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Abstract: A multi-input-port bidirectional DC/DC converter is proposed in this paper for the energy
storage systems in DC microgrid. The converter can connect various energy storage batteries to the
DC bus at the same time. The proposed converter also has the advantages of low switch voltage
stress and high voltage conversion gain. The working principle and performance characteristics of
the converter were analyzed in detail, and a 200 W, two-input-port experimental prototype was built.
The experimental results are consistent with the theoretical analysis.
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1. Introduction

Due to global issues like the greenhouse effect and energy shortage, renewable energy generation
has developed rapidly in recent years [1-3]. Renewable energy generation is greatly affected by
natural environmental factors, output power of which exhibits intermittence and randomness [4,5].
DC microgrid and energy storage systems, like batteries and supercapacitors, are usually used to
smooth the fluctuating and stochastic output power of the renewable energy generation system [6,7].
A DC/DC converter with the capability of bidirectional energy conversion is the key device to connect
batteries and the DC bus of the DC microgrid.

In recent years, many studies have been conducted on bidirectional DC/DC converters [8,9].
Many battery cells were connected in series to achieve high voltage [10]; however, a charge equalization
circuit needs to be introduced to solve the problem of unbalanced battery charging [11]. On the contrary,
many batteries can also be connected in parallel to achieve high reliability [12], but the output voltage
of these batteries is low, and a high voltage gain converter is required in such an application [13,14].
Coupled inductors, switch capacitors, or voltage multiple cells can be used to improve the voltage
conversion ratio [15-19]; however, most of the above converters are single input and single output,
which means a large number of converters have to be used to connect each battery energy storage unit
to the DC bus respectively [20,21], as Figure 1a shows.
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Figure 1. A DC microgrid with various battery energy storage systems. (a) traditional converters;
(b) proposed converter.

In [22-24], some multi-input-port bidirectional converters have been presented; however,
these converters have some common disadvantages, such as a large number of devices, large size,
and high cost. A multi-input-port bidirectional DC/DC converter is proposed in this paper, many battery
energy storage units can be connected to the DC bus by this converter together, as Figure 1b shows.
Both in charging and discharging mode, the power flow to every battery can be controlled easily.
Apparently, the cost of the whole system can be reduced.

The paper is organized as follows. The working principle, performance analysis, and extension
of the proposed converter are described in Sections 2—4, respectively. In Section 5, the efficacy of the
proposed converter is verified experimentally using a 200 W prototype.

2. Operation Principle of the Proposed Multi-Input-Port Bidirectional DC/DC Converter

The operation principle of the proposed converter will be presented in this section based on a
topology with two input ports shown in Figure 2. To simplify the analysis, the following assumptions
are made:

1.  The currents i;; and i;5 of the inductors L; and L, are both continuous.

2. All devices are ideal, regardless of the influence of parasitic parameters.

3. Theswitches S and S; are regulated by an interleaved control strategy with the duty cycle greater
than 0.5. While the switches Q; and Q, are controlled by an interleaved control strategy with the
duty cycle less than 0.5. The operation principle of the converter can be analyzed based on the
discharging or charging modes.
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Figure 2. A multi-input-port bidirectional DC/DC converter for energy storage systems in a
DC microgrid.
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2.1. Discharging Mode (Boost)

In this mode, S; and S; are interleaved with 180° phase shift to turn on, and Q;, Q, are turned
off. During a switching period Ts, there are three Sub-modes. The main waveforms of the converter
working in steady state are shown in Figure 3, and the equivalent circuit of each Sub-mode is shown in
Figure 4. The control signals of 5; and S; are denoted by g5 and ugs, respectively.
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Figure 3. The main waveforms in one switching period Ts.

Sub-mode 1 [tg—t1, tp—t3]: as Figure 4a shows, S; and S, are on. The voltages of the inductors
L; and L, are equal to ujy; and ujnp, respectively. The inductor currents increase linearly at the rates
of uin1/L1 and ujny/Ly, respectively. The current through the capacitor C; is zero, while the capacitor
voltage is unchanged.

