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This paper presents a new comprehensive study on multi-phase interleaved DC-DC boost
converters for fuel cell power interface. High power density DC-DC converters are
usually required due to the volumetric and gravimetric constraints in the various fuel cell
power system applications. On the other hand, in sensitive applications such as vehicular
systems, using a reliable converter is a critical feature. Therefore, different multi-phase
configurations with various phase numbers are investigated to find the configuration with
the highest power density and reliability. Boost converters with single, two, and four-
phase configurations are designed with considerably low input current and output voltage
ripples compatible with the fuel cell application. Their performance parameters
(especially their power densities) are investigated using the analytical and simulation
results. To discuss their reliability, a reliability analysis based on a mathematical model
and a Markov diagram is employed to calculate the converters’ expected load loss values.
The novelty of this paper can be found in optimizing the aforementioned goal function
by choosing the best multi-phase structure. In the end, among the considered
configurations, the two-phase boost converter is selected to be used in fuel cell
applications due to its superior performance in terms of power density and reliability.
The selected boost configuration is implemented to extract the experimental results and
verify the accuracy of the calculation and simulation results.

1. Introduction

input current ripple [8]. The research works on DC-DC boost

Nowadays, the fossil fuel system is dwindling due to
excessive utilization and burning of fossil fuels in the
vehicular application, which leads to the emission of
greenhouse gases [1], [2]. The fuel cell usually has a current
source characteristic with low output voltage and high output
current [3]. Therefore, to solve the mismatched problem of
the voltage levels between the dynamic lower voltage of the
fuel cell stack and the required constant higher voltage of the
DC link, a DC-DC step-up converter should be used as the
power electronic interface [4]-[6].

The boost converter is considered the most widely used
converter in the fuel cell application [7]. Because this
converter has three main features, including simple structure,
high voltage gain (even without using transformers), and low

converter in the fuel cell applications try to improve the
converter performance in two different aspects: a) presenting
an efficient converter model and control strategy [9]-[12] and
b) improving the basis of the boost converter. Some research
works in the second category are focused on enhancing the
converter voltage gain using different methods such as
cascading multiple basic boost converter cells [13],
introducing the voltage multiplier [14], using switched
capacitors [15], and series connection of the two modules at
the output side [16]. Also, using the floating interleaved boost
topology is a typical approach [17].

Using the interleaved multi-phase boost converters (with
parallel connection of the modules) has some advantages,
such as lower input current ripple, lower components’ current
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stress, and more output power availability in case of fault
occurrence [18]-[20]. These features make multi-phase
interleaved boost converters appropriate in the fuel cell
application because of the usually high current amplitude and
low tolerable current ripple of the fuel cell. Therefore, in this
paper, the multi-phase boost converters are used as a power
interface between the fuel cell and the load.

Choosing the most suitable multi-phase configuration in
the fuel cell application is a challenge studied in this paper.
Choosing a converter topology with high power density is a
critical goal in some applications, such as fuel cell hybrid
vehicles. On the other hand, in some special applications such
as vehicular systems, the selected topology should have high
reliability to increase the converter’s fault-tolerant capability
[21]. Commonly, increasing the converter power density
results in lower converter reliability and vice wversa.
Therefore, to achieve both high power density and reliability
for the converter, the approach should be carefully
implemented.

Many research efforts have been made on the reliability
analysis of the DC-DC converter [22]-[24]. The reliability
analysis starts with extracting the components’ failure rate at
different operating conditions. Then a proper reliability model
could be used to make it clear how the components’ failure
rate is related to the converter reliability [25]-[27]. Using an
analytical tool to illustrate the system states in terms of
reliability, such as the Markov diagram, is a useful approach
to calculating the converter reliability from the obtained
model [28]-[30].

In this paper, single-phase, two-phase, and four-phase
interleaved boost converters, which are three common
interleaved structures, are studied for the fuel cell application.
The converters are designed to have a very low current ripple
that is compatible with the considered fuel cell. The new
study aims to choose the multi-phase configuration with the
highest power density and reliability. For this purpose, the
converter components’ volume and total expected load loss
(ELL) are calculated analytically. The reliability analysis to
compute ELL has been done using a proposed reliability
model and a Markov diagram for the converters. To the
knowledge of the authors, analysing the power density and
reliability of these structures in the same time for finding the
optimum structure with maximum goal function is not
presented in the literature. This paper does not aim to present
novel modeling or design methods, it should find the
optimum structure with the highest reliability and power
density. The novelty of this paper can be found in optimizing
the aforementioned goal function by choosing the best multi-
phase structure. The multi-phase converter with the highest
power density and reliability is simulated and implemented,
and the simulation and experimental results are presented to
validate the analytical results.

