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Due to the increasing use of renewable energy sources, employing a DC/DC converter as the interface is proliferated.
Among various DC/DC topologies, utilizing multi-input converters due to higher reliability and flexibility is more
widespread. This paper evaluates the reliability of the multi-input DC/DC converter, besides carrying out cost
calculation to achieve a cost-effective and reliable converter. Furthermore, diagrams of various reliability factors versus
the converter’s branches are demonstrated based on mathematical equations and simulation values for both of parallel
and standby redundant modes in order to reach an optimal number of branches in each mode. The results show that the
optimal number of branches in terms of reliability or cost factor is different and can vary based on some parameters like

output power or component’s type.
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1. INTRODUCTION

Recent advancements in renewable energy sources
such as fuel cell (FC) and photovoltaic panels cause new
challenges in power converters designing. Electricity
network, in the future, needs an interface converter
which is able to transform different renewable energy
sources to electricity, simultaneously. In order to
achieve this aim, the multi-input power converter is
required. An ideal multi-input power converter can be
connected to each renewable energy source and take its
advantages. Moreover, the existence of diverse energy
sources in multi-input converter increases the system’s
reliability [1]. The reliability of each exploited
component in power electronic converters has a
fundamental role in correct operation of the converter
and, eventually the primary system. Experience shows
that electrolyte capacitors and power switches like IGBT
and MOSFET are the most vulnerable components in
power electronic converters [2].

[3] is offering an industry-based reliability survey of
power electronic converters. Reliability prediction and
high-power switches modelling like MOSFET and
IGBT are carried out in [4], where in [5], a solution to
improve the reliability of DC-link capacitors is
presented. Furthermore, reliability calculation for multi-
level converters is performed in [6] and also, the effect

of series and shunt redundancy on Power Semiconductor
Reliability is presented in [7].

The main step of achieving high-reliability
converters is designing a proper topology [8]. Various
methods can be exploited to increase the reliability of the
system; the first approach is estimation more than
nominal values in power electronic converter
components designing. The second method is using
redundant branches. The redundant branch can operate
instead of failed one, during system fault, to prevent any
disruption in system’s operation. The final solution is
collecting information about the operating environment
and failure rate which can be utilized in redesigning of
the converter. The first two approaches enlarge the cost
of the converter, while the third one demands
information about many similar converters.

In a recent work [9], by using redundant branches,
i.e. the second method, the reliability of the system is
increased. Moreover, the redundant branches have
several kinds and are used in power electronic converters
such as inverters [10], multi-level converters [11], motor
drives [12], DC/DC converters [13], and power factor
correction (PFC) rectifiers [14]. These topologies
usually act as a set of different equipment and a subset
of the main circuit as redundant. For instance, a leg is
added to the three-leg multi-level clamped inverter in
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[15]. In [16], in addition to calculation of reliability and
cost for the inverter using mathematical functions, the
optimum number of redundant inverters is computed.

The presence of redundant branches both increase
the reliability of the converter and diminish repair and
replacement costs in case of failure. Despite various
advantages, increasing the number of redundant
branches will multiply the primitive cost which is not
desirable for consumers. Research results show that after
growing the number of redundant branches to a
particular level, the system reliability does not change a
lot [17].

In this paper, in order to increase the reliability,
redundant branches are added to the DC/DC converter
which can operate in both parallel and standby modes.
Then, corresponded calculations are also made
separately to specify the optimum number of branches
for achieving the maximum reliability. Besides
calculation of the reliability, installation,
implementation, losses and maintenance cost functions
of the converter are calculated. Thus, by calculation of
the optimum number of branches, it is desired to achieve
a cost-effective converter with high reliability.

2. PARAMETERS EFFECT ON FAILURE RATE

Fig. 1 depicts a conventional bidirectional buck-
boost DC/DC converter including an input inductor, an
output capacitor, two anti-parallel diodes and two
switches. In order to calculate the converter reliability,
the failure rate of each element must be computed. To
calculate the components reliability, the relations in [18]
are used.

_|E— AD1

Y Y-y —'e Load

oc (™)

_lE_ AD2

Fig. 1. The single-input bidirectional buck-boost
DC/DC converter.

Fig. 2 shows a bidirectional dc/dc converter with
M + N input branches in which M branches can provide
maximum required power and the next N branches are
redundant for the main branches and used to increase the
converter reliability. It is assumed that all branches in
Fig. 2 are identical and are in the parallel redundant
mode. Thus, the same current flows through each of
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them, which is reciprocal to the number of used
branches. In the redundant standby mode, the same
current flows through only main branches.

