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ABSTRACT When the fuel cell (FC) is being activated before used in industrial applications, a power
conditioner is needed to interface the FC with the load. Due to low current ripples, high output power, and
simple structure, the multi-phase interleaved non-isolated DC-DC converter is most suitable for the power
conditioner. This paper proposed, analyzed and designed a four-phase interleaved buck-boost converter with
changed load connection (CLC-FIBC) for the FC activation with characteristics as simple structure, wide
input current, high current, and low current ripples. The operating principle and mathematical model of
the CLC-FIBC were firstly analyzed, derived and presented, and then mathematical equations of transistor
voltage stress and inductor current ripple are derived respectively. Besides, this CLC-FIBC was compared
with several DC-DC converters to prove the superiority. The simulation and experimental prototype was built
to validate the theoretical analysis after presenting some design considerations. Simulation and experimental
results show that the CLC-FIBC has characteristics of both step up/down function, high power, wide input
current range, and low current ripples.

INDEX TERMS Multiphase interleaved, buck-boost converter, changed load connection, fuel cell.

I. INTRODUCTION
The fuel cell (FC) is usually used in microgrid, fuel cell
vehicles (FCVs), and aerospace [1]–[4]. Before being offi-
cially put into use, the FC must be activated to release more
performance. However the FC has the soft volt-ampere char-
acteristic, which means that the output voltage will decrease
with the increase of the load current. In order to perform FC
activations and obtain a controlled input current, a DC-DC
converter is usually required to interface the FC with the
load as a power conditioner [5], which can provide con-
stant current input mode for the FC. The main challenge of
DC-DC converters for the FC power conditioner is to achieve
both wide input currents and non-pulsating low ripple input
currents.

In order to meet the demand of the FC power condi-
tioner, the DC-DC converter must feature as low current
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ripple, high power, good dynamic response, and adapting to
wide input current ranges. Benefiting from simple structure,
easy to control, and high efficiency, traditional non-isolated
DC-DC converters such as boost, inverting buck-boost,
and two/four-switch buck-boost converters (TBC/FBC) are
widely used in the FC activation test applications [6]–[8].
However, traditional non-isolated DC-DC converters are con-
frontedwithmany drawbacks such as poor performance in the
wide input current range, large input ripple, slow dynamic
response, etc., and cannot satisfy the needs of the FC acti-
vation. In general high step-up DC-DC converters are pro-
posed to improve the voltage transmission ratio [1], [9]–[13].
Literature [12] proposed a high step-up boost converter,
which employs charge-pump and voltage multiplier cells
to obtain high voltage ratio. Literatures [13] adopt two
switched-capacitor cells and one energy storage cell to
construct the high voltage gain DC-DC converter. How-
ever the introduction of auxiliary devices will bring extra
losses, and increase the cost. Adoptingmultiphase interleaved
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technology can increase the input power, reduce the input
current ripple and the current stress of the switching
devices [8], [14]–[19]. S. Somkun, P. Mungporn, and
Y. Huangfu respectively proposed various control methods
for interleaved boost converters used in the FC power con-
ditioner [16]–[18]. These control method try to improve the
dynamic performance, the robustness and convergence prob-
lems of interleaved boost converters. V. Samavatian et al.
proposed the input/output magnetically coupled interleaved
buck-boost converter for the FC power conditioner to obtain
a high efficiency and nonplusing I/O currents [19]. Combin-
ing multiphase interleaved technology and the high step-up
technology, the high step-up interleaved DC-DC converters
could be obtained [20]–[25]. H. Xiao et.al proposed a fix
phase shifts extended-duty-ratio boost converter with a vari-
able phase-shift control strategy to expand current sharing
range [20]. L. Zhang proposed an alternating phase shift
control strategy for the interleaved boost converter with the
voltage multiplier for the FC power conditioner [24]. As a
result, the voltage stress of switches in light load is reduced.
H. Moradisizkoohi proposed interleaved DC-DC converter
using coupled inductors and switched capacitor [25]. This
DC-DC converter has an ultra-high voltage gain and reduced
voltage stress. However the existence of a large number of
auxiliary devices in high step-up interleaved DC-DC convert-
ers increases volume, mass and cost, reduces the reliability.