TABLE I Electrical characteristics of the utilized fuel cell

Oper.  Voltage Current Oper. Voltage Current
point (\%) (A) point W) (A)
1 41.7 0 7 31.5 150
2 37.6 25 8 31.2 175
3* 354 50 9 30.8 200
4 32.7 75 10 304 225
5 32.3 100 11 30 250
6 31.9 125 12 29.6 275
* Nominal operation point with rated values
50
40 T~
S 30 T o .
@
:’,!P 20
S 10
0
0 25 50 75 100 125 150 175 200 225 250 275
Current (A)
(@)
10
o BT
2 6 \m
G 4 \\.\
g 2 o
[-% o \*\_‘

29 30 31 32 33 34 35 36 37 38 39 40
Voltage (V)
(b)

Fig. 1. Fuel cell (a) voltage-current and (b) power-voltage

profiles.
TABLE II Electrical specifications of the required boost converter
Parameters Symbol  Unit Value
Rated input voltage Via \'% 354
Maximum input voltage Vi \ 41.7
Rated input current Lin A 50
Rated input power Pia A\ 1770
Maximum input current Al max A 0.5
ripple
Rated output voltage V, \% 72
Rated output power P, W 1600
Rated output current I, A 22.2
Maximum output voltage AV gmax v 0.4
ripple
Switching frequency fy kHz 25
L5 b
(5501 * T
B J% T
LZ
v (5500 o
S, _]%_

Fig. 2. Two-phase boost converter.

I1. Supply power and converter specifications

The fuel cell is a power source with direct voltage and
current. Technically, the characteristics of the fuel cell include
parameters related to its electrical behaviour, such as rated
input voltage, minimum operating voltage, maximum
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Fig. 3. Diode and capacitor currents for different designed multi-phase boost converters: (a) diode and (b) capacitor currents for
single-phase, (¢) diode and (d) capacitor currents for two-phase, and (¢) diode and (f) capacitor currents for four-phase.
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Fig. 4. The two-phase boost converter currents, (a) The phase input current, (b) The total input current.

operating voltage, rated power, and rated supply current.
With the studies performed on the existing power supply
system, the electrical parameters of the fuel cell are extracted
and shown in Table I.

According to the reported fuel cell characteristics, the
nominal input power of the designed boost converter should
be equal to 1770 W at 35.4 V. Another critical fact related to
the fuel cell behaviour is the voltage variation by changing
the electrical load value. Using the presented fuel cell, the
converter input voltage varies from 41.7 V to 35.4 V from no-
load to full-load conditions, respectively. To show the load-
dependent behaviour of the fuel cell, its voltage-current and
power-voltage profiles are shown in Fig. 1.

The reported fuel cell has a specific feature, which is its
sensitivity to the output current ripple. To protect the fuel cell,
the input current ripple of the converter must be less than one

percent. Based on the aforementioned facts about the
considered fuel cell as the supply voltage, the required boost
converter specifications are reported in Table II.

I11. Multi-phase boost

In multi-phase structures, parallel power flow paths are
used with a converter in each path. Fig. 2 shows the structure
of a two-phase boost converter. The current passing from the
converter input to output is divided between the converter
phases, which reduces the nominal of the
components used in each phase. In other words, using a multi-
phase structure increases the number of elements required and
decreases their nominal values. This feature simplifies the

currents

selection of converter components for a specified required
power, especially in high-power applications.
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However, the multi-phase structure has another critical
advantage, and that is a significant reduction in the required
capacitor and inductance amounts to have an acceptable input
current and output voltage ripples. The utilized phase shift
angle between different phases is the main tool to achieve this
feature. In the symmetrical multi-phase structures, there is a
phase difference of 360°/n degrees between different stages,
where n indicates the number of phases. For example, in the
two-phase structure shown in Fig. 2, the switching period of
the second phase switch (S,) starts 180 degrees after that of
the switch S;. In this case, when S; in the first phase is on and
the power transmission path from input to output is
interrupted, S, can be off, and the power can be transmitted
from input to output in the second phase of the converter. This
feature reduces the required capacitor amount to supply the
output current when the phase switch is on.

