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Fuel cell power conditioners often require high step-up voltage gains to accommodate low

input fuel cell voltages into high voltage busses. Traditional non-isolated DC-DC boost

converters are unable to offer such as gains because of several parasitic elements and non-

ideal behaviour of power semiconductors and driving circuits. Moreover, paralleled con-

verters are also desirable to simplify power-up scaling and to reduce input/output current

ripples. In this context, a very versatile non-isolated, high step-up voltage gain, interleaved

boost converter is presented in this work. Steady-state analysis, simulation and evaluation

of different converter structures are discussed in detail. Finally, a 500-W experimental

prototype for Nexa Ballard 1.2 kW fuel cell specifications has been implemented and tested

to verify the performance.

© 2018 Hydrogen Energy Publications LLC. Published by Elsevier Ltd. All rights reserved.
Introduction

Low-Voltage Direct-Current (LVDC) is becoming an attractive

method of providing electrical power and a way of making

possible the access to electricity inmany developing countries

[1,2]. In contrast to centralized Alternating-Current (AC) sys-

tems, where electrical power is generated in large plants and

then distributed through high voltage networks and finally

converted to lower voltages to final users, LVDC is created

nearby to the end consumer. Modern DC electrical loads - e.g.

computers, LED lighting, mobile phones and others e suggest
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the use of DC distribution systems, and on top of that, many

renewable power sources are DC by nature, e.g. photovoltaic

generators or fuel cells [3]. Avoiding DC-AC-DC conversion

improves the overall efficiency and cost.

In this context, DC-DC converters play a key role in

renewable LVDC networks, adapting different DC voltage

levels, protecting the distribution network and isolating elec-

trical faults, with different requirements for each input

source, such as photovoltaic, fuel cells, batteries and super-

capacitors. In the case of fuel cells, the most critical issues for

the power conditioning electronics are large step-up voltage
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conversion ratio [4], low fuel cell current ripple [5], high effi-

ciency and reduced cost [6]. At a second level, modularity,

scalability, redundancy and reliability are common requests

associated to these converters [7].

To meet the needs of moderate step-up voltage conversion

ratio, Interleaved Boost Converters (IBCs) are commonly

adopted, because of simplicity, input current ripple cancella-

tion, modularity, power sharing and enhanced dynamic

response [8]. A further step, and with the aim of improving

power density and redundancy in medium and high power

converters, typically in the range between several hundred of

watts and several hundred of kilowatts, a multi-switch,

interleaved boost converter (MIBC) has been also proposed

[9]. Unfortunately, these solutions does not really fit with high

step-up voltage conversion requirements which require

extremely high duty ratio, i.e. voltage gain ratio above three.

Different solutions are reported in the literature to overcome

this limitation [10,11].

An interleaved two-phase boost with a two-inductor (2-L)

switched-inductor network has been already proposed in

Ref. [12], but in the present work a generalization of a k-L

switched-inductor network is presented with n phases and m

power transistors per phase, providing a wider view of the

modular, high step-up voltage gain boost converters.
Multi-interleaved, switched-inductor boost
converter

The general structure of the proposed multi-interleaved,

switched-inductor boost converter (MISIBC) is represented in
Fig. 1 e Proposed MISIB
Fig. 1. This topology exhibits several degrees of freedom to

optimize the power electronics conditioner. First, power

semiconductor switching frequency and inductor frequency

could be decoupled by the number of switches per phase, m,

using a multiplexed driving pattern [13]. This fact could be

used in several ways, such as, magnetic core optimization,

input current ripple reduction, power semiconductor losses

distribution and switch reconfiguration [14]. In addition,

number of phases, n, operated in interleaving mode also al-

lows power sharing, input current ripple cancellation and

power switch optimization. However, typical boost structures

are limited in voltage step-up gain. Ideal single inductor boost

DC transfer function is Vo/Vin ¼ 1/(1-D), where D is the duty

cycle, D ¼ ton/T. Although, high step-up (Vo/Vin) voltage ratio

is ideally possible, forcing high duty cycle, this is not feasible

from the practical point of view. Parasitic inductor resistance,

diode forward voltage drop, limited resolution of the driving

signal, gate circuits or control issues finally limit the practical

duty cycles, which are in the order of D ¼ 0.5e0.7.

On this basis, and especially for low voltage sources, as fuel

cells, high step-up voltage gain converters are very attractive.

