer mode. The only voltage balancer mode implements the voltage balancer
and modulation method, such as a buck-boost converter, as shown in Figure 11. As shown
in Figure 12, if the switches (S1, S, S5 or S3, S4 and S¢) are turned on simultaneously, the
voltage is only supplied to L3. The voltage gain in only voltage balancer mode is expressed
as follows:

VoutZ _ d3 (10)

Vout1 (1 - d3)

Figure 11. Control block diagram of only voltage balancer mode.

>
e R A
|t '
] :
e+ S
Courr 2=, Vour | SR,
103
t 4 0
L; !l v/
g = v
ldina
t | 83
[B.S
Cond by, <
out2 = —*Vamz : ::R2
]
R Sy
N 7
1. N

Figure 12. Operating modes of voltage balancer mode without active input sources.



Energies 2022, 15, 5043

110f18

Based on the only voltage balancer mode, the DIDO converter always performs
balancing control without active input sources in BDCMG. This mode also controls voltage
balancing regardless of the unbalanced power.

2.4. Modeling of DIDO Conuverter

This converter has independent control loops based on dy, d; and d3. Control opera-
tions based on two boost converters and one buck-boost converter are performed. Based
on each operation mode, the small-signal model can be calculated.

>

VpN(Court + Cour2)s + (R +R ) +(1- Dl)ILl

~
)
-

A . (11)
A Ly (Count + Cour2)s? + ((yiiRgy + Rea (Court + Cour2))s + mriyy +R (- D;)?
{Q _ VeN(Coutt + Courz)s + (Rﬁj_il\lgz) +(1- DZ)ILZ W
a2 LZ(COutl + Coutz)sz + ((R +Ry) + RLz (Coutl + Cout2)>5 + m (1 — Dz)z
2
Oon o VPO[DI%i?S - (1 - DS) ] (13)

ds (1-D3)[La(Cour2)s? + fis + (1— Ds)?]

Based on small-signal model, the PI controllers are designed within the stable region.
The parameters of the PI controller are as follows: K1 and Kj» are 0.3, K;; and K;, are 30,
Kp3 is 3 and K3 is 10.

3. Experimental Results

The experimental results were obtained using a prototype converter to verify the DIDO
converter and control methods, as shown in Figure 13. The parameters of the prototype are
listed in Table 4. The power switches are used as FCHO60NS80. In this paper, the control of
the DB-BB DIDO converter is implemented using TMS320F28377s.

L5
: =

DC power supply #1

b3 j“’ -
| DC power supply 42

|
4

— Wi Proposed 0
¢ .
Qg converter

DC power supply #3

+

S
I
=

(b)

Figure 13. Photograph of prototype converter: (a) the prototype; (b) configuration of experiments.

Table 4. Parameters of the prototype.

Parameter Value
Input voltage #1 (V1) 150-170 V
Input voltage #2 (V;,;2) 55-130 V
DC link voltage (Vour) 190V
Inductor (Ly, Ly, L3) 500 uH
Capacitor (Ci,1, Cin2, Cout1, Cout2) 280 pF

Switching frequency (f;) 20 kHz
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3.1. Experimental Result of the DIDO Converter without Voltage Balancing Method

Figure 14 shows the experimental waveforms under an unbalanced load without
balancing control, when R; and R; are 62.3 and 18.7 (), respectively. The gate-source
voltages of 51, S, and S5, and inductor current ij; are shown in Figure 14a. In these
waveforms, the input voltage conditions are V;,;; =150 V and V,;» = 130 V and the output
current i1 increases when Vs and Vs; overlap. In Figure 14b, the output voltages Vout1
and Vytp and inductor currents i ; and i are shown. The input voltage conditions are
Vin1 =160 V and Vjy,p =80 V. Vy¢1 and Vypp are unbalanced without balancing control and
the duty ratios d; and d; are different depending on the input voltages.

vour (10V/div) |
Vo2 (10V/div) |
Vs (10V/div) |

F TELEDVNE LECRUV

110V
,12 (50V/div)

|
< |
ol
|
|
[
|
I

i, (2A4/div)

MJWM

|
|
i, (2A/div) :
|
I

20us/div 20us/div

Y S 5

(@) (b)
Figure 14. Experimental waveforms of the DIDO converter without voltage the balancing method.

(a) Gate-source voltages (S1, S, and Ss) and inductor current (ir ). (b) Output voltages (Vo1 and
Voutp) and inductor currents (ir1 and iy 5).