In this paper, single-phase, two-phase, and four-phase
boost converters for the power interface of the fuel cell supply
are investigated and compared with each other. Therefore, in
this section, the operation principles of these three converters
are examined. It should be noted that due to the sensitivity of
the fuel cell to the output current ripple, the converters will
operate in continuous conduction mode (CCM) so that their
input current ripple is minimum.

It should be noted that the capacitor and inductance
volumes are the two very important factors in determining the
converter size. Therefore, the effect of the required output
voltage ripple and the converter structure on the capacitor
value and consequently, its volume is studied. Then, the same
investigation to find the input current ripple and the converter
structure influences on the inductance volume is presented.

A. Output capacitor of multi-phase boost
In multi-phase boost converters, the capacitor current can
be calculated as [22]:

n
I :zid—j_lo 1)
j=1
where iq;1s the diode current in phase j and [, is the average
output current of the converter. In Fig. 3, the total capacitor
current and the diode current of each converter phase are
presented for single, two, and four-phase converters. After
calculating the area below the capacitor current waveform
from zero to zero (4Q), the required amount of capacitor can
be described as [22]:
Cout = %
0
AQ @)
" Allowable voltage ripple = 0.006 x V,
It should be noted that the load change transient such as
load steps are not considered in this paper.

B. Current ripple
The input current ripple for each phase of the multi-phase
boost converter can be calculated as follows [4]:

_ VDT,
L= AL 3)
where D is the switch duty cycle and 7y is the switching
period. The fuel cell current is equal to the sum of the
inductance currents of the phases. Due to the phase shift
angle between the inductance currents of the phases, the
input current ripple is much lower than the current ripple
of each inductance. For example, Fig. 4 shows the phase
input current and the total input current of a two-phase

boost converter.

IV. Converter size

Using the above-mentioned design procedure, single-
phase, two-phase, and four-phase boost converters are
designed, and the required component values are presented in
Table III. It should be noted that the well-known procedure of
designing a multi-phase boost converter is not presented in
this paper for the sake of brevity. The total volumes of the
designed components for the multi-phase boost converters are
reported in Table IV.

TABLE III Design results for the required boost converter

Component Part N Value Voltage Current
A. Single-phase boost converter
Output Electrolyte 9 100 100 V -
cap. uF
Output Electrolyte 2 47pF 100 V -
cap.
Input ind. - 1 1.47 - 60 A
mH
Switch IRFP4227PBF ] - 200 Vo 46 A®
Diode MBR40100CT 1 - 100 Vo 40 A®
B. Two-phase boost converter
Output Electrolyte 2 100 100 V -
cap. puF
Output Electrolyte 2 47pF 100V -
cap.
Input ind. - 2 100 - 30A
pH
Switch IRFP4227PBF 2 - 200 VO 46 A®
Diode MBR20150PT 2 - 150 Vo 20 A@
C. Four-phase boost converter
Output Electrolyte 1 100 100 V -
cap. nF
Output Electrolyte 2 47uF 100V -
cap.
Input ind. - 4 60 - 15A
pH
Switch IRFP240 4 - 200 Vo 12 A®
Diode MBR20150PT 4 - 150 V& 20 A®

M Switch drain-source minimum breakdown voltage
@ Switch drain-source continuous current @ 100°C
© Diode peak repetitive reverse voltage

@ Diode forward current @ 100°C

The design results clearly show that the two-phase and four-
phase configurations use 81.1% and 77.6% less required
component volumes compared to the single-phase
configuration, respectively. Therefore, from the highest to the
lowest power density, the considered boost converter can be
listed as the two-phase, four-phase, and single-phase
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configurations. Considering the aforementioned results, using
the multi-phase structure for the required boost

TABLE IV Total volume of the designed boost converters
Converter Component Volume Component Volume

type (cm’) (cm?®)
Single Output cap. 51.1 Switches 3.1
phase Input ind. 295.5 Diodes 1.4
Converter total component volume: 351.1 cm?®
Two Output cap. 16.8 Switches 6.2
phase Input ind. 40.2 Diodes 29
Converter total component volume: 66.1 cm?
Four Output cap. 11.9 Switches 12.5
phase Input ind. 48.2 Diodes 5.8

Converter total component volume: 78.4 cm?

converter significantly reduces the converter volume and
consequently increases the converter power density. The
reliability analysis is followed to select the best multi-phase
structure among the two-phase and four-phase ones.