In order to solve abovementioned problems and satisfy the
needs of FC activation, this paper proposed a four-phase inter-
leaved buck-boost converter with changed load connection
(CLC-FIBC) for the FC activation. The new CLC-FIBC uses
four-phase interleaved strategy to increase the input power.
Besides, this CLC-FIBC changes the connection location of
the load to obtain wide input current range, both step-up and
step-down functions, and transistor common ground configu-
ration, which will simplify drive design of power transistor in
the multi-phase parallel application. Meanwhile CLC-FIBCs
obtain characteristics of simple structure, and low power
electronic components.

This paper presents the theoretical analysis and experimen-
tal verification for the CLC-FIBC. The rest of this paper is
organized as follows. In Section II, themathematical model of
the single phase buck-boost converter with changed load con-
nection (CLC-SBC) and the CLC-FIBC is given by the anal-
ysis of operating modes and waveforms. Features and design
considerations are presented in section III. The construction
of the simulation and experimental platform, the analysis
of results are given in Section IV. Finally conclusions and
discuss are presented in Section V.

II. MATHEMATICAL MODEL OF THE CLC-FIBC
A. OPERATING PRINCIPLE AND VOLTAGE GAIN
Figure 1 shows the topology derived process of the CLC-
FIBC. A traditional boost converter (Figure 1(a)) is composed
of a power transistor (S), a power diode (D), a freewheeling
inductor, and two filter capacitors (C1 andC2).Vin is the input

FIGURE 1. Topology derived process of the CLC-FIBC. (a) Traditional boost
converter. (b) Single phase buck-boost converter with changed load
connection (CLC-SBC). (c) Four-phase boost converter with changed load
connection (CLC-FIBC).

voltage, and the load (R) is connected with C2 in parallel.
In this configuration, the boost converter can only step up the
input voltage. In order to extend voltage conversion range,
we changed the load connection from BG to BA. Then the
CLC-SBC is obtained as shown in Figure 1(b) [26]–[28]. The
so-called changed load connection is defined as: the negative
pole of the load is not the grounded (G) of the input power
supply, but connected to the input positive pole (A). The
positive pole is still connected to the output positive pole as
B. This new configuration is the buck-boost converter with
changed load connection, but the filter capacitor C2 is still
connected between B and G. Then this buck-boost converter
can be treated as a boost converter from structure and control
characteristic. Replacing D as a transistor S2, a synchronous
rectification (SR) CLC-SBC can be obtained to reduce the
conductive loss. Considering the peripheral resource limita-
tion of micro-controller and the implementation complexity
of control strategy, we proposed the CLC-FIBC consisted of
four CLC-SBCs in this paper to increase the input power,
reduce the current ripple on the input side, reduce the volume
of the filter inductor and capacitor, and expand the input
current range. The main circuit topology of the CLC-FIBC
(Figure 1(c)) follows four identical parallel connections of
the CLC-SBC to feed power to the load and reduce the
input current ripple. These CLC-SBCs share the output filter
capacitor Co, which has a capacity value four times than that
of the CLC-SBC filter capacitor C2. In Figure 1(c), VCo is the
high side voltage across Co, Vo is the output voltage.
Comparing to the traditional boost converter, the proposed

CLC-FIBC has two advantages. The first one is that the
CLC-FIBC has low input current ripples, which will reduce
the damage on the FC. The second one is that the CLC-FIBC
has both step-up and step-down functions, which will provide
a wide input current range from 0 to maximum input current
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with a constant load resistor. The boost converter cannot
obtain this function.

Because CLC-SBCs in the CLC-FIBC are all the same,
the analysis of the CLC-FIBC can be divided into two steps:
the operating principle of the CLC-SBC and the interleaved
principle of the CLC-FIBC. The equivalent circuit of the
CLC-SBC in the inductance continuous current mode (CCM)
is shown in Figure 2 and the related waveforms of some key
devices are shown in Figure 3. The filter of the load R is
completed by C1 and C2. The specific operating principle is
described as follows:

FIGURE 2. Operating modes. (a) Mode I: equivalent circuit when the S is
turned on. (b) Mode II: equivalent circuit when the S is turned off.