Sub-mode 2 [t;—t;]: as Figure 4b shows, S; is on, and S; is off. Same as Sub-mode 1, the voltage of
the inductor L, is still uj,1, and the current through it increases linearly at the rate of u;,1/L1. However,
the current through the inductor L, decreases at the rate of (uin2 + tc1 — Uo)/Ly. The capacitor C; is
being discharged. The voltage of C; decreases linearly, and the current of C; is equal to iy 5.

Sub-mode 3 [t3—t4]: as Figure 4c shows, Sy is off, and S; is on. The current through the inductor
L; decreases at the rate of (ujn1 — tc1)/L1. The voltage of the inductor L; is uin, and the current of L,
increases at the rate of ujyy/L,. The capacitor C; is being charged. The current of the capacitor C; is
equal to i; 1, and the voltage of C; increases linearly.
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Figure 4. The equivalent circuits in the discharging mode for (a) Sub-mode 1; (b) Sub-mode 2;
(c) Sub-mode 3.

2.2. Charging Mode (Buck)

In this mode, Q1 and Q, are interleaved with 180° phase shift to turn on, and S;, S, are off. During
a switching period T, there are three Sub-modes. The main waveforms of the converter working in
steady state are shown in Figure 5, and the equivalent circuit of each Sub-mode is shown in Figure 6.
The control signals of Q; and Q; are denoted by ugq and ugqy, respectively.

Sub-mode 1 [ty—t1]: as Figure 6a shows, Q; is on, and Q; is off. The current through the inductor
L; increases at the rate of (uc1 — uin1)/L1. The voltage of the inductor L is ujny, and the current of
L, decreases at the rate of uj,»/Ly. The capacitor C; is being discharged. The voltage of C; decreases
linearly and the current of C; is equal to 7r ;.

Sub-mode 2 [t1—tp, t3—t4]: as Figure 6b shows, Q; and Q; are off. The voltages of the inductors L
and L, are uj,1 and uinp, respectively. The inductor currents decrease linearly at the rates of uiy1/Lq
and uiny/Lo, respectively. The current through the capacitor C; is zero, while the capacitor voltage
is unchanged.

Sub-mode 3 [t,—t3]: as Figure 6¢ shows, Qg is off, and Q; is on. The current of the inductor L,
decreases at the rate of uj,1/L1. However, the current through the inductor L, increases at the rate of
(1o — uinp — uc1)/Ly. The capacitor C; is being charged. The current of the capacitor C; is equal to i 5,
and the voltage of C; increases linearly.
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Figure 5. The main waveforms in one switching period Ts.
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Figure 6. The equivalent circuits in the charging mode for (a) Sub-mode 1; (b) Sub-mode 2;

(c) Sub-mode 3.
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3. Performance Analysis

3.1. Voltage Conversion Ratio

Discharging Mode (Boost): According to the analysis of the above working principle, the operating
characteristics of the proposed converter can be derived from the three Sub-modes in one switching
cycle T, based on the voltage-second balance of the inductors L and Lj.

Dsqttin1 + (1 = Ds1) (tin1 —tic1) =0 1)
Dsptting + (1 = Dgp) (tin2 + tc1 — o) =0 ()

From Equations (1) and (2), Equations (3) and (4) can be derived:

Uin1
— ml 3
L= 1D 3)

Uin1 Uin2
Uy = 4
°~T-Dg "1-Dg @
According to Equation (4), it can be clearly seen that the voltage conversion ratio of the proposed
converter is twice that of the traditional boost converter.
When the input voltages uin1, 4inz, and the duty cycle Dg;, Dsy are the same, respectively,
the voltage conversion ratio of the proposed converter can be derived:
Ug 2

MBoost = =
Uin 1= Dpoost

Q)

Charging Mode (Buck): According to the analysis of the above working principle, the operating
characteristics of the proposed converter can be derived from the Sub-three modes in one switching
cycle T, based on the voltage-second balance of the inductors L and Lj.