V. Reliability analysis
First, before starting the reliability analysis, the utilized
analysis assumption can be described as:

e Without receiving a proper performance from any power
components of each parallel path, the transmitting power in
that phase is zero. In other words, the component failure in
each phase will result in phase failure.

o If the inductor current ripple in each phase exceeds its
allowable value, the protection switch corresponding to this
phenomenon will trip, and the whole system will be turned
off. This phenomenon is due to the low ability of the
reported fuel cell to withstand the current ripple.

e In the multi-phase structure, in case of a phase failure, the
other phases can continue to operate normally.

e The control system of the multi-phase structure is integrated
and the fault occurrence in it disrupts the whole power
delivery capability of the system.

A. Reliability analysis principles
The reliability function (probability of being healthy) is an
indicator for determining the reliability of the system in terms
of time, which is defined as the number of healthy units at
time ¢ divided by the number of units [25]:
Ny (1)
R(t) = N, “

The system failure probability function is also defined as

the number of the failed units to the total number of the units
examined [25]:
Ny (8)
f
t) =—2—
QM) N, )
The relationship between the reliability function and the
failure probability function is as follows [25]:

R)+Q() =1 (6)

Study on Multi-Phase Boost Converters... / G. Rezazadeh, et al

The failure rate of each element is a function of time, which
is defined as the number of failures in the defined period
divided by the number of elements exposed to failure [26]:

A(t)

Number of failures per unit time ©)

"~ Number of components exposd to failure
According to the definitions, the relationship between the
reliability function and the failure rate will be as follows [28]:
1 .de(t) _ -1 .dR(t) LR
Ng(t) dt R(t) dt 8)
= e~ JA®at

A(t) =

In many operational examples, the value of the failure rate
function has a constant value over the component useful
lifetime. By inserting the value of the failure rate, we will
have [24]:

Rt) =e™ ©9)

The component manufacturer can report the component
failure rate by performing some reliability tests on it.

B. Component failure rate

In this section, explanations will be provided on how to
calculate the failure rate of the elements used in the converter.
Most systems have three parts of reliability [25]:

* Software reliability

» Hardware reliability

* Human reliability

Generally, in the reliability evaluation of power electronics
systems, hardware reliability is examined and introduced as
the system reliability. The most important factor determining
the system’s reliability is the failure rate. System failure is
examined in three different periods [25]:

e Initial failure: At this time, which generally includes the
construction conditions, the failure rate decreases over time.

e Lifetime failure: During the useful life of the system, the
failure rate of the system can be assumed to be constant.

o Aging failure: After the useful life of the system, the failure
rate of the system increases over time.

Here, the system is examined only in its useful lifetime.
From now on, the reports on the failure rate of components
mean their constant failure rate during their useful lifetime.

This section aims at obtaining the failure rate of the power
switch, diode, capacitor, and inductance to extract the
hardware reliability of the converter. To obtain the failure rate
of each component, a concept called the base failure rate of
that component is used. The MIL-HDBK-217 handbook
states that the base failure rate can be calculated based on the
following formula for components [27]:

Ny
Ay = A X exp (273 YT+ (AT)S)
<273 +T+ (AT)S) (10)
Xexp| ————
U

In this equation, A is the proportionality coefficient. N, Ty

and P are the shape and structure-related coefficients. T
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represents the temperature and A7 indicates the maximum
allowable temperature difference between no current and full
current conditions. S is a stress-related coefficient. For some
products, the base failure rate is provided by the
manufacturer. By having the basic failure rate value in hand,
the failure rate value of each part can be obtained by using the
following equations [25]-[27].
o Switch failure rate:
Asw = Ap_swTr AT QTR (11
The coefficients used after the base failure rate, from left to
right, are related to temperature, application, product quality,
and environmental conditions [25].
e Diode failure rate:
Ap = Ap_pTrTTMsToTE (12)