FIGURE 3. Voltage and current waveforms of several key devices.

Mode I (Figure 2(a)): At mode I the transistor S is turned
on, the inductor stores the power energy through the path of
Vin → L → S (the red dotted line). At the same time the
voltage of the filter capacitor C2 reverses cutoff the diode D,
and then the load R is powered by C2 through the path of
C2→ R→ L→ S (the blue dotted line).

Mode II (Figure 2(b)):At mode II the transistor S is turned
off, since the inductor L is connected to the anode of the diode
D, the inductor discharges power energy to theC2 through the
path of Vin → L → D → C2 (the red dotted line), and the
C2 is in a charging state. The load R is powered by L through
the path of L → D→ R (the blue dotted line).

According to the principle of inductance volt-second and
capacitance ampere-second balance, the average voltage
across the inductor under CCM can be expressed as:

VL = dVin + (1− d)(Vin − VC2) (1)

where in, Vin is the input DC power, VC2 is the voltage across
the high side capacitor, and d is the duty cycle of the power
transistor S.

The average voltage across the inductor is zero throughout
the switching period T (the switching frequency f = 1/T ),
then the voltage transfer ratio between Vin and VC2 is:

VC2 =
1

1− d
· Vin (2)

It can be seen from equation (2) that the voltage ratio
between the VC2 across the capacitor C2 and the input volt-
age Vin is same as that of the traditional boost converter.
Based on (2), the output voltage Vo of the CLC-SBC and the
CLC-FIBC will be:

Vo =
d

1− d
· Vin (3)

Based on (3), when the duty cycle is equal to 0.5, the
output voltage is equal to the input voltage. When the duty
cycle is less than 0.5, the output voltage is less than the input
voltage to realize the buck function. When the duty cycle is
greater than 0.5, the output voltage is greater than the input
voltage to realize the boost function. Therefore the CLC-
FIBC can automatically switch between boost function and
buck function according to the duty cycle.

The CLC-SBC and the CLC-FIBC will be the buck-boost
converter with changed load connection and filter capacitors.
According to the small ripple approximation analysismethod,
the average current through the capacitor C2 under the CCM
of the CLC-SBC is derived as:

iC2 = (1− d) · iL −
VC2 − Vin

R
(4)

where iL is the current through the L, and R is the load
resistance.

The average current through the capacitor during the whole
switching period is zero, and then the equation of the iL will
be:

iL =
VC2 − Vin
(1− d)R

(5)

Substituting equation (2) in equation (5), the equation of
the iL under CCM throughout the switching period is:

iL =
dVin

(1− d)2R
(6)
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The small ripple approximation analysis method can also
be used to calculate voltage and current stresses in power
transistors S and diodes D. When the S is turned on, the D
is turned off instead, the inductor current iL is equal to the
power transistor current IS, and the D withstands the voltage
VC2. When the S is turned off, the D is turned on, the current
through the D is equal to iL, and the S is subjected to the
voltage VC2. Related equations will be:

〈VS〉 = 〈VD〉 = 〈VC2〉 =
Vin

1− d
(7)

〈IS〉 = dIL =
d2Vin

(1− d)2 · R
(8)

〈ID〉 = (1− d)IL =
Vin

(1− d) · R
(9)

B. FOUR-PHASE INTERLEAVED PRINCIPLE
The CLC-FIBC has four CLC-SBCs connected in parallel
as shown in Figure 1(c). The simplest control strategy is
synchronous control strategy, where four transistors have the
same switching behavior. However the current ripple of the
CLC-FIBC will be four time than that of the CLC-SBC in
synchronous control strategy. In order to solve this problem,
this paper adopts the interleaved control strategy: set one
phase (a CLC-SBC) of the CLC-FIBC as the main converter,
and the control PWM signals of other phases lag 90 degrees
in sequence. Based on the method of [19], [21], we suppose
that the equivalent series resistance of all inductors in the
CLC-FIBC is neglected, all semiconductor components are
in ideal switching state (on-state impedance is zero, and
off-state impedance is infinite). And the CLC-FIBC operates
in CCM. Through analysis, one period of the CLC-FIBC can
be divided into four segments based on the size of the duty
cycle d [22]–[24]. In the whole period, T/4, T/2, and 3T/4 are
used as segmentation points. The power transistor (IGBT)
driving signal, inductor current ripple and the conduction
mode of each phase under the different duty cycle are shown
in Figure 4, where 1 represents the power transistor turn-on
and 0 represents turn-off. Detailed analysis of each mode is
presented as follows:
Segment 1 [Figure 4(a)]: 0 < dT ≤ T/4. If the iLn (n = 1,