Dq1 (uct = thin1)+(1 = Dq1) (=ttin1) =0 (6)

Dqga (o = thin2 = tic1)+(1 = Dg2) (~tin2) = 0 ()

From Equations (6) and (7), Equations (8) and (9) can be derived:

Uin1
ucy = Dlgl (8)
Uinl Uin
U= — + —— 9
°= Dot " Dop )

When the output voltages uin1, Uin2, and the duty cycle Dg;, D are the same, respectively,
the voltage conversion ratio of the proposed converter can be derived:

; D
MBuck = L;ﬂ = BTUCk (10)
o

According to Equation (10), it can be seen that the voltage conversion ratio of the proposed
converter is half of that of the traditional buck converter.

3.2. Relationship between the Currents of the Two Inductors

Discharging Mode (Boost): During a switching cycle T, in Sub-mode 3, the capacitor C; is charged
for (1 — Dg1)Ts and the current of C; is equal to 7 ;. In Sub-mode 2, the capacitor C; is discharged for
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(1 — Dsp)Ts, and the current of C; is equal to if». In Sub-mode 1, the current of the capacitor C; is zero.
Due to the ampere-second balance of the capacitor Cj, the following can be derived:

I11(1 = Dg1)Ts = Ir2(1 - Dsp)Ts (11)

I11(1-Ds1) = I12(1 - Ds2) (12)

When the duty cycles Ds; and Dg; are equal, the two input currents are also equal. Thus, automatic
current sharing is realized. The power of the two ports can be adjusted through controlling Ds; and
Dgp, respectively.

Charging Mode (Buck): During a switching cycle T§, in Sub-mode 1, the capacitor C; is discharged
for D1 Ts, and the current of C; is equal to ir . In Sub-mode 3, the capacitor C; is charged for Doy Ts,
and the current of C; is equal to i; 5. In Sub-mode 2, the current of the capacitor C; is zero. Due to the
ampere-second balance of the capacitor Cy, the following can be derived:

I11Dq1Ts = I12DpTs (13)

I11Dg1 = I12Dgy (14)

When the duty cycle Dg; and D¢y, are equal, the two input currents are also equal. Thus, automatic
current sharing is realized. The power of the two ports can be adjusted through controlling Do and
Dqp, respectively.

3.3. Voltage Stress of Switch
The voltage stresses of S, Sy, Q1, and Q, can be derived as follows:

1.  Discharging Mode (Boost):

Ugy = Uct (15)
Usy = UQy = Uo = Uc1 (16)
UQ = Uo (17)
2. Charging Mode (Buck):
ug) = ucy (18)
Uugy = UQy = Uo — UC1 (19)
UQ1 = Uo (20)

3.4. Current Stress of Switch

Discharging Mode (Boost): To begin with the time of S; turning on, in the following cycle T,
the inductor currents i1, i can be represented as

UiniDa1Ts | tin
iy = Ir1— 12LD?1 . + Lll t, 0<t<DgTs (21)
Uin S Uc1—Uin
It + 12L?1 - ClLl Ly Dg1Tg <t < Ty
1-D. in
Ii2 + =2 uing Ts + 24, 0<t<(Dsp—1)Ts
. in! Ts 0™ —in Ts
12 = { Ipp + *ps — 2ot [ — (Dgy — 5)T;], (Dsp = 3)Ts <t< 3 (22)

_ uinpDooTs | winp ¢y Ts Ts
ILZ 2Ly + Ly (t 2 )’ 2 <t< TS
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According to the three Sub-modes of the circuit, in a switching cycle, the currents through S; and
S, at every stage can be derived as follows:

. iLl/ 0<t< D51TS
= 2
st { 0, DgTs<t<Ts @)
in, 0<t<(Dgp—1)Ts
=10 (D2 Dry<t< L 28)
iro, % <t < DgTg
i1 +iro, DgyTs <t <Ts
From Equations (21)—(24), the currents through Sq, Sy, Q1, and Q, can be derived as follows:
. . Uin1Ds1 T
is1 = iqn = Ir1 + mlT?ls (25)
. Ui 1D51Ts D52 -1
=1 el s R SR | — Ui T 2
isp =11 + oL, +12 + o, Vn2Ts (26)
. i Dsp T
igp = Ip + —”‘“22122 : 27)

Charging Mode (Buck): To begin with the time of Q; turning on, in the following cycle T,
the inductor currents iy and i;» can be denoted by

uclL—luim £ 0<t < D75
i = -1 s 28
I + (et Dor Ts u;ill)DQlT - ui—T(t - DQ1TS)/ Do Ts<t < Ts 2
0~ —Hin! DT in! in!
Iy + VetemlPals e (1 _po Tty 0 <t< 1T,
. 0~ —Hin! Dy Ts o~ —Yin
i =1 Ip— (1o—ticy zllez) @l | (u ua Uinp) (t- %TS), %Ts <t< (% + D) Ts (29)
(O ~Hin: D TS in!
1L2+%_%[t_(%+1)@)m, (3 +Dq)Ts <t <Ts

According to the three Sub-modes of the circuit, in a switching cycle, the currents through Q; and
QQ; at each stage can be derived as follows:

. ir1, O<t < DQ]TS
Q= { 0, DgTe<t < T, (30)
0, 0<t< 3Ty
i =1 ira, 3Ts<t<(}+D)Ts (31)
0, (3+D)Ts<t<Ts
From Equations (28)—(31), the currents through S;, Sp, Q1, and Q, can be derived as follows:
uin (1 = DQl)Ts
i — ] 2
is) = igr = I1 + — L, (32)
uin2<1 - DQ2)TS
S Hin2it T HQ2) s
i =I12 + TR (33)
, uin1 (1 = Dq1)Ts uin2(1 =D )Ts 4. 5 1
is :IL1+—)+IL2_ ) + =2 (=~ Dq1)Ts (34)

2L, 20, L,
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3.5. Power Flow

Discharging Mode (Boost): The inductor current i;; increases as the duty cycle Dg; increases,
and the inductor current iy ; decreases as the duty cycle Dg, decreases. Since the two input voltages #in1,
uiny are equal, the ratio of the power of the two ports is equal to the ratio of the two inductor currents.
Therefore, when Dg; < Dsp, i11 < irp, ir1/ir2 <1, when Ds; = Dsp, i1 = iro, ir1/ir2 = 1, when Dgy > Dgp,
ip1 > ipp, ip1/ipp > 1. Making Dg: 0.5-0.8 as the x-axis, Dgy: 0.8-0.5 as the y-axis, and i;1/i;, as the
z-axis, the following three-dimensional figure can be obtained as Figure 7 shows.

25

iL1/iL2

07 0.8

0.7
06
0. 06
So 05 05 0‘5\

Figure 7. i; 1/i; » 3D graph (Discharging Mode (Boost)).

Charging Mode (Buck): The inductor current i1 increases as the duty cycle Dg; decreases, and the
inductor current i1, decreases as the duty cycle Dy increases. Since the two output voltages uin1, Uin2
are equal, the ratio of the power of the two ports is equal to the ratio of the two inductor currents.
Therefore, when D < Dqy, ir1 >ir2,ip1/i2 > 1; when Doy = Dy, ip1 =i, i11/it2 = 1; when Dgy > Dqy,
ir1 <irp, ip1/ipp < 1. Making Dg;: 0.5-0.2 as the x-axis, Dgp: 0.2-0.5 as the y-axis, and i 1/if» as the
z-axis, the following three-dimensional figure can be obtained as Figure 8 shows.

3
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Qo 02 o2 e

Figure 8. i; 1/ir5 3D graph (Charging Mode (Buck)).
3.6. Comparison of the Proposed Converter with Other Converters

Some quantitative comparisons between some existing multi-input-port topologies, and the
proposed converter are given in Table 1. As can be seen, compared to [22-24], the number of devices of
the proposed converter is less, which means fewer losses and a lower cost.