3.2. Experimental Results with the Proposed Method in Case A

Figure 15 shows the experimental waveforms of the DIDO converter with balancing
modulation in case A. In case A, the switch that implements balancing control uses only Ss.
In Figure 15a—c, V1 is 150 V, V5 is 130 V, Ry is 62.3 (), and R; is 18.7 (). Experimental
result of the balancing duty ratio d3 is approximately 0.5 based on Equation (5), and the
inductor current iy 3 is 3.65 A with unbalanced loads. The gate-source voltages, 51, Sp, and
Ss, and inductor current i 3 are shown in Figure 15a. The turn-on time of S, is increased by
d3, and S, is used for the balancing control because the ON bus is a heavier load than the
PO bus. Voura, ir1, i, and ip 3 are shown in Figure 15b; i1 is 1.2 A, i; 2 is 1.75 A, ip 3 is 3.65 A
and Vs is 95.2 V. As a result, the performance of the modulation method in case A is
confirmed under the unbalanced load conditions. Additionally, independent power control
and balancing control are performed simultaneously. In Figure 15¢, the DIDO converters
output a positive output current and simultaneously implement balancing control. The
conditions are the same as those in Figure 15b. Likewise, V1 and Vup have a balanced
voltage, and the error of the balancing voltage is 0.2 V. In Figure 15d, the boost converters
output negative inductor currents and control balancing control; i1, is —1.67 A and ij 3
is 3.6 A. Based on Figure 15, the proposed modulation and control method of case A are
verified with bidirectional and balancing control.
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Figure 15. Experimental waveforms of the DIDO converter with balancing control in case A. (a) Gate-
source voltages (51, Sp, and Ss) and inductor current (i 3). (b) Output voltage (V,us2) and inductor
currents (ir1, ipp, and ip 3). (c) Output voltages (Vour1 and Viyrp), and inductor currents (i, and ir3).
(d) Output voltages (Vout1 and Viysp) and inductor currents (ir; and iy 3).

3.3. Experimental Results with the Proposed Method in Case B

Figure 16 shows the experimental waveforms of the DIDO converter for case B. In
case B, the two switches (51 and S;) perform the balancing control. This case reduces the
current ripple of i 3 without increasing the switching frequency. In Figure 16a,b, the input
voltage conditions are V;,; = 160 V and V2 = 80 V, with unbalanced load R; = 62.3 () and
Ry =37.3 Q). The balancing duty ratio ds is almost 0.25 in the steady state. In the other
cases, the maximum current ripple is 4.7 A; however, the proposed control method in case
B reduces to 3 A, as shown in Figure 16. As a result, the theoretical balancing current and
experimental balancing current of L3 are similar.

Figure 16a shows the gate-source voltages of S1, Sy, and S5 and inductor current iy 3.
The turn-on times for S; and S, increase with d3. In Figure 16b,c, the boost converters
implement positive and negative outputs with balancing control. In Figure 16b, i1 is
1.25 A, and i3 is 1 A. In Figure 16c¢, i;p is —2 A, and i; 3 is 1 A. Bidirectional control and
balancing control are performed independently. The proposed modulation method for case
B is experimentally verified.
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Figure 16. Experimental waveforms of the converter with balancing control in case B. (a) Gate-source
voltages (51, Sz, and Ss) and inductor current (i 3). (b) Output voltages (V,u¢1 and Vourp) and inductor
currents (ip1 and i3). (¢) Output voltages (Vo1 and Voyep) and inductor currents (ipp and ir 3).

3.4. Experimental Results with the Proposed Method in Case C

Figure 17 shows the experimental waveforms of the DIDO converter for case C. In
case C, only one switch (S1) performs balancing control. The input voltage conditions are
Vin1 =170 V and V},5 = 55 V. The unbalanced loads are Ry = 62.3 () and R, = 18.7 Q) as
shown in Figure 17a. In Figure 17a, the turn-on time of S; is increased by ds. The balancing
current of L3 is 3.55 A. The balancing current of L3 in case C is similar to that of L3 in case A.
In Figure 17b, the unbalanced load R; is 31.2 () and R; is 18.7 ). In Figure 17b, the DIDE
converters control the negative current with balancing; further, 77, is —1.6 A, and i3 is
213 A
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Figure 17. Experimental waveforms of the DIDO converter in case C. (a) Gate-source voltages (51, S»
and Ss) and inductor current (i 3). (b) Output voltages (Vout1 and Viurp) and inductor currents (if
and iL3)-

3.5. Experimental Result of the Only Voltage Balancer Mode

Figure 18 shows the experimental waveforms of the only voltage balancer mode.
The only voltage balancer mode controls V1 and Vo without active input sources.
In Figure 18a, R; is changed from 37.3 to 18.8 ), and Vi, is 95 V under the variable
unbalanced load with positive balancing currents iy 3. Figure 18b shows that the balancing
currents iy 3 is changed from positive to negative under the following changing loads: R;
changes from 62.4 () to 31.2 and R; from 18.8 to 37.3 (). This mode operates as a voltage
balancer without active input sources, but stable voltage balancing is performed.
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Figure 18. Experimental waveforms of only voltage balancer mode. (a) Inductor current (i;3) and
output voltage (V) for changed load. (b) Inductor current (i; 3) and output voltage (Viu2).