2, 3, 4) is the current across L1, L2, L3, L4 respectively, the iLn
rises between the turn-on time and the turn-off time of Sn (n=
1, 2, 3, 4), and reaches the maximum value at the turn-off time
of Sn. On other time, the iLn will decrease, and reaches the
maximum value at the turn-on time of Sn. Besides, because
the behavior of iLn is not the same, the synthetic current iLo
will have lower ripples than single phase current attributed to
the phase shift control strategy. The inductor current ripple
will be:
diLo
dt
=

Vin
L1
+
Vin − VCo

L2
+
Vin − VCo

L3
+
Vin − VCo

L4
(10)

1iLo =
VCo
Lf

(1− 4d)d (11)

where: VCo is the voltage of Co (the high side voltage), and is
equal to the input voltage Vin plus the output voltage Vo.

Segment 2 [Figure 4(b)]: T/4 < dT ≤ T/2. This segment
has similar current waveforms and conclusion to Segment 1.
The inductor current ripple expression is as follows:

diLo
dt
=

Vin
L1
+
Vin − VCo

L2
+
Vin − VCo

L3
+
Vin
L4

(12)

1iLo =
VCo
Lf

(2− 4d)(d −
1
4
) (13)

Segment 3 [Figure 4(c)]: T/2 < dT ≤ 3T/4. This
segment also has similar current waveforms and conclusion to
Segment 1. So that the inductor current ripple can be
expressed as follows:

diLo
dt
=

Vin
L1
+
Vin − VCo

L2
+
Vin
L3
+
Vin
L4

(14)

1iLo =
VCo
Lf

(3− 4d)(d −
1
2
) (15)

Segment 4 [Figure 4(d)]: 3T/4 < dT ≤ T. This seg-
ment also has similar current waveforms and conclusion
to Segment 1. With the increase of duty cycle, the current
increase time becomes longer from Segment 1 to Segment 4.
Therefore, the expression of inductor current ripple is as
follows:

diLo
dt
=

Vin
L1
+
Vin
L2
+
Vin
L3
+
Vin
L4

(16)

1iLo =
VCo
Lf

(4− 4d)(d −
3
4
) (17)

Combining equation (2), (3), (11), (13), (15), and (17),
the mathematical relationship between the1iLo and the duty
cycle d of the CLC-FIBC are obtained. The relational expres-
sion is:

1iLo =



VCo
Lf

(1− 4d) , 0 < dT ≤
1
4
T

VCo
Lf

(2− 4d)
d

(
d −

1
4

)
,
1
4
T < dT ≤

1
2
T

VCo
Lf

(3− 4d)
d

(
d −

1
2

)
,
1
2
T < dT ≤

3
4
T

VCo
Lf

(4− 4d)
d

(
d −

3
4

)
,
3
4
T < dT ≤ T

(18)

where L is the inductance of each phase inductor, f is the
switching frequency of the power transistors, and Vo is the
voltage at the output load. Comparing the output inductor
current ripple of the CLC-FIBC and the CLC-SBC with
the duty cycle function, we can see that under the same
switching frequency condition, the maximum current ripple
of CLC-FIBC is only a quarter of the CLC-SBCs. In addition,
the current ripple of zero ripple current point will be zero.

The function of the capacitor in the CLC-FIBC can be
regarded as a buffer unit for energy storage and release.
Generally, the value of the capacitor is large, and is approx-
imately equivalent to a constant voltage source. According
to the relationship between the charge amount 1Q and the
capacitance Co in one switching period, the output capacitor
voltage ripple 1VCo can be expressed as the equation (20).
Combined with equation (18), the high side voltage ripple of
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FIGURE 4. Schematic diagram of transistors (IGBT) gate drive signal and each phase inductance current ripple of the CLC-FIBC.

the proposed CLC-FIBC under different duty cycles can be
calculated as

1Q =
1
2
1iLo
2

T
2
=
1iLo
8fC

(19)

1VCo =
1Q
C
=
1iLo
8f

(20)

where: C is the capacitance of Co.

