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Alternative Source-Port-Tolerant Series-
Connected Double-Input DC–DC Converter

Xiaofeng Sun, Member, IEEE, Yue Zhou, Wei Wang, Baocheng Wang, and Zhe Zhang, Member, IEEE

Abstract—The two input sources of a series-connected double-
input dc/dc converter (SCDIC) can power the load simultaneously
or individually. But the two sources must supply the load simultane-
ously when the output voltage is greater than either of the two input
voltages. This is a big issue, especially in double-input alternative
power systems in which two input ports are, respectively, inter-
faced with a renewable energy source and a storage element due
to the randomness and intermittency of renewable energy sources.
This paper proposes a topology scheme using a combination of a
charging switch and an SCDIC. In the case of one port powering
or one input being short-circuit, the proposed topology forms a
bootstrap circuit with the help of the charging switch and SCDIC
switches to charge the powered off port and maintain the expected
output voltage, which enhances the reliability of double-input con-
version, making it robust against one input powering off and fault
tolerance against one input short-circuit. The operation principle
and the corresponding power management strategy are presented
in detail. In addition, charge–discharge feature of the bootstrap
mode is analyzed and the charging loss is calculated. Experimental
results validate the feasibility of the proposed scheme.

Index Terms—Bootstrap circuit, charging loss, fault tolerance,
mode transition, multi-input converter, power management, robust
design.

I. INTRODUCTION

IN RENEWABLE power systems, a multiple-input converter
(MIC) has the following advantages over conventional so-

lutions that employ multiple single converters: 1) MIC has a
simpler structure, higher power density, and a lower cost char-
acteristic because of multiplexing or sharing active switches
and reactive components [1]–[3], and 2) MIC can improve the
dynamic performance and avoid the complex communication
among multiple different sources due to the unified power man-
agement with centralized control [4]–[7]. Therefore, MIC is
an excellent candidate for small scale renewable power sys-
tems which is economic and therefore has good development
prospects [8]–[13].

An isolated MIC topology can be constructed by utilizing the
magnetic coupling through a multi-winding transformer [14]–
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[16]. These MICs are good candidates for the applications where
galvanic isolation is required. However, the major problem is
that too many active switches are used. In contrast to isolated
MIC designs, nonisolated MIC features compact packaging,
high power density, and high system efficiency. Due to their
remarkable merits, many nonisolated MICs have been proposed
for various applications [17]–[22].

Mostly, the nonisolated MICs are proposed based on the struc-
ture of the buck or boost dc–dc converters. A three-input boost
dc–dc converter is proposed in [17], which can combine a photo-
voltaic source, a fuel cell (FC) source, and a battery in a unified
structure. In [18], a buck voltage source cell parallel-connected
MIC is presented based upon a time-multiplexing scheme, and
this converter can operate in different modes, such as buck,
boost, or buck–boost mode; however, only one input source is
allowed to deliver energy at a time.

The two-input series-connected buck dc–dc converter pro-
posed in [19]–[21] has a simple circuit structure, exhibits high
renewable energy utilization, and is also capable of delivering
power from two power sources to a dc load simultaneously or
individually. In [20], a series-connected two-input converter was
introduced for nanogrid application, where one port is connected
to a renewable energy source and the other is interfaced with
a storage element. For these schemes, when one input source
is powered off, the other port stands the operation and the out-
put voltage will be less than the existing input voltage, which
means that the converter is not able to maintain the expected
output voltage in the single input case if the output voltage is
greater than either of two input voltages. Due to the randomness
and intermittency such as photovoltaic cell and wind energy,
the converter in nanogrid should have a flexible compensation
program and be able to work when the renewable source is
powered off, which could not be realized by series-connected
double-input dc/dc converter (SCDIC). This paper proposes a
topology scheme using a combination of a charging switch and
an SCDIC. In the case one port powering on, the proposed topol-
ogy forms a bootstrap circuit with the assistance of the charging
switch and SCDIC switches to charge the powered off port and
maintain the expected the output voltage. In other words, when
the renewable source is not available, the alternative power port
will be charged by the available storage unit such as FC port
to keep the converter’s output stable, and hereby the proposed
scheme enhances the reliability of renewable energy conver-
sion systems, making it robust against renewable source port
powering off or failures in one of the inputs.