3.6. Comparison of Conventional Converters and the DIDO Converter in BDCMG

Table 5 shows a comparison between the conventional combined converter and DIDO
converter for BDCMG. The DIDO converter performs bidirectional control of both input
sources and voltage balancing. Balancing control is realized without active input sources,
and the DIDO converter controls voltage balancing regardless of the unbalanced power.
Therefore, voltage balancing of the DIDO converter is possible under all conditions of a
BDCMG. However, voltage balancing of conventional converters is limited, owing to the
modulation methods, active input sources, and configuration. Conventional converters
perform voltage balancing with an active input source. The proposed control enables
voltage balancing even when the input source is not activated. In addition, dual input and
voltage balancing control can be controlled independently. Moreover, the converter in [20]
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controls dual inputs and dual outputs for BDCMG, but it performs unidirectional control.
However, the proposed converter controls voltage balancer and dual bidirectional power.

Table 5. Comparison between conventional converter and DIDO converter for voltage balancer
in BDCMG.

No. of Power No. of Controllable Port Peak Efficiency
Topology Switches Inductors + Capacitor Power Flow (Input + Output (Power)
(MOSFET + Diode) (Input and Output) Source)

[11] 1+2 4+5 Unidirectional 1+2 88.1% (450 W)

[12] 2+2 2+3 Unidirectional 1+2 89.6% (53.5 W)

[13] 4+0 3+4 Bidirectional 1+2 96.1% (200 W)

[14] 4+0 2+3 Bidirectional 1+2 96.39% (60 kW)

[17] 4+2 2+3 Bidirectional 1+2 -

[20] 2+4 1+4 Unidirectional 2+2 93% (200 W)
This paper 6+0 3+4 Bidirectional 2+2 94.8% (1 kW)

Figure 19 shows the efficiency analysis based on unbalanced loads with WT3000.
When the unbalanced power is 760 W and converters #1 and #2 control positive output
current, the efficiency of the DIDO converter based on the position of the unbalanced load
is analyzed. Under this condition, the ON pole is a heavy load, and the efficiency is high as
the current of the switch decreases because iy 3 is a positive balancing current and iy ; and
iro are a positive output current. Furthermore, the PO pole is a heavy load, and the current
of the switch increases, because ij 3 is a negative balancing current. As a result, i;1 and i,
are a positive output current.

96
95
94
93
92
91
90

89
88 @ ON pole —heavy load

Douaoffg

87 e PO pole - heavy load

86
0 200 400 600 800 1000 1200

Output Power|W]

Figure 19. Efficiency analysis based on the unbalanced loads.

Figure 20 shows the performance of voltage balancing for cases A, B and C. The
unbalanced load condition is Ry = 62.3 (2 and R = 18.7 Q). The Three cases show a voltage
deviation of less than 0.5 V. Therefore, it is confirmed that three cases have proper voltage
balancing performance.
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4. Conclusions

This paper proposes a bidirectional DIDO converter for voltage balancer in BDCMG.
The DIDO converter has two input sources and two output ports connected to the BDCMG,
and it simultaneously performs independent bidirectional power control and voltage
balancing control. Based on d; and d;, modulation methods are proposed for three cases.
Cases A and C have a simple control structure because only one switch is used for the
balancing control. In case B, two switches are used for the balancing control, which has
a wide operating range, and the current ripple of L3 is reduced by up to 50% without
increasing the switching frequency. The proposed modulations can be used by optimizing
for each condition. Since the control loop operates independently, this converter has a
simple control structure. Furthermore, only a voltage balancer mode is proposed to perform
voltage balancer without an active input source. Voltage balancing is possible by using
only two output ports without input sources. As a result, The DIDO converter operates as
a voltage balancer under all conditions in BDCMG. Additionally, voltage balancing can
be controlled regardless of the unbalanced power. The bidirectional control and voltage
balancing performance of the three cases are verified through the experimental results.
From the experimental results, the bipolar voltage has a voltage deviation of less than 0.5 V.
The bidirectional current control operated stably. Therefore, three cases have proper voltage
balancing and bidirectional control performance. As MGs become more popular, this paper
will be used in the study of grid-connected converters considering the characteristics of MG.
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