III. FEATURES AND DESIGN CONSIDERATIONS
A. SUPERIORITY AND COMPARISON
The proposed CLC-FIBC obtains features such as wide input
current, high-power, and reduced current ripple by chang-
ing the load connection and adopting multiphase interleaved
technology. Comparing to other non-isolated DC-DC con-
verters as single phase boost converter (SBC), four-phase
interleaved boost converter (FIBC), and four-phase inter-
leaved two-switch buck-boost converter (FITBC). Although
the SBC has a very simple structure (adopt fewest devices),
the input power, the voltage ratio, and current ripples cannot
satisfy the demand of FC power conditioner. The FIBC solved
the problems of the input power and the current ripple, and
the FITBC solve the problems of voltage ratio by introducing

FIGURE 5. The voltage gain versus the duty cycle.

more semiconductor devices. The CLC-FIBC has simple
structure (has same semiconductor devices to FIBC), both
step up/down voltage conversion characteristics, and reduced
current ripples. The voltage gain versus the duty cycle of the
CLC-FIBC is shown in Figure 5.
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TABLE 1. Comparisons to other converters.

Table 1 gives some comparisons between the proposed
CLC-FIBC and interleavedDC-DC converters in other papers
as [16], [20], [29]. The voltage and current tress of [20] has a
complex expression, and therefore is not listed in Table 1. The
voltage and current tress of [20] is larger than the CLC-FIBC.
The superiority of the CLC-FIBC is marked in bold. The
CLC-FIBC has the maximum output power of 40 kW, which
is at the product level, and was used by many companies.
Meanwhile this CLC-FIBC has a low current ripple, both
step-up/step-down functions, and the peak efficiency of 93%.
These parameters all satisfy the demand of FC activation.
Although this CLC-FIBC has a floating load, it does not affect
its using in the FC activation. Because the fuel cell activation
more concern about input characteristics and the floating load
is usually a resistor. The floating output voltage and resistive
load will have a weak influence on the input current.

B. LOSS AND EFFICIENCY ANALYSIS
The loss of the CLC-FIBC can be divided into 3 sections as:
switching losses, inductor losses, and conductive losses. The
switching loss can be calculated by:

Ps = f (Pon + Poff ) (21)

The CLC-FIBC adopts four IGBT s (FF300R12KT4) as
switching devices. According to the loss parameters from the
data sheet the total switching loss will be 324 Watts.

The conductive loss mainly occurs in semiconductor
devices. For maximum current state (300 A), this loss will be
525 Watts @ the forward voltage of 1.75V. The conductive
loss on wires (includes inductors, assuming the total conduc-
tive resistance is only 0.01 �) will be 900 Watts.

The inductor loss is also a major loss source, which cannot
be precise estimated. In summary, due to hardware con-
straints, the theoretical efficiency of the proposed CLC-FIBC

will be not very high. The efficiency can be optimized through
the soft-switching technology and using low loss devices.

C. DESIGN CONSIDERATIONS
The design of the CLC-FIBC has three steps: selection of
semiconductor devices, the design of inductors and capac-
itors, and the modulation of the four-phase PWM drive
signal for power transistors. Based on input and output volt-
age/current range, transistors and diodes can be selected using
stress equations (7), (8), and (9). For the FC power con-
ditioner, IGBT modules are a commonly used choice. The
value of inductors and capacitors determines current ripples
and voltage ripples respectively. They can be designed using
(18) and (20) based on actual ripple requirements. Besides,
the magnetic core of inductors also needs to be design appro-
priately. Finally the digital signal controller can be used to
generate the four-phase PWM signal.