In comparison with the method of the two parallel boost con-
verters, the proposed converter employs only a single inductor.
It can add more input sources if necessary by sharing the output



inductor. Although the parallel boost converter is easily mod-
ular, each unit has to incorporate an inductor, thus increasing
volume and cost and slowing down system dynamic response
as well. The proposed topology is also concerned about fault
tolerance when one input is short-circuited. With a blocking
diode or breaker, the short-circuit input port can be separated
from the converter and the port can be charged by the boot-
strap circuit, which facilitates the proposed converter working
in double-input mode. The operation principle is the same as the
case of one port powered off. In addition, the proposed series-
connected double-input structure decreases the voltage stress on
power switches.

The circuit operation principles, the input–output voltage re-
lationship and the corresponding power management strategy
of the proposed converter are presented in detail in this pa-
per. In addition, the charge–discharge features of the bootstrap
mode are analyzed and the charging loss is calculated. A 200 W
prototype has been built to verify the effectiveness of the pro-
posed topology both under double-input condition and the case
of single FC port being powered on.

This paper is organized as follows. After Section I, the ro-
bustness of the proposed converter is explained in Section II.
In Section III, operation principles and power management
are given. Section IV describes the charge–discharge features
of the bootstrap mode. Experimental results are presented in
Section V, and finally, Section VI concludes this paper.

II. ROBUSTNESS DESIGN OF THE DOUBLE-INPUT

DC–DC CONVERTER

The double-input dc–dc converter with the bootstrap circuit is
shown in Fig. 1, where Vin1 and Vin2 are the two input sources.
The bootstrap capacitor C1 is connected in parallel with the
switch pair of S11 , S12 and interfaces the first input source, the
switch pair of S21 , S22 interfaces the second input source, and
the switches S11 , S12 , S21 , and S22 are connected in series. The
switches S11/S12 , S21/S22 are operated in a complementary
manner. SC 1 and SC 2 are the charging switches. Lf , Cf , and
RL represent the filter inductor, capacitor, and load resistance,
respectively. The converter has one input port connected to the
renewable source Vin1 , such as solar panels, wind turbines, or
FCs, Din1 is the blocking diode. When input source is short-
circuited, the input port is separated from the converter. The
other input port is connected to a backup source Vin2 , such as
a mains supply, battery, or FC. In Fig. 1(a), S11 , S22 , and SC 1
are diodes and the power flow of power source 2 is of single
direction; and in Fig. 1(b), S11 , S22 , and SC 1 are MOSFETs
and the power flow of power source 2 can be reversible; hence,
the load or renewable port 1 can feed energy back to the backup
port, i.e., Vin2 .

In order to simplify the analysis, the assumptions are made:
all switching devices are ideal; the capacitors and inductors are
big enough. There are two operating states under the condition
where only one input source is available and the corresponding
equivalent circuits in each state are illustrated in Fig. 2(a) and
(b), as the case that the output voltage is greater than either of
two input voltages is considered, the duty ratio of S21 , which

Fig. 1. Topology of the double-input converter with bootstrap circuit. (a) A
single power flow for port 2. (b) A bidirectional power flow for port 2.

belongs to the input powering unit, should be maximum, so
S21 should be kept on in this mode. Fig. 2(c) shows the key
waveforms of converter in one switching cycle, where vGS12
and vGS21 are the pulsewidth-modulated (PWM) signals, with
the duty cycle of D1 and D2 , for S12 and S21 . The driving signal
of SC is the same with S11 .