According to [18], the net failure rate of the single-
input bidirectional buck-boost DC/DC converter in Fig.
1 is dependent on several parameters, which are
demonstrated in Table 1. In Table 1, general relations of
the bidirectional buck-boost DC/DC converter
components failure rate are illustrated, which are in
1/million hour.

In Tables 2 and 3, the failure rate is expressed in
terms of more tangible parameters such as duty cycle,
year of manufacture and temperature.

Table 1. The bidirectional buck-boost dc/dc converters
parametric failure rate.

Elements Failure Rate Relation

MOSFE | 76 (Aosocomro%s + AeaToenTre + Arcaeror)
T + s Tsior + Ao

75 (Ao Tocoros + AeaToonTre + ArcaTeror)

Diode
+2ssior + Ao
76 (Aosocoro + AeaZoonFre T ArcaTeror)
Inductor
+ o
Capacito | %c”c (AosTocor07s + AegToon e + Arcaeror)
r + 58 sior + Ao

Table 2. The equivalent common parameters in switch,
diode, inductor and capacitor.

Common . i i i
Parameters G bco DN R
Equivalent (A1) DC 1-DC | CR

Form DCy, | DChoe | CR,

Temperature is an important factor in systems
reliability. In Table 3, four determining parameters
which are related to temperature are introduced. All
parameters presented in Tables 2 and 3 are constant and
their values can be obtained from [18] in terms of
environmental condition, manufacturing year and
operating condition except temperature factors
dependent onT, .

3. EFFECT OF T, ON FAILURE RATE
Junction temperature T, is a variable quantity, in
which failure rate 2 is dependent to that, and defined as:

TJ :TAO +TR (1)
As stated in nomenclature, T,, is ambient
temperature during operation and T, is junction
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temperature increasing independent of environmental
conditions, which is defined as:

Vol. 12, No. 4, December 2018

TR = QJA X PD (2)

T1

T1 T1

D1 D1 D1

Load

DC

Redundant Redundant
module N modulel

Module M

Fig. 2. The general form of bidirectional buck-boost DC/DC converter with M main parallel and N redundant parallel
branches.

Table 3. Temperature coefficient in failure rate calculation.

Failure Rate Multiplier | Failure Rate Multiplier, Failure Rate Failure Rate Multiplier,
for Temperature, Temperature — Multiplier, Delta Solder Joint Delta
Operating Environment Temperature Temperature
Capacitor _ By 1 1 T 1 To-T
P g = e(0,000082317 o273 298) e = e(o 00008627(TAE 1273 298) or =( Too = T AE) Tsor = (%)2'26
Diode —Eay 11 Eong 1 To + T T To +To T
g = e(o.oooosZN TroTai273 208 g = e(o ooooseL(TAE 1273 298) or = (W) Tgor = (%)226
Inductor ~Ea 1 1 Eayong 1 - Doesn’t exist
I —e o.oooospeu Tao +TR+273’@)) . e(o 000086;7(TAE 1273 298 T = (%)2
TO — TE — =0.
MOSFET i 11 g 1 1 To + T - T To +Te =T
g = e(O.OOOOSDGH(TAO 275 298 g = e(o o000sE17 Tae +273 298)) Tor = (W) Topr = (w)226

In the above equation, ¢, is thermal impedance

between the connection point and surrounding
environment and P, is dissipated power in elements,

which is demonstrated in Table 4. Integrating these
relations over duty cycle, dissipated power can be
obtained. As can be seen from Table 4, resistance and
internal voltage drop of components are dependent on
their raw material used during the manufacturing
process and are constant. In other words, the only
variable changes dissipated power, P, is the current

flow through the component.

With multiplying mentioned current, P,, T, and 4
are also increasing according to (2) and relations in
Tables 1, 3 and 4.

Table 4. The equivalent circuit and calculation of the
circuit components losses [18]

Equivalent Circuit Power Loss
MOSFET . R, Py =1.(t)Ros(ony
—|—— iUV
DiOde VF I’D = Dz(t)rD(on)
——— +iD(t)V
Inductor Ly =r i ()
—_—AA—

Omitting switching losses, following equations for
the bidirectional DC/DC converter components power
losses in a duty cycle can be obtained. For switches
power losses, have:
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Pb,switches = Po.11+ Po.72
1.7 . .
= ?(Io (V1 71+ Rps (on), T1ls T1(1)is 71 (t)dt