In this regard, mc is the contact structure coefficient and mg

TABLE V Failure rate of designed components [25]

Component Part Value Pack. Failure
rate
(1/hour)
Capacitor Electrolyte 100 pF - 107
Capacitor Electrolyte 47 uF - 107
Inductance - 60 uH - 3.8x10°®
Inductance - 100 uH - 3.8x10*
Inductance - 1.47 mH - 3.8x10°
Switch IRFP4227PBF - TO247 3.8x107
Diode MBR20150PT - TO-3P 1.5x10”

is the stress coefficient [25].
e Capacitor failure rate:
Acap = Ap—capTey Mg (13)
Where micy is the capacitor value coefficient [25].
e Inductor failure rate:
Ana = lb—de[CT[Q”E (14)
Each of the above-mentioned coefficients has an
experimental formula or a lookup table to be calculated. In
this paper, to simplify the process of calculating reliability, we
consider all experimental coefficients as one. In other words,
the effect of operation and production conditions on the
components’ failure rates is ignored to simplify the reliability
analysis procedure, which is already complicated enough.
The failure rates for the components of the designed boost
converter are reported in Table V.

C. Reliability modeling

Considering the operation principle of the multi-phase
boost converters and the utilized assumptions for reliability
analysis, the reliability model can be described as:

e The components used in each phase of the boost converter
are modelled in a reliability equivalent circuit and placed
next to each other in series because the failure of any phase
component means that phase is out of the power delivery.

o The different phases of the boost converters are modelled in
parallel in the equivalent circuit. The reason is the
independence of the power delivery process in each phase
compared to the other ones.

o If the input current ripple exceeds 0.5 A, the entire system
will shut down.
The equivalent circuit of the system is shown in Fig.5.
Due to the series connection of the components in each
phase, the phase failure rate is equal to the sum of all
components’ failure rates in that phase:

A =2Ap_i + Asw—i + Ama—i + Acap—i (15)
The reliability function of each phase is defined as follows:
R;(t) = e Ait = o~(Ap-itAsw-i+Ama-itAcap-i)t (16)

Now, the failure rate and reliability function of the phases
are defined. To continue the reliability calculation process of
the system, it is not possible to simply consider the different
phases in parallel and obtain the reliability function of the
whole system. Due to the presence of the input current ripple
constraint, the different phases are conditionally parallel. To
obtain the relation between the failure rates of the phases and
the system, two different operating conditions are examined
using the Markov diagram.

e  Without input current ripple protection:

In this case, due to the fact that the input current ripple
protection is not utilized, the converter continues to work
when each phase fails; however, it provides less output power
than the nominal operating condition. Therefore, there will be
three modes in the Markov diagram: healthy (converter works
perfectly), partial fail (some of the phases are lost), and fail
(the whole converter does not transfer power and it is not
functional) [31]. The Markov diagrams for the reliability
analysis of the multi-phase boost converters are shown in Fig.
6 [32]. As can be seen, the three modes are defined in this
figure. In the healthy and fault modes, there is only one state
considering the basic definition of these modes [31]. The
partial fault mode could contain multiple states, where at least
one of the phases is lost in these states, but not all of them
[32]. In the presented Markov diagrams, the related failure
rates for transferring from one to another state are shown.
This way, the Markov diagram can show the probability of
transferring from one state to another [31]. It should be noted
that each phase is considered as a unit. Assuming that the
units are similar, the failure rates of all units are equal.
According to the Markov diagrams, the system failure rates
for the multi-phase converters without using input current
ripple protection can be expressed as follows for the single-
phase converter:

All possible states for n phase: (R(t)

+Q(®)"

Tup - R, (t) = et
Ayt

amn

1 phase:
3 {noup—>Q(t):1_e
For the two-phase converter, we will have:
2 up - Rz(t) = e‘zazsf
2 phase:{1up — R, (t) = 2e~t2st(1 — e~P2st) (18)
noup — Q(t) = (1 — e_AZSt)Z
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where, A, Ao, and Ay are the failure rates of one phase in the other ones and this configuration has the highest
single-phase, two-phase, and four-phase structures, availability feature. On the other hand, the single-phase boost
respectively. It should be noted that the probability of converter has the highest probability of remaining completely
complete failure in the four-phase converter is lower than in healthy.
Inductance Diode Capacitor Switch
(L1, Aind1) (D1, Ab1) (C1, Ac1) (S1, As1)
O @) O @)
o o o o Output
Input o o o o
Inductance Diode Capacitor Switch
(Ln, Alndn) (Dn, ADn) (Cn, ACn) (Sn, ASn)