Table 1. Comparison of the converters.

[22] [23] [24] Proposed

No. of ports 3 4 3
No. of switches 12
No. of diodes 0
No. of inductors 6
No. of capacitors 3

Q1 > b
NN OO
NN O W
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4. Extension of the Topology

4.1. Topology of the N-Input-Port Bidirectional DC/DC Converter

Based on the topology of the two-input-port bidirectional DC/DC converter shown in Figure 2,
the n-input-port bidirectional DC/DC converter topology can be derived as Figure 9 shows. To simplify,
assumptions are made as follows:

1.  Currents of the inductors i; 1, i, ... , and iy 5 are all continuous.

2. All devices are ideal, regardless of the influence of parasitic parameters.

3. Discharging Mode (Boost): during a switching period Ts, 51, Sy, ..., and Sy, interleaved with 360°/n
phase shift are turned on with the duty cycle greater than (1 — 1/n), and Q;, Q», ..., and Qy are
turned off. Charging Mode (Buck): during a switching period Ts, Q1, Qy, ..., and Q, interleaved
with 360°/n phase shift are turned on with the duty cycle less than 1/n, and 54, S, ..., and S, are

turned off.

module n La 4? S,
module 3 L3 4? S,
module2 L» S,

| (i = C L Cua

OO o 33:— LLEZJ

Ll g &g «
lim(_e..-um(% mz(% uml(_ module 1 S C;Jxlo(_)

Figure 9. An n-input-port bidirectional DC/DC converter for DC microgrid energy storage system.
4.2. Voltage Conversion Ratio

Discharging Mode (Boost): Due to the voltage-second balance of the inductors Ly, Ly, ... , and Ly,
it can be derived:

Dgj_1yttin(i-1) = (1 = Ds(i—1)) (tc(i-1) = Uc(i-2) — Uin(i-1)) (35)
Dsittini = (1= Ds;) (1o — tic(j-1) — Uini) (36)
Y I ey 37
uai=) gopg (1=i<n-1) (37)
p=1
mi
U= ) ——— (38)
= 1-Dsi
When Dg; = Dgp = ... = Dgy = Dpgost, the ratio of the output voltage u,, and each input voltage

Ui is the voltage gain M; of each input port.

M, = Lo (39)

Uini
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n
u. .
Y 22 =1 Dpoost (40)
i 1,
i=1
1 1 1
—_— 4 — — =1-D 41
Ml + M2 +- 4 Mn Boost ( )
When uin1 = ting = ... = Ujnn,
n
Mi=My=--=M, = ——— 42
1 2 "= 1 Dps (42)

Charging Mode (Buck): Due to the voltage-second balance of the inductors Ly, Ly, ..., and Ly,
it can be derived:

(1=Dqi-1))in(i-1) = Do(i1) (Uc(iz1) — Uc(i-2) = Uin(i-1)) (43)
(1= Dqi)tini = Dqi(tto = tc(i-1) = Uini) (44)

ump
<i<n-1) (45)

Z‘ DQP

n Ui
Uo = — (46)
= Dai
When D1 = Do = ... = Doy, = Dpyck, the ratio of each output voltage u;,; and the input voltage
U, is the voltage gain M; of each output port.
Uini
M, = 2t 47
= 47)
n Ui
Y~ = Dpuc (48)
i=1 °
M +M2+"'+Mn:DBuck (49)
When uin1 = Uin2 = - .. = Uinn,
D

M=M= =My=—2% (50)

4.3. Relationship between the Currents of the Inductors

It is assumed that the average values of the inductor currents iy 1, iy, ..., and iy, are I 1, I1 2, ...,
and Ij,, respectively.