T . i
+.[o (V112 +Ros(on)T2ls T20)is T2(0dt)  (3)
=D(Vr 11+ Rps(on) 1185, T1(1)is 71(t)
+(1-D)(Vr 12 + Rps(on)T2ls, T2 (1)is 12 (1)

Where, T is the switching period in above equation.
Since both switches are identical, and circuit topology is
symmetrical, have:

I:)D,switches =(Vr +Rps (on)is(t))is ® (4)

Diodes power losses relations are similar to the
switches losses and as a consequence, for the depicted
converter in Fig. 1, the diodes power losses are:

I:)D,Diodes = (Vg + rD(on)iD(t))iD ® (5)

Due to bulky input inductor in Fig. 1, the current
flowing through the inductor is assumed to be constant
e i )=~1,.

The diodes and switches power losses can be
acquired by substituting the simulation current values
flowing through each of the components in (4), (5),
where the simulation values will be obtained in next
chapter.

4. QUANTITIVE CALCULATION OF THE
SINGLE-INPUT BIDIRECTIONAL BUCK-
BOOST DC-DC CONVERTER RELIABILITY
4.1. Simulation Results

The bidirectional buck-boost DC/DC converter
shown in Fig. 1 is simulated in PSCAD EMTDC
environment using values in Table 5 to observe flowing
currents and, as a result, each component losses.

Table 5. The parameters of bidirectional buck-boost
dc/dc converter shown in Fig. 1.

Circuit Parameters Value
Input voltage 100Vpe
Output voltage 140V
Switching 20KHz
Frequency
MOSFET IRF740MOSFET , R}, yostec = 0.1Q
Diode MUR1560Diode, R,, o = 0.102
The internal
resistance of the 0.10
input inductor
Input inductor 2mH
Output capacitor 400uF
Duty cycle 0.3
Rated power 400W
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Flowing current of each component, in addition to
the output voltage of bidirectional buck-boost DC/DC
converter is shown in Fig. 3. Power losses of the circuit
components can be calculated by using the flowing
current through the elements shown in Fig. 3.

B jin

4.60 -
4.40
4.20
4.00
3.80
3.60
3.40
3.20 -

I I I I I I I I I
0.16B40  0.16344 0.16348 0.16352 0.16356

@)

=Tl
2.0 5

1.0 -

0.0
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-2.0 1
-3.0
-4.0
-5.0
-6.0
-7.05]

1 1 1 1 1 1
0.19616 0.19620 0.19624 0.19628

(b)

-T2
6.0 =

5.0 -

4.0
3.0
2.0+
1.0
0.0

-1.0
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Fig. 3. The Simulation results of bidirectional buck-
boost DC/DC converter; (a) input current or flowing
current through the L inductor, (b) flowing current
through the T, switch, (c) flowing current through the

T, switch, (d) flowing current through the output filter
capacitor, (e) output voltage.

4.2. Quantitative Reliability Calculation

Given to the relationships in Tables 1, 2, 3, 4, values
obtained in [18], (4) and (5) and flowing current through
the elements shown in Fig.3, the failure rates of the
components in Fig. 1, are listed in Table 6. According to
Table 6, the failure rate of the inductor is very low which
indicates that the inductor is the last element which fails
in an electrical converter. The total failure rate for the
converter in Fig. 1 is as follows:

iotal sin gley = 2(A1 + Ap) + A5 + A4 =1.0512/ million hours  (6)
1
MTBFnqle = ——
snge Atotal
The repair rate for this converter is supposed as 24
days and can be written as follows:

=0.9513million hours (7)

Hhotal sin gle) =1736.111/ million hours (8)
A%in gle = A =0.9994 (9)
:umlal + j‘lotal
Table 6. The failure rate of the components in Fig. 1.
COMPONENT NAME Mper million hours)
MOSFET 4, =0.296
Diode A, =0.0243

Inductor A, =14.2x10°°
Capacitor 4,=041

5. QUANTITIVE CALCULATION OF THE
BIDIRECTIONAL BUCK-BOOST CONVERTER
RELIABILITY WITH M AND N REDUNDANT
BRANCHES

As can be seen in Fig. 2, efficient performance of the
converter demands proper operation of all the main
branches, while the redundant branches are used only for
increasing the reliability. Also, it is assumed that the

Vol. 12, No. 4, December 2018

branches reliability is independent of each other and, in
standby mode, a spare switch is connected in series with
the input inductor in each redundant branch and it
conducts when one of the main branches is out of
service.

