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Abstract — A systematic framework for reliability
assessment and fault-tolerant design of multiphase dc-dc
converters deployed in photovoltaic applications is
presented. System-level steady-state models allow a
detailed specification of component failure rates, and in
turn establish the effects of ambient conditions and
converter design on reliability. Markov reliability models
are derived to estimate the mean time to system failure.
Case studies applied to two- and three-phase, 250W
converters demonstrate that topological redundancy does
not necessarily translate to improved reliability for all
choices of switching frequency and capacitance. Capacitor
voltage rating is found to be the dominant factor that
affects system reliability.

Index Terms—Markov reliability modeling, maximum
power point tracking, photovoltaics, switch-mode dc-dc
converters.

I.  INTRODUCTION

Photovoltaic (PV) systems have gained prominence as
economically-viable, long-term alternatives to conventional,
non renewable sources of energy. Power-electronic circuits
constitute the core of the middleware that processes energy
from PV sources in both stand-alone and grid-tied
applications. Research in this domain has focused on high-
performance, reliable and cost-effective circuit topologies and
control schemes. Maximum power point tracking (MPPT)
multiphase dc-dc converters have increasingly been adopted in
PV systems, as they offer improved dynamic and steady-state
performance with higher reliability when compared to
conventional topologies [1]-[2]. While only recently
considered for PV applications, conventional applications of
multiphase converters have included voltage regulator
modules [3]-[7], hybrid electric vehicles [8], power factor
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correction circuits [9], and distributed power supplies [10].

Boost-derived front-end converters are generally favored in
PV systems. They offer continuous input current which
reduces input-filter requirements and improves dynamic
response. Multiphase boost converters with interleaved
switching and coupled inductors provide unique advantages in
PV applications and have been the subject of extensive
research. A coherent state-space averaging method is proposed
to analyze a two-phase interleaved boost converter for PV
applications in [11]. Interleaved boost converters with
strongly-coupled inductors demonstrate superior current
sharing and small input-current ripple in [12]. A prototype of a
three-phase, interleaved boost converter with the extremum
seeking principle [13] adopted for MPPT is demonstrated in
[14].

Conventional multiphase converters with DC inputs are
well documented and analyzed [15]-[16]. However,
generalized analytical models for PV applications have to
contend with non-trivial challenges. State-space average
models fail to capture the non-linear, time-varying character of
the PV source. Consequently, design choices for analogous
converters have not used accurate analytical models, but have
rather been based on expected behavioral norms.

Reliability of PV energy-conversion systems is very
important owing to the typically high fixed costs. Inclusive
and detailed reliability models are available for PV modules
[17]-[18]. In particular, [19] (and related references within)
demonstrate that PV modules are amongst the most reliable
components in the energy-conversion chain. Therefore, recent
work on system reliability has addressed the power-electronic
circuits that process PV energy. Practical considerations for
balance-of-system components are well detailed in [20]. A
systematic  reliability-assessment approach for power-
electronics components in PV systems is demonstrated in [21].
Derated semiconductor devices allow construction of more
reliable converters without resorting to soft-switching
techniques in [22]. References [23]-[24] examine the
reliability of different PV-circuit topologies. Results indicate
that the switching stage is most likely to fail and temperature
is revealed as the most likely cause of failure. Emerging
concerns associated with the reliability of anti-islanding
techniques and MPPT algorithms are addressed in [19]. The
growth in residential and commercial grid-tied PV systems
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[25]-[27] has renewed focus on the reliability of grid-tied
inverters [28]-[29].

In [30], we have proposed analytical, steady-state models
to accurately and rapidly describe the operation of multiphase
boost converters over a wide range of ambient conditions. A
systematic  framework for reliability —assessment s
consequently set forth in [31], as the steady-state models
enable a detailed specification of converter component
stresses. The goal of this paper is to integrate analytical tools
for assessing converter performance set forth in [30], with
system-reliability Markov-based models developed in [31] in a
unified manner. The suggested approach minimizes the
subjectivity introduced in current reliability evaluation
techniques. Rather than using a qualitative description of the
system's functionality, this methodology uses system steady-
state behavior to completely specify component failure rates.
Reliability-related evaluations are based on the quantitative
analysis of system performance considering all possible
component failures and the sequence of failure. This
minimizes the ambiguity that tends to arise when using
qualitative models of the system’s functionality to formulate
the system reliability model. It is important to note that this
methodology integrates circuit performance and stochastic
behavior due to component failures, as the system reliability
model generated is clearly dependent on steady-state
performance. The block diagram shown in Fig. 1(a)
summarizes the proposed approach to reliability analysis.
Figure 1(b) depicts a hypothetical situation where a failure in
the circuit changes the steady-state operation and modifies the
device failure rates. The ability of the proposed reliability
assessment technique to handle such situations is examined in
detail below.