IV. EXPERIMENTAL RESULTS AND DISCUSS
A. CONTROL STRATEGY
Since the proposed CLC-FIBC is used for the FC power con-
ditioner with the high-power and wide input current demand,
a suitable control strategy is important to obtain both the
wide current input range and the fast load transient response
when the load varies. The proposed CLC-FIBC has a float-
ing load, and therefore we control this converter as a boost
converter. Four IGBTs in the proposed CLC-FIBC has the
common ground, and then the drive power supply design
can be simplified. The control strategy includes two sections:
the input current controller, and the multiphase interleaved
modulation strategy. The multiphase interleaved modulation
strategy adopts the phase shift control strategy, and the phase
shift between two adjacent driving signals is 90◦. The input
current controller measures and samples the input voltage and
current signals through theHall current sensor and the voltage
collector. Then measured voltage and current values of the
CLC-FIBC are fed back to themicrocontroller unit (MCU) by
analog to digital conversion (ADC)module. Finallymeasured
voltage and current values, the given voltage value (Iref ) are
used to calculate the duty cycle by a current regulator with
voltage limit. Besides, the CAN bus is used to communicate
with the human-computer interaction (HCI). Simultaneously,
the protection circuit will also have corresponding actions
according to the collected amount of feedback. The control
schematic of the proposed converter is shown in Figure 6.

The control system as shown in Figure 6 adopts a single
input current control loop with the voltage limit to control the
value of the input current. First the current error is calculated
by using the reference current (Iref ) and the actual input
current (Iin). Then according to the current error, the control
duty cycle (d) can be calculated using a current regulator with
considerations of the limitations of input and output voltages.
Finally four PWM signals are generated to drive the converter
by modulating the duty cycle. In order to obtain current bal-
ancing, we choose one phase as the master control phase, and
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FIGURE 6. System control strategy schematic.

FIGURE 7. Current sampling points.

the other three phases as the slave control phases. The master
control phase has the phase-shift of 0◦, the slave control
phases respectively has the phase-shift of 90◦, 180◦ and 270◦.
Besides, we try our best to ensure that the parameters of each
phase are the same to obtain a good current sharing ability.
The input current is sampled as shown in Figure 7. We use
the turn-on point of the main phase transistor as the current
sampling point.

B. SIMULATION
In order to evaluate the operational characteristics and fea-
sibility of the proposed CLC-FIBC, a simulation proto-
type has been implemented by MATLAB/Simulink software.
The CLC-FIBC parameters can be summarized as shown
in Table 2. The switching frequency is set as 9 kHz. The
applied 4-phase inductor has the same specifications, and
the single inductance is 100 µH. Besides, the input filter
capacitor C1 has a capacity of 400 µF. Meanwhile, the output
filter capacitor Co has a capacity of 20 µF.
Figure 8 shows simulation results of four-phase current

waveforms, total input current waveforms, voltage and cur-
rent transient response. The load resistance is 0.1�, the input
voltage is 70V, and the output voltage is 10V. Figure 8(a)
shows that the current ripples of the total input current is
reduced by using four-phase interleaved control. Figure 8(b)
presents waveforms of the input current, the high side volt-
age, and the output voltage when the input current steps
up to 200 A from 100 A, and steps down to 100 A from
200 A. the transient response of. The two transient processes

TABLE 2. Converter system specifications.

FIGURE 8. Simulation results. (a) CLC-FIBC 1-4 phase inductor current and
total input current waveform. (b) Voltage and current transient response.

bots are completed quickly within 5 ms with a small over-
shoot. The proposedCLC-FIBC has a good transient response
characteristic.

C. EXPERIMENTAL RESULTS
In this section, an experimental prototype has been imple-
mented. The input voltage range of this prototype is
0-700 VDC and the input current range is 0-300 A. Four
power transistors S1, S2, S3 and S4 are all IGBTs of Infineon
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FIGURE 9. FC activation detection test system. (a) Test platform system.
(b) CLC-FIBC internal structure distribution.

FF300R12KT4. The other CLC-FIBC parameters can be
shown in Table 2.

Figure 9(a) is the FC power conditioner test platform based
on laboratory conditions, which is composed of three parts.
The front stage is a high-power DC power supply that can out-
put voltage 0-700VDC and output current 0-300A. This DC
power supply is used to simulate a wide input range of the FC.
The intermediate stage is the CLC-FIBC for achieving power
conversion function. And the latter stage is a high-power
resistive load. Figure 9(b) is the internal structure distribution
of the proposed CLC-FIBC.