Fig. 5. . Equivalent circuit for the reliability model of multi-phase Boost converter.
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Fig. 6. Markov diagrams for the reliability analysis of the multi-phase boost converters: (a) single-phase, (b) two-phase, and (c) four-
phase configurations. Modes for Case 1 (without input current ripple protection) are defined in red and modes for Case 2 (with input
current ripple protection) are defined in blue.
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At the end, the system failure rates for the four-phase
converter can be described as:
4 up — R4(t) = e“”%st
3up - R;(t) = 43—3/14st(1 _ e—l4st)
2 phase:{ 2up = R, t) = 63—2/14513(1 _ e—/145t)2
lup » R (t) = 4e—l4st(1 _ e—/14st)3
noup - Q(t) = (1 — e"14sf)4

(19)

An appropriate criterion for examining and comparing the
reliability of two systems with the ability to supply power
partially (such as multi-phase structures) is the Expected
Load Loss (ELL). This quantity is the sum of the product of
the power loss and the probability of losing it. This parameter
can be expressed in terms of time [25]:

ELth:to = Z Poss—iRi(t = to) (20)
i

The ELL for the single-phase converter can be calculated
as follows:

ELLy5(8) = Poye(1 - e_alst) (21)

The ELL for two-phase is:

P
ELL, (t) = OTMZe"lZSt(l — ehast)

(22)
+ Poul:(1 - e—AZSt)Z
And finally for four-phase converter, we will have:
P P
ELL,(t) = “T’“4e-3l4sf(1 —e~Mast) + T‘" 6
3P,

—2lst(1 — g~Aast z + T oUt po—Rast (23)

e (1-e ) 3 e

(1 - e_A“t)g + Pout(l - e—l4st)4
e  With input current ripple protection:

In this case, there is a protection circuit that shuts down the
converter if the input current ripple exceeds 0.5 A. Thus,
although the converter may provide part of the output power
in case of phase failure occurrence, the protection system
turns off the converter. In other words, if each phase fails, the
whole converter fails. The Markov diagram for this scenario
is shown in Fig. 6. According to the presented diagram, the
reliability function for the single-phase can be calculated as

follows:
1phase:| SYStemup = R(t) = e—alsi A
system down — Q(t) = 1 — e Hst
The same can be expressed for two-phase:

24

system up — R(t) = e ?%2st
2 phase:{ system down — Q(t) = 2™zt 25)
(1 - e~22st) 4+ (1 — ePast)”
For the four-phase, we will have:
system up — R(t) = e~ *hast
system down — Q(t) = 4e 3%t
4 phase: (1 _ e—A4st) + 6e‘2145t(1 _ e—/14st)2 (26)

+4e~Mast(1 — e"145t)3 +(1- e"l‘*st)4

Design Define Determine
multiphase |—>{ components’ —> components’
converter part number failure rate

Add Markov Calculate ELL Use reliabilit
diagramto < using <— o
. model (circuit)
model equations

Fig. 7. ELL calculation procedure

TABLE VI Expected load loss after one million hours for
different multi-phase converters

Converter Input current ELL
ripple protection
Single-phase Considered 0.1306%P,y
Not considered 0.1306%P,y
Two-phase Considered 0.2271%xPyy
Not considered 0.1306%P,y
Four-phase Considered 0.3434%Py

Not considered 0.1306%P,y

TABLE VII Expected load loss after one million hours for
different multi-phase converters

Phase Input current ELL Volume | Objective
number | ripple protection (pu)* (pu)** function
1 Considered 0.1306 1 0.1306
2 Considered 0.2271 0.188 0.0427
4 Considered 0.3434 0.233 0.0800

* normalized considering the rated output power
** normalized considering the single-phase volume

1.2
1
1
[l Single-phase
0.8
B Two-phase
0.6
[l Four-phase
0.343 0.4

0'2330.188

o8 013
08 0,042 .
|

Objective Function Volume

0.227
I 0.13 0.2
m

Expected Load Loss

Fig. 8. ELL and volume calculation result

R Cscilloscoperss ControlledBoardis)
i SUBRLY

Fig. 9. Utilized test setup for the implemented two—phése o0st
converter.