State I [see Fig. 2(a)]: S11 , S21 , and SC are on, and S12
and S22 are off. Vin2 charges C1 through S11 , S21 , and SC .
uAB , representing the voltage across A and B, equals to Vin2 . A
negative voltage is imposed on the inductor Lf and hereby iLf

decreases, indicated as S.I in Fig. 2(c) and the input source Vin2
delivers power to the load solely

diLf

dt
=

Vin2 − Vo

Lf
. (1)

State II [see Fig. 2(b)]: S12 , S21 are ON, and S12 , S22 , and
SC are OFF. The input source Vin2 connects with C1 in series;
hereby, uAB = 2Vin2 . A positive voltage that equals uAB – Vo is
applied across the inductor Lf , making iLf

increased, indicated
as S.II in Fig. 2(c)

diLf

dt
=

2Vin2 − Vo

Lf
. (2)

As mentioned earlier, it shows that when Vin1 is out of work,
the port can be charged by Vin2 through bootstrap circuit and
converter switches, so the proposed scheme is robust against
input source powering off.



Fig. 2. Equivalent circuits and key steady-state waveforms when Vin1 is powered off. (a) State I. (b) State II. (c) Key waveforms with 1 > D1 > 0 and D2 = 1.

Therefore, when only Vin2 is connected, in the steady state,
applying the volt–second balance principle to the inductor Lf

(Vin2 − Vo)(1 − D1) + (2Vin2 − Vo)D1 = 0. (3)

Accordingly, the steady-state input to output voltage transfer
function as a function of D1 can be derived as

Vo = Vin2(1 + D1). (4)

III. CONTROL STRATEGY OF THE CONVERTER

A. Operational Principle Under the Condition of Both the Two
Input Sources are Available

The following analysis is under the condition of both the two
input sources are available, as shown in Fig. 3(a)–(d): the two
sources are able to deliver power to a dc load simultaneously,
the converter working under a regular double-input converter
mode and SC is off.

State III [see Fig. 3(a)]: S12 and S21 are in ON state, and
in contrast, S11 , S22 , and SC are in OFF state. The two input
sources are connected in series to deliver power to the load.
uAB , equals the sum of Vin1 and Vin2 . So that uLf

= uAB – Vo ,
which is positive, and iLf

increases linearly, indicated as S.III
in Fig. 3(e)–(f)

diLf

dt
=

Vin1 + Vin2 − Vo

Lf
. (5)

State IV [see Fig. 3(b)]: S12 and S22 are on, and S11 , S21 ,
and SC are off. Only the input source Vin1 transfers power to the
load; therefore, uAB = Vin1 . A positive voltage is applied across
the inductor and iLf

increases, indicated as S.IV in Fig. 3(e)

diLf

dt
=

Vin1 − Vo

Lf
. (6)

State V [see Fig. 3(c)]: S11 and S21 are ON, and S12 , S22 , and
SC are OFF. Accordingly, only the input source Vin2 supplies
energy to the load. Then, uAB equals Vin2 . A negative voltage
is imposed across the inductor and iLf

decreases, shown as S.V
in Fig. 3(f)

diLf

dt
=

Vin2 − Vo

Lf
. (7)

Fig. 3. Equivalent circuits and key steady-state waveforms when Vin1 is
powered on. (a) State III. (b) State IV. (c) State V. (d) State VI. (e) Key waveforms
with 1 > D1 > D2 > 0. (f) Key waveforms with 1 > D2 > D1 > 0.

State VI [see Fig. 3(d)]: S11 and S22 are ON, and S12 , S21 , and
SC are OFF, iLf

freewheels through S11 and S22 and decreases;
as a result, uAB = 0, as shown in S.VI in Fig. 3(e) and (f)

diLf

dt
=

−Vo

Lf
. (8)

Fig. 3(e) and (f) shows the key waveforms of converter
in one switching cycle under the condition of the two input
sources working well. Assume that S12 and S21 are turned on



Fig. 4. Schematic diagram of control strategy in Mode I.

simultaneously and D1 , D2 represent their duty cycles. Fig. 3(e)
shows the waveforms for the three states—III, IV, and VI, with
1 > D1 > D2 > 0, and Fig. 3(f) shows the three states—III, V,
and VI in one switching cycle, with 1 > D2 > D1 > 0.