The proposed switched inductor structure, which has the

ability to increase the DC voltage ratio, combined with the

other advantages derived from multi-device and interleaving

is an interesting option for medium and high power fuel cell

power systems.

The generalized switched-inductor network consists on k

inductors and 3$(k-1) diodes that connects all the inductors in

parallel during the ON-state and connects the inductor in se-

ries during the OFF-state.
C DC-DC converter.
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MISIBC DC converter analysis

The converter is operatedwith PulseWidthModulation (PWM)

control and the study is done for Continuous Conduction

Mode (CCM) including the forward voltage drop of the diodes

(Vd) [15]. The operating principle and the steady-state analysis

of CCM is presented in detail as follows.

For each converter phase, two states are identified, ON-

state and OFF-state, please refer to Fig. 2. During the ON-

state, that is during ton, one of the MOSFETs is turned on.

The equivalent circuit, represented in Fig. 2, includes k in-

ductors in parallel with one diode (Vd) in series for the first

and the last inductor branches and two diodes (2$Vd) in series

for the rest of the inductor branches. Inductors are then

charged from the input voltage minus Vd for the first and last

branch or 2$Vd in the other inductor branches (1). The output

capacitor provides the energy to the load and maintains the

output voltage.

VLjON�state ¼ Vin � Vd ; first and last inductor branch
VLjON�state ¼ Vin � 2Vd ; others inductor branches

(1)

During the OFF-state, the output diode provides a free-

wheeling current path and all inductors discharge in series to

provide energy to the load and recharge the output capacitor.

In thismode, k-1 diodes of the switching-inductor network are

forward biased and the voltage across a single inductor,

assuming equal inductance value for all, is given by (2).

VLjOFF�state ¼ ðVin � VoÞ=k� Vd (2)

Assuming that all inductors exhibit the same inductance

value, L, and considering a mid-inductor branch, the volt-

second balance on the inductor is expressed as (3).

Zton

0

ðVin � 2VdÞdtþ
ZT=m

ton

�
Vin � Vo

k
� Vd

�
dt ¼ 0 (3)

By operating (3), the DC voltage gain in CCM is finally given

by (4).

Vo ¼ Vin

�
1þ ðk� 1ÞDm

1� Dm

�
� kVd

�
1þ Dm
1� Dm

�
(4)
Fig. 2 e Inductor waveforms in CCM operation (left side) an
The DC voltage transfer function of the proposed con-

verter, exhibits larger voltage step-up ratios as the number of

inductors, k, increases. A graphical representation of the ideal

(Vd neglected) DC voltage gain for k ¼ 1...4 and m ¼ 1 is rep-

resented in Fig. 3.

In order to analyse the MISIBC waveforms and component

stresses, a representation of a single switched-inductor

structure is shown in Fig. 4, where ibi denotes individual

branch current, being i from 1 to k. Dpi,j states for the parallel-

inductor connection diodes, being i the number of the branch

and j the position within the branch. As observed, Dp1,1 and

Dpk,2 could be avoided to reduce power losses. Dsi refers to

series-inductor connection diodes and input phase current,

iiph, is the sum of all branch currents. All the component

stresses have been analysed neglecting the diode forward

voltage (Vd).

The voltage stress on the parallel-inductor connection

power diodes of the switched-inductor network are given by

(5) and (6), while the voltage stress on the series-inductor

connection diodes of the switched-inductor network is ob-

tained by (7), from i ¼ 1 to k.

VDpi;1 ¼ i� 1
k

ðVo � VinÞ (5)

VDpi;2 ¼ k� i
k

ðVo � VinÞ (6)

VDsi ¼ Vin (7)

On the other hand, the voltage stress on power MOSFETs

and output diode is the same and given by (8).

VM ¼ VDo ¼ Vo (8)

From the analysis of the input currents of the switched-

inductor network, the average current of the parallel-

connection diodes can be expressed in terms of the average

inductor current as (9). As the input phase current, iiph, is the

sum of all branch currents, the average inductor current is

finally represented as a function of the average input current

(10). Besides, assuming ideal conversion efficiency and power

sharing between phases, average inductor current could be
d equivalent circuits for ON and OFF states (right side).
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Fig. 3 e DC voltage gain for different k (k ¼ 1...4) and m ¼ 1.

Fig. 4 e Generalized switched-inductor network and input current waveforms.
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also expressed in terms of the average output current (11),

where n represents the number of phases.