Discharging Mode (Boost): Due to the ampere-second balance of the capacitors C1, Cy, ... ,and Cy,
it can be derived as follows:

I11(1-Ds1) = I12(1 = Dsp) = +++ = I1n(1 = Dsy) (51)

When Dg; = Dgp = ... = Dgy, I11 = I15= ... = I},,. Thus, automatic current sharing is realized.
The power of all the ports can be adjusted through controlling Dgj, Dsp, ... , and Dg,, respectively.

Charging Mode (Buck): Due to the ampere-second balance of the capacitors Cq, Cy, ..., and Cy,
it can be derived:

I11Dg1 = I12Dgp =+ = I14Dqy (52)

When Dq; = D = ... = Dgn, It1 =I12 = ... =I,. Thus, automatic current sharing is realized.
The power of all the ports can be adjusted through controlling Doy, Dqp, ... , and Dgy, respectively.
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In practical applications, the efficiency of the converter will drop along with the increase in the
number of input ports.

5. Experimental Results

To verify the analysis presented in the previous sections, experiments were conducted based on
a 200 W two-input-port prototype developed from the proposed converter. The specification of the
prototype is given in Table 2, and the experimental results are presented and discussed as follows.

Table 2. Specification of the prototype.

Parameters Values
Voltage (in1, Uin2) 24V
Voltage (1) 200V
Output power (P,) 200 W
Switching frequency (fs) 100 kHz
Switch (S1, Sp, Q1, Qo) C3M0280090D
Capacitors Co: 10 uF, Cq: 4 uF
Inductors (Lq, Lp) 400 uH

5.1. Constant Duty Cycle

Discharging Mode (Boost): Figure 10a shows the waveforms of ugs1, tgsa, Uin1, and uinn, where the
duty cycles are around 0.76. Figure 10b shows the waveforms of u,, uc,, and uc1. It can be seen that
the DC values of ucy and u, are about 100 V and 200 V, respectively. The voltage conversion gain is
around 8.3, which is consistent with that calculated by Equation (5). Figure 10c shows that the voltage
stresses of 51, Sy, and Q; are all about 100 V, while the voltage stress of Q; is about 200 V. These are
consistent with that obtained by Equations (15)—(17). Figure 10d shows that the currents of L and L,
are both about 4 A. Apparently, the measured results are all consistent with the previous analysis.

lalinr al manl - .
Pt (10V/div) = s e ot 4 (100V/div)
- b i e e L
.[r. I Ugs2 )L [ ! ( UCo
i Mt H(10V/div ) e o b (100V/div)
@
, L [
v Uin1 ) (50V/div)
I (20V/div) Sus/div Sus/div,
(e | e ‘
- o v o g
B o | S
(a) (b)
| L | | | | T
l | [ it
@ *_‘I ue: LJ ol ) deazs)
(100V/div)
- b e - e A -,.,._«—:u~--~_.w—~—m—~-w_w—¢~.—m——v\‘_ﬁ_._...m-—»w._.—*
| il ‘ : ] iz
e T e | B o e S e e e e
| uar | (2A/div)
® . — [P —
(100V/div)
} i
d L bl M8 ] ' PER
(100V/div) i1
I us1 (2A/div) Sus/div
(100V/div) Fus/div
Jaiv_ 100w [Nz 2 on o teson |
i\- zzzzzz aason |
(c) (d)

Figure 10. The waveforms of the experimental prototype. (a) driving waveforms of the switches and
waveforms of the input voltage. (b) waveforms of voltages of C,, C;, and the waveform of the output
voltage. (c) waveforms of voltages of the switches. (d) waveforms of currents of the inductors.
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Charging Mode (Buck): Figure 11a shows the waveforms of ug01, Ugq2, Uin1, and Uiy, the duty
cycles are near 0.24. Figure 11b shows the waveforms of u,, tc,, and ucq; it can be seen that the
DC values of uc1, 1o are about 100 V, 200 V, and the conversion gain is approximately 0.12, which is
consistent with Equation (10). Figure 11c shows voltage stresses of 51, Sy, Q, are nearly 100 V, and the
voltage stress of Q; is about 200 V, which are consistent with Equations (18)—(20). Figure 11d shows the
waveforms of iy 1, irp. The DC values of i1 1, i ; are both about 4 A; evidently, the measured results are
all consistent with the theoretical analysis.
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Figure 11. The waveforms of the experimental prototype. (a) driving waveforms of the switches and
waveforms of the output voltage. (b) waveforms of voltages of C,, Cq, and the waveform of the input
voltage. (c) waveforms of voltages of the switches. (d) waveforms of currents of the inductors.