In the steady state, applying the volt–second balance principle
to the inductor Lf

Vo = D1Vin1 + D2Vin2 . (9)

With small-signal approximation, the input currents at steady
state are expressed as

Iin1 = D1Io (10)

Iin2 = D2Io . (11)

B. Power Management for the Proposed Converter

The power management of MIC includes the output voltage
regulation and the input power distribution between the input
sources. The load should be supplied by the renewable source as
much as possible and the rest is provided by the backup power.
All the analysis followed are based on Fig. 1(a), where only a
single power flow is considered for port 2. The renewable energy
source such as solar panel connects to port 1,which is served
as the main power source, and the backup power source, such
as FC connects to port 2. Assuming that the available power of
input source 1 is Pin1 and the demanded load power is Po , there
are three operating modes, described as follows.

Operation Mode I: When Po > Pin1 , or Po ≤ Pin1 but Vo >
Vin1 , the two input sources deliver power to the load simultane-
ously. The input source 1 provides maximum power Pin1 , while
the input source 2 offers the rest of the demanded load power.
The block diagram of the power management in the first mode
is shown in Fig. 4. When the enable signal of the multiplexer
EN is Mode I, Ao = AX , Bo = BX , Co = CX , Do = DX .
So the switch S12 in the first port is controlled to regulate the
input current of source 1 with a current PI regulator, the switch
S21 in the second port is controlled to regulate the output volt-
age with a voltage PI regulator, and the switch SC is shut down
completely.

Operation Mode II: When Po ≤ Pin1 and Vo < Vin1 , the load
power is provided by the input source 1, and the input source 2 is

Fig. 5. Schematic diagram of control strategy in Mode II.

Fig. 6. Schematic diagram of control strategy in Mode III.

powered off. Therefore, the block diagram of the power manage-
ment in Mode II is shown in Fig. 5. When the enable signal of the
multiplexer EN is Mode II, Ao = AY , Bo = BY , Co = CY ,
and Do = DY . A voltage and current double closed-loop con-
trol method is employed, i.e., an outer voltage loop and an inner
current loop. In this case, the switch S12 is assigned to regulate
the output voltage and the switches S21 and SC are shut down
completely.

Operation Mode III (Bootstrap Mode): When Pin1 = 0, the
input source 1 is shut down and the load power is provided by the
input source 2 and the bootstrap capacitor. The block diagram
of power management in Mode III is shown in Fig. 6. When
the enable signal of the multiplexer EN is Mode III, Ao = AZ,
Bo = BZ, Co = CZ, and Do = DZ. Hence, only a voltage
compensator is used to regulate the output voltage, and the
current regulator is bypassed, consequently. Furthermore, since
S21 is always on, D1 is assigned to regulate the output voltage.
When S11 and S21 are turned on, the input source 2 charges the
capacitor C1 through SC . As a result, the input source 2 and the
bootstrap capacitor are connected in series to deliver power to
the load.

IV. CHARGE–DISCHARGE ANALYSIS IN BOOTSTRAP MODE

A. Bootstrap Capacitor Charge–Discharge Analysis

When the proposed converter works in bootstrap mode, the
main operation states are: 1) Vin2 provides energy to the load



Fig. 7. Charge–discharge equivalent model. (a) Charging model. (b) Discharg-
ing model.

port and charges C1 ; 2) C1 and Vin2 are connected in series as
input source. Charge–discharge equivalent model of the boot-
strap capacitor are shown in Fig. 7. For simplicity, the following
assumptions are made: 1) all power switches are MOSFETs
and RDS represents the drain–source on-state resistance; 2)
RESR is the equivalent series resistance (ESR) of the boot-
strap capacitor; 3) the equivalent resistance of the inductor
and the power switches’ on–off transition can be negligible;
and 4) the parasitic inductance in the charging circuit has a so
great impact on the system performance that we cannot ignore
it.