< ib1 > ¼ < iL >
< ib2 > ::< ibk > ¼ < iDp > ¼ Dm< iL >

(9)

< iL > ¼ < iiph >
1þ Dmðk� 1Þ (10)

< iL > ¼ < io >
nð1� DmÞ (11)

Maximum and minimum inductor current, (12) and (13),

could be determined by the analysis of voltage across the

inductor during the ON-state.
Table 1 e FC converter main converter requirements.

Output voltage (Vo) 100 V

Output power (Po) 500 W

Fuel cell (input) voltage (Vin) 24 Ve42 V

Inductance and DC resistance (L-R) 30mH-10 mU

Diode forward voltage (Vd) 1 V

MOSFET on-resistance 50 mU

Output capacitor (Co) 590 mF

Switching frequency 100 kHz
iLmax ¼ < iL > þ DiL
2

¼ < io >
nð1� DmÞ þ

VinD
2fL

(12)

iLmin ¼ < iL > � DiL
2

¼ < io >
nð1� DmÞ �

VinD
2fL

(13)

Due to triangular and trapezoidal shapes of the branch

currents, the input phase current ripple becomes large and

dependent on k. During the ON-state, iiph equals to k times iL,

while remains only iL during the OFF-state, resulting in a

current ripple given by (14).

Diiph ¼ ðk� 1Þ < io >
nð1� DmÞ þ ðkþ 1ÞVinD

2fL
(14)

The current stresses of the different power semi-

conductors are easily derived from inductor and input phase

currents. The maximum current for the MOSFETs, output

diode, parallel-connection diodes and series-connection di-

odes are given by (15) and (16).

iMmax ¼ k

�
< io >

nð1� DmÞ þ
VinD
2fL

�
(15)
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iDmax ¼ iDpmax ¼ iDsmax ¼ < io >
nð1� DmÞ þ

VinD
2fL

(16)

The interleaving parallel connection of different phases (or

modules) offers an effectivemethod to provide power sharing,

redundancy, improved dynamic response, but also input

current ripple minimization, which is very desirable in fuel

cell DC-DC power converters [16].

Because of the trapezoidal nature of the input phase cur-

rents, the effect of interleaving several currents results on an
Diout RMS
¼ < iin >

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
½ðY � X=nÞððXþ 1Þ=n� YÞ� þ n

.
ð12Y2ÞððVintonÞ=ð< iin > LÞÞ2

h
ðXþ 1Þ2ðY � X=nÞ3 þ X2ððXþ 1Þ=n� YÞ3

ir
(21)
input current with the same average value but with smaller

current ripple, as defined in (17) and (18). On the other hand,

input current frequency is n·m times the switching frequency

(19).

Diin ¼ ðk� 1Þ < io >
nð1� DmÞ þ ðkþ 1ÞVind

2fL
(17)

< iin > ¼ 1þ ðk� 1ÞDm
1� Dm

< io > (18)

fiin ¼ nmf (19)

An exception of this rule happens in the cancellation

points, which correspond to the duty cycles, Dcc, defined by
Fig. 5 e Three different converter configurations under evaluati

(lower right).
(20). In those points, input current ripple exhibits triangular

shape withminimum ripple, however, practical current ripple

cancellation is very difficult to achieve because of the non-

ideal behaviour of the different devices that defines the

power converter.

Dcc ¼ i
n
; i ¼ 1…ðn� 1Þ (20)

The output current waveform is the same as the multi-

device, interleaved boost [13], having the same input ripple

current RMS value, given by (21), which is important to prop-

erly size the output capacitor, Co.
Where Y and X are given by (22) and (23), respectively

Y ¼ mðT� tonÞf (22)

X ¼ PnYR (23)

Fuel cell converter evaluation: 4-IBC, 2-2 MIBC
and 2-2-2 MISIBC

In this section, three different converter configurations have

been evaluated for the Nexa Ballard PEM fuel cell re-

quirements. In all cases, inductance value, switching
on: 4-IBC (left side); 2-2 MIBC (upper right); 2-2-2 MISIBC
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frequency, output power and DC voltage gain are kept the

same, as listed in Table 1. Output voltage value is in accor-

dance with current aerospace and microgrids applications.