The converter reliability with M +N branches in
parallel operating mode can be calculated as:

1 1
A = = 10
M +N,Parallel MTBFy . 1 M+N} ( )
j1otal(single) i=M i
M+N/M + N . i
A|VI+N,ParaIIeI = Z ( i jAsingIel(l_Asingle)MJrN I
i=M
(11)

As stated above, in standby mode, a switch is added
to each redundant branch, which is included in the
failure rate calculation. Equations (12)-(14), for standby
mode, are calculated as below:

ﬂl’otal(sin gle) = 321 + 2/7.2 + ﬂg + 14 =1.3472/ million hours (12)
1 1

i = = 13
M +N,S MTBFM+N 1 M+N} ( )
/lt'otal(single) i=M i
’ MN M + N ' i ' M +N—i
AM+N,S = Z i Asingle - Azsingle) (14)
i=M

ﬂt'otal(single) ' ﬂvly\/HN,S and AI’VI+N,S are related to
redundant standby mode. Figs. 4 and 5 illustrate the
failure rate and availability diagrams in terms of M and
N variations.

It can be observed from Fig. 4 that generally, with
increasing number of main branches M, the failure rate
multiplies and with increasing number of redundant
branches N, either in a parallel or in a standby mode, the
failure rate of the system diminishes. In addition, it can
be seen from Fig. 4(a), when the number of parallel
redundant branches is more than six, the failure rate does
not change, especially in a lower number of main
branches. Thus, adding more than 6 redundant branches
is not economical.

6
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Fig. 4. The converter failure rate diagram with N
redundant branches in terms of M and N variations; (a)
parallel redundant; (b) standby redundant.
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Fig. 5. The converter availability variation diagram
with N redundant branches in terms of M and N
variations; (a) parallel redundant; (b) standby redundant

In redundant standby mode, which its failure rate
diagram is shown in Fig. 4(b), when N >8, the failure
rate does not change a lot. Thus, if N =8 the converter
will be cost-effective and high reliable.

It can be observed from Fig. 5, with adding a branch
either in parallel or standby mode to the main branches,
the system’s availability becomes almost one. On the
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contrary, in a system without redundant branches, with
increasing the number of M, the system availability
decreases. For better clarification, the failure rate and
availability values for branches including two main and
one parallel redundant branches are calculated as
follows:

Aotaien) = 0.6518/ million hours (15)
MTBF ;1) = =1.53million hours (16)
Atotal (241)
Hhotal (241 =1736.111/ million hours (17)
H2+1
Ay = I O B (18)

- H(2+1) T Aotal (2+1) B

6. OPTIMIZATION OF BRANCHES BASED ON
COST CALCULATION

Related costs of each system are depended on
system’s performance, sensitivity and components. The
most significant and common costs exist for the power
electronic converters which are: (a) Installation cost, (b)
Cost of losses, (c) Performance and maintenance cost
including; Scheduled maintenance, Unscheduled
maintenance and System failure costs.

For some relations and costs used in this section,
equations presented in [19] are employed. The
calculation of cost is carried out for 5 years and the
bidirectional buck-boost converter price is assumed
0.2%/W, the converter rated power is P, =3kW and the

efficiency is 90%. The installation cost for the P kW
parallel buck-boost converter with M main and N
redundant branches is as below:

Cinegall = 200 Px (1+ %) +100(M+ N) (19)

The scheduled maintenance cost is, typically, 5%-
6% of the installation cost. Thus, the scheduled
maintenance cost for 5 years is as follows:

Coam s = Cinstall X9%x5 (20)

The unscheduled maintenance cost over 5 years is as
below:

CO&M u = ﬂ'M-%—N x5 x (Crep + C| X MTTR) (21)

Crep =200x P x % (22)

C., is the component replacement cost. Worker

rep

wages and the trip cost for each fail C, are about
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300$/day per kW [19]. Substituting (10) and (22) in (21)
have:

1

1 1
x5x (200x Px—+C; x=) (23)
1 M+N1 ( M I /1)

CoaMu =

’Ltotal (single) i=M i

The cost related to out of service system is depended
on the system’s availability. This cost for each day is
about 50$. Thus, during 5 years, the total is:

Caown =5%(1— Ay ;) *50x365
M+N

M +N : .
=(1- Z£ T JAsinglel(l_Asingle)MJrNI)X91250

i=M
(24)
The cost of loss is assumed 10c/kWh. Therefore, for

a 5-years period, the total cost of loss is:

Closs = (L—7)x Px0.1x24x365x5=(1-7)x Px 4380 (25)

The total cost is equal to the sum of the
aforementioned costs, which can be written as follows:

Ciotal (M, N) = Cinstan + Cogm.s + Coam u + Cdown * Cioss
—1.25% (200 P><(1+%)+100><(M +N))

1 1 1
+————————x5x(200x Px —+C; x—
1 M+N}X x (200 *M |Xﬂ)
ﬂtotal(single) i=M i
MAN/M +N ; r
+H1- ( i jAsinglel(l_Asingle)MJrN "
i=M
x91250 + (1-7) x P x 4380
(26)

Therefore, by minimizing C,,, , the optimal values of

M and N can be obtained. Using (26) and information
about the converter power, failure rate, availability and
efficiency of the system without redundant branches,
which are presented in previous sections, the diagram of
Fig. 6 which shows total cost variations in terms of M
and N can be obtained.

According to Fig. 6, the minimum cost for the
parallel system when M=2 and N=1, s
Coow =3028.3$. Also, the minimum cost for the standby

system when M =2 and N =1,is C, =3049.5$.

total
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Fig. 6. The converter total cost diagram with N
redundant branches in terms of M and N variations; (a)
parallel redundant; (b) standby redundant

7. CONCLUSION

In this study, reliability calculation of the single-
input bidirectional buck-boost dc/dc converter without
redundant branches is investigated. Then, this
calculation is carried out for the multi-input converter
with M main and N redundant branches for both parallel
and standby modes and corresponded diagrams are
derived. The simulation and calculation results indicated
that an increasing number of main branches makes the
converter less reliable and available. On the contrary,
adding more number of redundant branches causes a
decrease in the failure rate and an increase in
availability. If the optimization is investigated only in
terms of the availability factor, a 100% availability can
be achieved with one redundant parallel or standby
branch. On the other hand, in terms of failure rate, after
adding the sixth redundant parallel branch, the failure
rate does not change a lot. This means that adding
seventh, eighth, ninth and further redundant branches
just increase system cost and complexity. In standby
mode, also after adding eighth redundant branch, the
increase in the number of redundant branches causes no
change in the failure rate. Next, to complete
investigations and get the optimal number of branches,
the cost calculation is employed and the parametric
number of the main and redundant branches of the
system is obtained. Through minimizing this function,
when the converter has two main branches and one
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redundant branch in both modes, the converter is cost
effective. Thus, in terms of three factors, i.e. failure rate,
availability, and cost, different number of optimal
branches can be obtained, which determining the final
number of branches depends on the consumer’s
priorities.

8. NOMENCLATURE
Y/ N— Failure rate of power MOSFET

(failure/million hours)

Abiode Failure rate of Diode (failure/million
hours)

Aductor Failure rate of Inductor
(failure/million hours)

Acapacitor Failure rate of Capacitor
(failure/million hours)

Aos Base failure rate, operating

Aeg Base failure rate, environmental

Arc Failure rate multiplier, cycling rate

Asip Base failure rate, solder joint

Y- Failure rate, electrical overstress

g Reliability —growth failure rate
multiplier

Toco Failure rate multiplier for duty cycle,
operating

1o Failure rate multiplier  for
temperature, operating

T Failure rate multiplier for stress

7T Capacitor failure rate multiplier

Toen Failure rate multiplier, duty cycle —
non-operating

Tre Failure rate multiplier, temperature —
environment

TR Failure rate multiplier, cycling rate

ot Failure rate  multiplier,  delta
temperature

Tsior Failure rate multiplier, solder joint
delta temperature

DC Duty cycle

CR Cycling rate

Ea,, Activation energy, operating

Tro Ambient temperature, operating (in
degrees C)

T, Junction temperature rise above the
ambient operating temperature (in
degrees C)

Ea on0p Activation energy, non-operating
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T Ambient temperature, non-operating
(in degrees C)

P Average power dissipation in a
Switching period (W)

Ros Drain —Source on-state resistance of
the switch (€2)

i, (1) Instantaneous switch current (A)

V; On-state Drain —Source Voltage of the
switch (Volts)

I On-state resistance of the diode

ip () Instantaneous diode current (A)

Ve Forward voltage of the diode

r Internal resistance of the inductor

i (t) Instantaneous inductor current (A)

Ciral Installation cost

Coam s Scheduled operational maintenance
cost

Cosmu Unscheduled operational maintenance
cost

Ciiomn Downtime cost

Closs Power loss cost

/] Function of capacitor type

Y Year of manufacture

MTBF Mean time before failure

MTTR Mean time to repair and system is
shut-down during that time

7 Repair rate

A Availability
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