Considering the parasitic inductance, the charging model is
derived in Fig. 7(a). It can be seen that the charging circuit is a
three-order circuit. Based upon Fig. 7(a), we obtain

⎧
⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎩

iin2 = iC1 + io

Vin2 − 2RDSiin2 = Lf
dio
dt

+ Vo

= (2RDS + RESR)iC1 + Lp
diC1

dt
+ uC1

(12)

where Lp is the parasitic inductance in the charging circuit.
Equation (12) can be rewritten as

Lf LpC1

2RDS

d3uC1

dt3
+

(

Lf C1
(2RDS+RESR)

2RDS
+Lf C1 + LpC1

)

× d2uC1

dt2
+

(
Lf

2RDS
+ C1(2RDS + RESR)

)
duC1

dt

+uC1 − Vo = 0. (13)

Equation (14) gives the initial conditions in the charging
process

⎧
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

uC1 (0+) = V10

duC1

dt
(0+) = − Io

C1

d2uC1

dt2
(0+) =

Vin2 − 2RDSiin2(0+) − uC1 (0+)
LpC1

− C1(2RDS + RESR)(duC1 /dt)(0+)
LpC1

=
Vin2 + IoRESR − V10

LpC1

(14)

where V10 is initial capacitor voltage before charging.
The discharging circuit is a two-order circuit. According to

Fig. 7(b), we have
⎧
⎪⎪⎪⎨

⎪⎪⎪⎩

Lf C1
d2uC1

dt2
+C1(2RDS +RESR)

duC1

dt
+uC1 = Vo −Vin2

uC1 (0+) = V20 ,
duC1

dt
(0+) = − Io

C1

(15)

where V20 is initial capacitor voltage before discharging.

B. Bootstrap Capacitor Voltage Analysis

During the discharging time, C1 and Lf are connected in
series. Assuming that the inductor is large enough, the capacitor
current iC1 can be considered as constant

C1
duC1

dt
= Io . (16)

The voltage variation across C1 can be expressed as

ΔUC1 =
IoD1

C1fs
=

VoD1

RLC1fs
. (17)

The capacitor voltage ripple coefficient γ can be derived by

γ =
ΔUC1

Vin2
× 100% =

VoD1

Vin2RLC1fs
. (18)

According to (4), (18) can be rewritten as

γ =
(1 + D1)D1

RLC1fs
. (19)

The curve of the ripple coefficient γ versus capacitance C1
and frequency fs at a certain duty cycle and load is shown
in Fig. 8. It is drawn under the condition of D1 = 0.45 and
RL = 8Ω. It can be seen that the ripple coefficient γ is decreased
with the increase of C1 and fs . Therefore, a larger C1 is chosen
to obtain a small ripple coefficient as well as to improve the
system steady characteristic.

C. Charging Current Analysis

The input source 2 and the capacitor are connected in parallel
in the bootstrap mode. If the input source 2 and the capacitor
voltage are not equal, the charging current will reach to the
maximum value sharply. In fact, there is a parasitic inductance



Fig. 8. Curves of the ripple coefficient γ versus C1 and fs .

Fig. 9. Charging current with C1 = 16.5 mF.

existing in the charging circuit, which imposes a certain impact
on the charging current.

All the power switches are implemented with IRFP250M and
the on resistance RDS = 0.075 Ω. With the help of simulation
in Maxwell/Q3D, the parasitic inductance is about 300 nH.

When capacitance C1 is chosen as 16.5 mF, the ESR RESR =
0.016 Ω by the parameter from handbooks. Take these param-
eters into (13) and (14), and the theoretical charging current
can be derived, as shown in Fig. 9, which is marked with blue
dotted line. And the simulation result under the same condi-
tion in PSIM is also plotted in Fig. 9 with the red solid line. It
can be seen that the simulation result is in accordance with the
theoretical value to some extent.

Similarly, when capacitance C1 = 220 μF, the ESR RESR =
1.2 Ω by the parameter from handbooks. The theoretical value
and simulation result are depicted in Fig. 10.

As mentioned earlier, the simulation results are in good agree-
ment with the theoretical analysis, thus verifying the effective-
ness of the charging model. It also can be seen that the trend
of the charging current is determined by the charging time con-
stant. With a large capacitor, the charging current will continue
to rise in a switching cycle. On the contrary, it will rise at first
and then fall due to a smaller one.