From Fig. 5, 4-IBC configuration refers to a 4-phase Interleaved

Boost Converter [17]; 2-2 MIBC states for a 2-phase, 2-switch

per phase Multi-Interleaved Boost Converter [13]; 2-2-2 MIS-

IBC is a 2-phase, 2-switch per phase and 2 inductor switched-

inductor networkMulti-Interleaved, Switched-Inductor, Boost

Converter.

Using PSIM electronic simulation software, the three

selected converter configurations have been evaluated under

similar working conditions, and the main results have gath-

ered in Table 2.

As it can be observed from Table 2, the duty cycle of the 2-2

MIBC and 2-2-2 MISIBC is reduced 50% and 59% respectively

compared to the 4-IBC. This fact is especially important to

obtain high step-up voltage gain in non-isolated boost
Fig. 6 e Input (fuel cell) current. Green trace: 2-2-2 MISIBC; red

references to color in this figure legend, the reader is referred t

Table 2 e FC converter evaluation: main simulation
results.

4-IBC 2-2 MIBC 2-2-2 MISIBC

D 0.78 0.39 0.32

Efficiency 0.98 0.97 0.93

Diin pk-pk 0.76 A 2.12 A 6.84 A

〈<<iL〉>> 4.67 A 9.45 A 5.96 A

DiL pk-pk 6.07 A 3.00 A 2.38 A

iL frequency 100 kHz 200 kHz 200 kHz

Max. total L energy 3.54 mJ 3.58 mJ 3.02 mJ

iL rms 5.00 A 9.49 A 6.00 A

iM rms 4.40 A 5.85 A 6.80 A

iCo rms 2.13 A 4.77 A 2.73 A

iDo rms 2.37 A 4.64 A 3.58 A

iDp rms N/A N/A 4.81 A

iDs rms N/A N/A 3.58 A

vDp pk N/A N/A 40.12 V

vDs pk N/A N/A 21.52 V
converters. On the other hand, the large number of diodes,

which are operating under high-current conditions, strongly

penalise the converter efficiency. Regarding the power semi-

conductor stress issues, it can be seen that structures with 2

phases exhibit larger RMS currents for the MOSFETs and

output diodes, which is an indicator of the on-losses and a

limiting factor for part selection. Obviously, the diodes of the

switched-inductor network must be selected according to the

maximum voltage and current carrying capabilities.

As it can be observed from Fig. 6, highly pulsated currents

are found in the 2-2-2 MISIBC converter, due to the fact of

different inductor charging and discharging paths, which

establish trapezoidal current waveforms at phase level that

cannot be cancelled with interleaving driving patterns. This

forces to restrictive input filter design requirements for this

topology.

Another important consideration for converter evaluation

regards to part count, 2-2 MIBC offers an important advantage

in terms of number of inductors, output diodes, current sen-

sors and current error amplifiers if compared with the 4-IBC.
trace: 2-2 MIBC; blue trace: 4-IBC. (For interpretation of the

o the Web version of this article.)

Table 3 e 2-2-2 MISIBC 500-W FC prototype specifications
and components.

Output voltage (Vo) 100 V

Output power (Po) 500 W

Fuel cell (input) voltage (Vin) 24 Ve42 V

Inductance and DC

resistance (L-R)

33uH-2.4 mU (WÜRTH WE

7443643300)

Power diodes UJ2D1210T

MOSFET SCT30KLGC11

Output capacitor (Co) 590 mF (CORNELL DUBILIER e

947D591K132DJRSN)

Input capacitor (Cin) 200 mF (2 � AVX FFV3 100 mF)

Switching frequency 100 kHz

PWM signals Isolated drivers e Cypress PSoC 4

CY8CKIT-042

https://doi.org/10.1016/j.ijhydene.2018.11.094
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Fig. 7 e 2-2-2 MISIBC 500-W prototype.

Fig. 8 e 2-2-2 MISIBC 500-W prototype, steady-state experimental waveforms, output boost section. Ch1: ph1-drain to

source voltage. Ch2: ph1- MOSFET drain current. Ch4: ph1-output diode voltage.
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The 2-2-2 MISIBC also keeps the same advantages for the

output diodes, current sensors and current error amplifiers

but it penalises in terms of total number of diodes required for

the switched-inductor network.
Fuel cell converter experimental validation: 2-2-2
MISIBC

To verify the theoretical analysis and simulation results of the

proposed MISIBC converter, a 2-2-2 MISIBC 500-W prototype

has been built in the laboratory for use in a Nexa Ballard

1.2 kW fuel cell. The prototype specifications and components

are collected in Table 3 and the photograph of the imple-

mented circuit is shown in Fig. 7.