5.2. Varying Duty Cycle

Discharging Mode (Boost): Figure 12a shows the changes of i; ; and i1, when the duty cycle Dg;
and Dg; are adjusted. With the increase of the duty cycle, the inductor current increases, and the power
of the branch circuit increases.

Ds1=0.6 Ds1=0.7 Ds1=0.8 D@1=0.4 D1=0.25 Dq@1=0.2
I L1 ¢ (2A/div)
.
Ds=0.8 (@A/div) = Ds=0.7 Ds>=0.6
Daq2=0.2 Dq2=0.25 Da>=0.4
iL2 iz
(2A/div) (2A/div)
' 1s/div 1s/div
20Mdiv 1M 8:20.0M A 880mA 10sidiv  5.0kSls 200us/pt G 2 ondw b e A /1A 1oukdlv  S.08le 200yelpt

(a) (b)
Figure 12. Power flow diagram for (a) discharging mode (Boost); (b) charging mode (Buck).
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Charging Mode (Buck): Figure 12b shows the changes of i1 and i1, when the duty cycle Do and
Dqp are adjusted. With the increase of the duty cycle, the inductor current decreases, and the power of
the branch circuit decreases.

5.3. Converter Efficiency and Conversion Ratio

Based on the experimental results, the converter efficiency and the conversion ratio are analyzed
and presented in this sub-section.

Discharging Mode (Boost): Figure 13a shows the curve of efficiency changing with output voltage
after changing the duty cycle and the curve of efficiency changing with output power after changing the
load. The calculated loss distribution of the experimental prototype is shown in Figure 13b. The main
losses are switching losses 9.59 W, anti-parallel diode losses 3.6 W, and inductor losses 2.874 W. As is
shown in Figure 13c, the voltage conversion ratio changes with the duty cycle. When the duty cycle is
more than 0.7, the difference between the actual gain and the theoretical gain gradually increases as
the duty cycle increases.
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Figure 13. Discharging mode (Boost): (a) efficiency curves of the prototype; (b) loss distribution of the
prototype; (¢) conversion ratio (M) vs. duty cycle (D) graph.

Charging Mode (Buck): Figure 14a shows the curve of efficiency changing with output voltage
after changing the duty cycle and the curve of efficiency changing with output power after changing the
load. The calculated loss distribution of the experimental prototype is shown in Figure 14b. The main
losses are anti-parallel diode losses 9 W, switching losses 4.38 W, and inductor losses 2.874 W. As is
shown in Figure 14c, the voltage conversion ratio changes with the duty cycle. When the duty cycle is
less than 0.3, the difference between the actual gain and the theoretical gain gradually increases as the
duty cycle decreases.
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Figure 14. Charging mode (Buck): (a) efficiency curves of the prototype; (b) loss distribution of the
prototype; (c) conversion ratio (M) vs. duty cycle (D) graph.

6. Conclusions

A multi-input-port bidirectional DC/DC converter for DC microgrid energy storage system
applications is proposed in this paper. Comprehensive analyses on the working principle and
performance of the proposed converter are given. Experimental results are presented, and it is verified
that, compared to the traditional buck and boost converter, the proposed bidirectional converter has
the following advantages: (1) a wider range of voltage conversion can be achieved and the voltage
stresses of the switches are lower; (2) the power flow of each port can be adjusted easily through the
controlling of duty cycles; (3) the number of input ports of the proposed converter can be expanded,
which makes it more applicable.
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