Fig. 10. Charging current with C1 = 220 μF.

Fig. 11. Equivalent circuit of the charging process.

D. Charging Loss Analysis

The equivalent circuit of the charging process is shown in
Fig. 11, where U is the steady-state voltage across the capacitor,
and ΔUC1 is the dynamic variation. The output power Pout can
be divided into two parts: the first part is stored in capacitor,
named as Pin and the other part is consumed by Req , as Ploss .

The input power Pin is expressed as

Pin = fs

[
1
2
CU 2 − 1

2
C(U − ΔUC1 )

2
]

=
1
2
fsCΔUC1 (2U − ΔUC1 ). (20)

The output power Pout is expressed as

Pout = fs

∫ (1−D1 )TS

0
UiC1 (t)dt = fsCUΔUC1 . (21)

According to (20) and (21), the charging loss can be obtained

Ploss = Pout − Pin =
1
2
fsCΔU 2 . (22)

The charging efficiency ηcharge can be derived as

ηcharge =
Pin

Pout
=

(1/2)fsCΔUC1 (2U − ΔUC1 )
fsCUΔUC1

= 1 − ΔUC1

2U
= 1 − VoD1

2Vin2RLC1fs
. (23)

The curve of the charging efficiency ηcharge versus capaci-
tance C1 and frequency fs under the condition of Vo = 40 V,
D1 = 0.45, RL = 8 Ω, and Vin2 = 30 V is shown in Fig. 12. It is
noticed that charging efficiency can be improved by increasing



Fig. 12. Curve of the charging efficiency ηcharge versus C1 and fs ..

TABLE I
UTILIZED COMPONENTS AND PARAMETERS

Components and parameters Value

Main control chip TMS320LF2407A EPM7128STC100-7
Driving chip IR2110+HCPL-J312
Power switch (MOSFET) IRFP250M (200 V, RD S (on) = 0.075 Ω ,

33 A at 25 °C)
Bootstrap capacitor C1 16.5 mF/220 μF
Filter inductance Lf (μH) 400
Filter capacitance Cf (μF) 300
Switching frequency fs (kHz) 50
Input source 1 V in 1 (V ) 50
Input source 2 V in 2 (V) 30
Input power P in 1 (W) 125
Load power in Mode I/II/III Po (W) 200/100/200
Output voltage Vo (V) 40

C1 and fs . The proposed converter is based on high-frequency
charge–discharge of the capacitor; therefore, the capacitor must
have enough margins in order to keep the converter functioning
reliable under the condition of overtime running. Hence, here
five 3300 μF/60 V electrolytic capacitors in parallel are em-
ployed in the experiment to meet the ripple and the charging
efficiency requirements.

V. EXPERIMENTAL VERIFICATIONS

A 200-W experiment prototype was built to verify the feasibil-
ity of the proposed double-input dc–dc converter with bootstrap
circuit. The key parameters are given in Table I.

A. Steady-State Experiment

Fig. 13 shows the experimental waveforms of uAB , uo and
io . Fig. 13(a) shows the experimental waveforms of operating
Mode I when Po > Pin1 . It shows that uAB has a three voltage
levels, which indicates that the two input sources deliver power
to the load simultaneously. It also can be seen that the duty cycles
of D1 and D2 , for S12 and S21 are 0.48 and 0.6, respectively,
which matches the analysis well in (9) by ignoring the transistor
voltage drop. Fig. 13(b) shows the experimental waveforms in
operating Mode II when Po < Pin1 and the load power is only
provided by the input source 1. It can be seen that the duty
cycle of D1 for S12 is 0.83. The experimental results verify the
equation derived in (9).

Fig. 13. Experimental waveforms of uAB , uo , io . (a) Mode I. (b) Mode II.