Some experimental measurements have been collected

under the following operating conditions Vin ¼ 24 V, D ¼ 0.34,

Vo ¼ 102 V and Ro ¼ 25 U. Fig. 8 illustrates the measured

steady-state waveforms of the MOSFET and the output diode

voltage of a single phase. It is observed that the drain to source

voltage and diode voltage are switching twice faster than the
Fig. 9 e 2-2-2 MISIBC 500-W prototype, steady-state experiment

diode voltage. Ch2: ph1-parallel diode current. Ch3: ph1 e serie
MOSFET current, which indicates that the two MOSFETs are

conducting alternately.

Fig. 9 includes the main steady-state waveforms of the

switched-inductor network power semiconductors. It is

shown that current raises during the MOSFET on-time

through the parallel diodes and decreases during the off-

time through the series diode. The series diode blocks Vin

and the parallel diode (Vo-Vin)/2, as predicted.

Fig. 10 shows the input current waveforms. It is clearly

appreciated that phases currents have trapezoidal shapes

with phase displacement because of the interleaving driving.

The resultant input current has a current ripple equal to single

phase but twice DC value, indicating that input current ripple

does not increase with the number of paralleled phases. On

the other hand, the input current frequency is 400 kHz that

results from applying (19) with 100 kHz switching frequency.

To conclude this section, some efficiency and DC measure-

ments have been reported in Table 4. Higher efficiencies are

obtained at lower output power, due to lower current circu-

lating through power diodes. Output voltage is also affected

because of forward diode voltage variations with current.
al waveforms, switched-inductor network. Ch1: ph1-series

s diode current. Ch4: ph1-parallel diode voltage.
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Fig. 10 e 2-2-2 MISIBC 500-W prototype, steady-state experimental waveforms, input currents. Ch2: ph1-input current. Ch3:

ph2 e input current. Ch4: input current.

Table 4 e 2-2-2 MISIBC 500-W experimental results: DC
measurements.

Load <Vin> <Iin> <Vo> <Io> Efficiency

100 U 24 V 5.95 A 115.5 V 1.16 A 0.94

55 U 24 V 11.61 A 110.8 V 2.17 A 0.86

33 U 24 V 15.90 A 105.7 V 3.12 A 0.86

25 U 24 V 20.50 A 101.5 V 3.99 A 0.82

i n t e r n a t i o n a l j o u r n a l o f h y d r o g e n en e r g y 4 4 ( 2 0 1 9 ) 1 2 7 8 3e1 2 7 9 2 12791
Conclusions

This paper presents an alternative to IBC andMIBC converters

when high step-up voltage ratio is required, which in fact is

very common in fuel cell LVDC distribution applications. The

presented converter has the following attractive

characteristics:

� Current sharing issues at phase level are overcome by

forcing the conduction of only one power semiconductor at

a given time and reducing its duty cycle. Then, thermal

management at phase level could be simplified.

� Different switching, inductor and input/output currents

are obtained, which makes possible a converter optimiza-

tion depending on different parameters and specifications.
� Switched-inductor networks allow high step-up voltage

ratio with repeatable structures. The order of the network

could be selected depending on the converter

requirements.

In summary, a high versatile boost converter has been

presented with three adjusting parameters, m e number of

power transistors per phase; ne number of phases and k-order

of the switched-inductor network. This structure is specially

adapted for medium power fuel cell power conditioners.

Derivation of MISIBC steady-state equations, evaluation

and simulation of three different interleaved boost structures,

4-IBC, 2-2 MIBC and 2-2-2MISIBC has been carried out for Nexa

Ballard 1.2 kW fuel cell specifications. Finally, a 500-W 2-2-2

MISIBC prototype has been implemented and tested at

Vin ¼ 24 V and Vo ¼ 100 V. Experimental results show that

MISIBC is an interesting alternative for non-isolated, high

step-up voltage ratio DC-DC conversion.

To conclude, further studies will be orientated to overcome

the negative effect of diode losses on the switched-inductor

networks as well as to provide soft-switching methods to

power semiconductors. This will allow the increase of the

voltage conversion ratio for higher DC busses, e.g. 400 Vdc,

with high power conversion efficiency.
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