Obviously, in this situation where the input current protection
system is functional, the four-phase converter is not suitable
in terms of reliability because the failure in any component
results in phase failure, which is equivalent to not having
access to the output power. On the other hand, the probability
of any failure occurrence in the four-phase converter is higher
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than that in other converters, because of its larger number of
utilized components. In the presence of the input current
ripple protection system, the single-phase converter is more
reliable due to the small number of

components used in it. The expected load loss for the
single-phase case is obtained as follows:

ELLy5(t) = Py (1 — e771s%) 27

For the two-phase, we will have:

ELLys(t) = Poye(e 25t (1 — e~%2st)
+(1- e"lzst)z)

And the ELL for the four-phase is:

ELLys(t) = Ppye(e 35t (1 — eHst) 4 g =2Aast

(1— e ast)” 4 g=hast (1 — g~ast)’ (29)
+ (1 - east)h

In this step of the reliability analysis, the expected load loss
values (after one million hours) for different multi-phase
converters are calculated (Fig. 7) in two modes with and
without input current ripple protection (Table VI).

As was expected, the single-phase structure has the best
performance considering the ELL value. However, the four-
phase (especially when the protection system exists) has the
highest ELL value, which indicates its low reliability. It
should be noted that even though the four-phase structure has
the lowest reliability, it has the highest availability.

(28)

VI. Comparison of multi-phase configurations
The selection of the optimal phase number will be done
according to an objective function consisting of the expected
load loss and the required volume of the converter:
Objective function = ELL xVolume (30)
It should be noted that the converter volume is defined as
the sum of the main components’ volumes (power switch,
diode, inductance, and capacitor) to avoid the complexity of
considering the components’ arrangement in the actual
circuit. On the other hand, the worst-case scenario for the
converters’ reliability is taken into account, where the input
current ripple protection exists. The multi-phase converter
with the lowest objective function value will be selected as
the best option for use in fuel cell applications.
According to the results reported in Table VII and Fig.
8, the single-phase structure is more reliable than the other
two options, and the two-phase structure is the best option
in terms of volume in comparison with the other ones. In
the end, the two-phase structure has the lowest objective
function, thus, the two-phase structure is selected as the
desired option. It should be noted that the results presented
in Table VII are normalized using the rated output power as
the normalization base for ELL and the highest converter’s
volume (single-phase’s volume) as the normalization base for
volume.
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Fig. 10. Experimental results for the implemented two-phase
boost converter: (a) gate-source voltage for both switches, (b)
drain-source voltage for both switches, (c) phase input current

(d) converter input current, (¢) output voltage.
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VII. Simulation and experimental results

A. Simulation results

The analytical results related to the design and operation of
the selected two-phase boost converter should be validated
using simulation results. For this purpose, the converter has

been simulated in the PSIM software environment. The
important performance waveforms of the designed two-phase
boost converter are shown in Fig. 9 in rated load conditions
(with 22.22 A output current). The maximum value of the
switch voltage is 72.1 V and it has a 49 V RMS value (Fig. 9-
a). In addition, the switch has a maximum current of 24.89 A
and 17.7 A RMS value (Fig. 9-b). The maximum voltage and
current values of the diode are 72 V (Fig. 9-c) and 24.9 A (Fig.
9-d), respectively. Obviously, the rated values of the selected
switches and diodes are completely reasonable considering
the simulation results. The converter has an output voltage
with a 72.06 V average value and 0.22 V ripple voltage (Fig.
9-e), which are acceptable results considering the design
goals. In addition, each phase has an input current with a
24.28 A average and 1.37 A ripple values (Fig. 9-f). However,
the whole input current of the converter has an average of 47.9
A and a ripple of 0.19 A (Fig. 9-f), which is the result of using
a two-phase structure. Note that in Fig. 9, half of the converter
input current is presented simultaneously with the phases’
input currents to show the current ripple cancellation effect of
the two-phase structure. According to the simulation results,
the designed converter satisfies the design requirements well.