The steady waveforms of the converter in operating Mode III
is shown in Fig. 14. Fig. 14(a) shows the experimental wave-
forms of uAB , uo , and io in this mode. It can be seen that uAB
has two voltage levels with a dc bias. The corresponding duty
cycle of D1 , for S12 is 0.45. According to the formula derived in
(4), the theoretical value of the output voltage is larger than the
actual value. That is because uC1 is slightly less than Vin2 due to
the voltage drop of charging path. Fig. 14(b) shows the experi-
mental waveforms of bootstrap capacitor voltage uC1 and input
source 2Vin2 . The driving signal and drain-to-source voltage on
SC2 are given in Fig. 14(c), which indicates that the voltage on
SC2 is capacitor voltage when switch is turned off.

Fig. 15 shows enlarged waveforms of uC1 with different ca-
pacitance. It can be seen that ΔUC1 becomes larger with the
decrease of the capacitance. In the case that C1 = 16.5 mF,
the voltage variation in charging time is only 40 mV, while in
the case of 220 μF, it increases to 0.6 V. Fig. 15 also shows the
waveforms of the charging current. With a large capacitance of
16.5 mF, the charging current will continue to rise in a switch-
ing cycle, whereas in the case of 220 μF, it will rise at first and
then go down. In the discharging time, iC1 can be considered to
be unchanged. The experimental results can match the analysis
well.

B. Mode Transition Experiment

The transient waveforms with stepping up and down load
resistor are given in Fig. 16(a). It can be seen that when the output
load transforms between 2.5 and 4 A, the converter is shifted
between Mode II and Mode I. However, it is observed that during
mode transients, the output voltage uo has a large overshoot
due to the low bandwidth of the voltage loop. The operation
mode switching between Mode II and Mode III are tested, and



Fig. 14. Experimental waveforms in Mode III. (a) uAB , uo , io . (b) uC 1 , and
uin2 . (c) Driving signal and drain-to-source voltage on SC 2 .

Fig. 15. Experimental waveforms of uC 1 and iC 1 with. (a) C1 = 16.5 mF.
(b) C1 = 220 μF.

Fig. 16. Experimental waveforms of mode transition. (a) Between Modes II
and I. (b) Between Modes II and III. (c) Between Modes I and III.

the waveforms are presented in Fig. 16(b). When the converter
operates at Mode II, the input source 1 supplies the load and
uC1 = Vin1 > Vin2 . When the input source 1 is powered off, uC1

decreases until uC1 <Vin2 . After the converter is switched from
Mode III to Mode II, the input source 1 can charge C1 , and the
output voltage has a small drop. The operation mode switching
between Mode I and Mode III are also tested and the waveforms
are given in Fig. 16(c). It can be seen that the output voltage is
regulated well as a constant during the mode transition.

C. Efficiency Curves Analysis

The efficiency curves of the converter have been tested and
given in Fig. 17. It can be seen that the efficiency of the converter
is about 92%–96%. When the output power is in the range of 40–
110 W, the input voltage of Mode II is 50 V, while the value of
Mode III is assumed to be 60 V, making the current of Mode III
smaller than that of Mode II. Based on this, it can be concluded
that the efficiency in Mode III is higher than that in Mode II at
the same output power. Similarly, with a range of 110–200 W,
the input voltage of Mode I is 80 V, making the current of Mode
I smaller than that of Mode III. Hence, the efficiency of Mode
III is lower than Mode I under the same output power.



Fig. 17. Overall efficiency in different operation modes.

Mode IV is a double-input MIC mode under condition Vin1 =
30 V, Vin2 = 30 V, and Vo = 40 V, which is done to illustrate
the extra power loss in Mode III, where the two input sources
share Vin2 by the help of bootstrap circuit. It can be seen that
the efficiency of Mode III is only a little lower than Mode IV
because of charging loss.

VI. CONCLUSION

In this paper, a robustness design of a double-input dc–dc con-
verter under one port powered off is proposed to overcome dis-
tributed power source randomness and intermittency, in which
with the help of bootstrap switch pair, the renewable source port
can be charged by the FC port and keeps to work when the alter-
native source is shut down. Simulation and experimental tests
were carried out to validate the effectiveness of the proposed
scheme against input source powering off. The proposed con-
verter offers the advantage of simple topology and control, and
high efficiency, which is suitable for renewable power system.
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