D. EXPERIMENTAL RESULT AND ANALYSIS
The important experimental result measured on the exper-
imental platform is shown in Figure 10 and Figure 11.
In Figure 10(b), the input voltage is 70V, and the output
voltage is 10V. In Figure 10(b) the input voltage is 23V, and
the output voltage is 10V. Figure 10(a) shows the driving
signal waveform of the four-channel IGBT of the CLC-FIBC.
The phase difference between the adjacent two-phase driving
signals is 90◦, and the driving signal voltage amplitude is 15V.
In Figure 10(b), when the proposed CLC-FIBC has a voltage
of 80V across Co, it shows that the proposed CLC-FIBC

FIGURE 10. Experimental results. (a) IGBTs gate drive signal. (b) CLC-FIBC
1-3 phase inductor current and second phase power transistor voltage
waveform. (c) Inductor current and IGBT voltage waveform of the
proposed converter.

can achieve a good current sharing of the inductor current
of each phase. And the total inductor input current iLo is
approach 175A, while the current ripple is about 6%. The
total output power is about 1.5 kW. The voltage stress of
IGBTs is 80V. The waveform of Figure 10(c) is measured
under the condition of the voltage 32V across Co, the average
current of each phase inductor is 73.34A, and the upper
waveform is the total input current waveform of the 4-phase
inductor obtained by interleaved control of the CLC-FIBC.
The total power is about 2 kW. The voltage stress of IGBTs
is 32V. It can be seen that the output current ripple has
been greatly reduced. The middle and lower waveforms are
the second phase inductor current waveform and the second
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FIGURE 11. Result analysis. (a) Constant input current changes input
voltage. (b) Constant input voltage changes input current. (c) Constant
input power control.

phase IGBT voltage waveform. The inductor components
are accompanied by significant energy storage and release
process in each switching period, which is consistent with the
theoretical analysis results in Section II.

In addition, in order to verify that the proposed CLC-FIBC
that fits the wide input current range requirement of the
FC, the efficiency of the CLC-FIBC was tested. The test is
performed under the condition that the constant input current
but the input voltage changes, the constant input voltage
but the input current changes, and the constant input power,
the efficiency curves are shown in Figure 11(a) and (b).

Figure 11(a) and (b) record the experimental data of
the system under constant voltage and current control,

respectively. The proposed CLC-FIBC and control strategy
can get the maximum conversion efficiency, up to 93%.
Figure 11(c) shows the data curve measured at an input
power of 6 kW, which is achieved by first adjusting the
input voltage with a constant input current. When the set
power is reached, the input current decreases, but the input
voltage increases. It is easy to see that when the input voltage
rises to approximately 600 VDC, the converter is switched
from constant current control to constant power operation.
Through the experimental analysis results, the CLC-FIBC
can adapt to the power supply with the wide input current
range and the working efficiency has more than 90%. At the
same time, under the condition of interleaved driving control,
the CLC-FIBC can obtain the current sharing control of each
phase, and has a small output current ripple. The maximum
current ripple of the CLC-FIBC is not more than 6.2%.

V. CONCLUSION
This paper proposed, analyzed and designed a CLC-FIBC
with characteristics of wide input current range, low induc-
tor current ripple and high output efficiency in continu-
ous current mode. Mathematical models, operating principle
analysis, On the basis of this structure, features and design
considerations are also presented. A fast-precision digital cur-
rent controller is adopted to be the controller of the proposed
CLC-FIBC. Finally the simulation model and experimental
prototype are built to verify above-mentioned analysis.

Simulation and experimental results show: The CLC-FIBC
prototype has the same voltage gain as the buck-boost con-
verter and the characteristics with wide input current range.
The maximum input current ripple the proposed CLC-FIBC
does not exceed 6.2%.When the proposed CLC-FIBC adopts
constant current, constant voltage and constant power control,
the system efficiency can reach more than 90%, the highest
working efficiency can go up to 93%, and the proposed
topology has desirable conversion efficiency.
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