B.  Experimental results

The designed converter is implemented and connected to a
DC source to extract the experimental test results. A lead-acid
battery pack is used to simulate the reported fuel cell behavior
considering its voltage-current profile presented in Fig. 1.
Considering Table I, the fuel cell nominal operating voltage
is simulated by the battery voltage value. An electronic load
is used as the load for the fabricated two-phase boost
converter. A circuit breaker is used to turn on/off the batteries.
The set used for the required measurements is shown in Fig.
10. The experimental results for different parts of the
converter are shown in Fig. 11. As can be seen, the MOSFET
gate receives the switching command at a frequency of 130
kHz (Fig. 11-a). The switch voltages indicate correct
MOSFET switching with the desired phase shift between two
phases. The maximum stress voltage on the MOSFETs used
in each phase is about 76.2 V (Fig. 11-b). As can be seen, due
to the two-phase converter structure, the input current ripple
has been reduced to 0.32 A (Fig. 11-d). As discussed in
previous chapters, using 180 degrees of phase shift between
two phases greatly reduces the total input current ripple of the
converter and doubles the frequency of this ripple. The output
voltage is stabilized at the desired value of 72.1 V and the
voltage ripple is equal to 0.35 V (Fig. 11-e). The heatsink
temperature is measured 33.3 °C at its maximum. The same
has been done for the switches, which are the hot spot of the
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converter, with the maximum temperature of 64.8 °C. These
results support the thermal performance of the converter. For
evaluating the efficiency of the implemented prototype
converter, its efficiency map is illustrated in Fig. 12. As can
be seen, the converter has acceptable efficiency in different

0.97

0.96

0.95

0.94

Efficiency (-)

0.93

0.92

0 200 400 600 800 1000 1200 1400 1600

Output Power (W)
Fig. 12. Measured efficiency curve for the prototype converter.

loading conditions. According to the obtained experimental
results, the accuracy of the theoretical results can be
confirmed. On the other hand, these results are well-matched
with the simulation results.

VIII. Conclusion

In this paper, a new study was done on the multi-phase DC-
DC boost converters. The study proposed a solution to
increase the power density and reliability of the boost
converter for fuel cell applications because the fuel cell power
systems usually require power electronics interfaces with
high volumetric power density and high reliability. For this
purpose, a different multi-phase boost converter was studied.
According to the results presented for the main converter,
using a two-phase structure, the capacitor and the input
inductance volumes were reduced dramatically (67.1% and
86.4%, respectively) compared to the common single-phase
structure. The reason for this reduction was using the phase
shift angle between the switches command, which decreases
the input current and output voltage ripples and doubles their
frequency.

On the other hand, to study the converter reliability, some
steps were taken in two operating conditions with and without
input current ripple protection. The steps include calculation
of the components’ failure rates, reliability modelling (based
on the Markov diagram), and ELL computation. Considering
the results, the multi-phase structures from the most to the
least reliable were the single-phase with ELL=0.1306pu, the
two-phase with ELL=0.2271pu, and the four-phase with
ELL=0.3434pu, respectively. In the end, the two-stage
converter with a goal function (volumexELL) of 0.0427
(which was 67.3% lower than the next best option) was
selected as the best multi-layer configuration. The selected
two-phase converter for fuel cell application was
implemented, and the obtained experimental results verified
the accuracy of the analytical results.
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  4   p h a s e :  {    s y s t e m   u p → R  ( t ) =   e  −   4 𝜆  4 s t   s y s t e m   d o w n → Q  ( t ) = 4   e    − 3 𝜆  4 s t    ( 1 −   e  −   𝜆  4 s t ) + 6   e    − 2 𝜆  4 s t    ( 1 −   e  −   𝜆  4 s t ) 2   + 4   e    − 𝜆  4 s t    ( 1 −   e  −   𝜆  4 s t ) 3 +    ( 1 −   e  −   𝜆  4 s t ) 4


    E L L  1 s ( t ) =   P  o u t ( 1 −   e  −   𝜆  1 s t )


    E L L  2 s  ( t ) =   P  o u t (   e  −   𝜆  2 s t  ( 1 −   e  −   𝜆  2 s t ) +    ( 1 −   e  −   𝜆  2 s t ) 2 )


    E L L  4 s  ( t ) =   P  o u t (   e  − 3   𝜆  4 s t  ( 1 −   e  −   𝜆  4 s t ) +   e  − 2   𝜆  4 s t