Steady-state analysis
* Multiphase boost converter with relevant
conduction-losses models
* Analytical expressions to rapidly quantify
relevant steady-state parameters for a wide
range of ambient conditions

v

Failure rates of components
* Steady-state operation included in models
from the well known MIL-HDBEK-217F,
* Variation of failure rate with ambient
conditions and converter design probed

\ 4

Markov system reliability model
* Accommodate topology dependent failure
rates in generic model for N-phase boost
converter
* Investigate impact of converter design on
mean time to failure
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Fig. 1. Proposed analysis technique (a) handles topology-dependent failure
rates with device failure (b)

The contributions of this work are outlined below:

= The proposed unified approach to reliability assessment
provides a systematic alternative to conventional design
approaches based on empirically accepted system-level
traits.

» The converter’s steady-state operation undeniably affects
system reliability. For instance, consider the hypothetical
situation shown in Fig. 1 (b), where a failure in some
circuit component causes a change in the output voltage
(Vout) and output voltage ripple (AVoyt). The failure rate
of the filter capacitors is dependent on the output voltage
and output voltage ripple (24). Hence, a topological
change as shown in the figure modifies the capacitor
failure rate from Kidcapr tO Kodcapr. Therefore, it is
imperative to consider both parameters such as the
voltage ripple imposed on capacitors and power losses in
switching devices, and the dependence of failure rates on
circuit topology. As depicted in the block diagram in Fig.
1 (a), this work addresses the impact of converter steady-
state performance and circuit topology on device failure.
This provides the circuit designer with a framework to
seamlessly integrate reliability into performance-oriented
design.

= A thorough steady-state analysis for MPPT implemented
with a fairly involved multiphase topology is provided.
The analytical models derived include the effect of losses
in the switching and energy-storage elements. Past work
on MPPT converters has typically neglected converter
losses.

= The proposed steady-state characterization and
subsequent reliability analysis is verified through case
studies applied to a multiphase boost converter.

The remainder of this paper is organized as follows. Models
of the PV module, converter and MPPT controller are
presented in Section Il. Steady-state operation of a generic N-
phase converter is addressed in Section Ill. In Section 1V, the
impact of ambient conditions and converter design on the
failure rates of the components is assessed. Finally, in Section
V, Markov reliability models are derived to estimate the
converter’s mean time to failure. This allows us to quantify the
impact of circuit parasitics and other design choices such as
switching frequency and component voltage ratings on system
reliability.



1. PV MODULE, MULTIPHASE CONVERTER AND MPPT
CONTROLLER MODELS

This section describes the behavioral model used to
describe the PV module. Models of the multiphase converter
with interleaved switching and the MPPT control scheme
based on ripple correlation control are also presented.

A. Photovoltaic Module Model

A physics-based model of a solar cell is shown in Fig. 2
[32]-[34]. The current sourced (lsc) is proportional to the
incident insolation. The diode parameters and series and shunt
resistances (Rs and Rp, respectively) are functions of the
fabrication process. Figure 3 depicts a conventional PV
module with several cells connected in series to augment the
module voltage.

Fig. 2. Solar cell model

Fig. 3. Layout of cells in PV module

In practice, it is difficult to obtain parameters to accurately
model individual solar cells. Data sheets of PV modules
typically do not provide detailed information about the
parameters of the solar cells or their layout in the module. To
circumvent these impediments, reference [35] proposes the
following description for the PV module current, I, as a
function of terminal voltage, V,

Vv
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where, subscripts ‘M’, ‘OC’ and ‘SC’ refer to maximum
power point (MPP), open circuit, and short circuit,

C,=

respectively. The parameters in (1) are readily available in
data-sheets of PV modules. For completeness, these quantities
are corrected for solar insolation and ambient temperatures
that differ from standard test condition (STC) values of 1000
W/m? and 25°C, respectively, in (2-6) [35]:

AT =T =T 2

lsc =lsc_sic (S Sgrc) + AT 3
Iy = lyu_sic(S/Sgc) +aAT 4
Voc = (\/OC—STC — BAT) ®)
Vu = (\/M -sTC _ﬁAT) (6)

For illustration, the 230W, SPR-230-WHT PV module is
adopted here [36]. Relevant parameters of the module are
summarized in Appendix A. Figure 4 shows the [-V
characteristic of the module, as extracted from the model
described.
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Fig. 4. Simulated I-V curves of SPR-230-WHT module

B. Multiphase Interleaved Boost Converter

Figure 5 depicts the N-phase converter model analyzed. The
model accounts for common conduction losses, including
resistive losses in the switching devices (rsy), copper losses in
the coupled inductor (r.), and forward voltage drops of the
diodes (Vy). The interleaved switching scheme is illustrated for
the N-phase converter in Fig. 6. The switching commands,
gi(t), are out of phase by (2n/N) radians over a switching
period, T. The switch states are determined by an MPPT
algorithm, described in the following section.

To simplify the forthcoming analysis, it is assumed that
each phase is equally coupled with every other phase. Hence,
the inductance matrix, L, has the following structure,

L M M
M L . M

L= @)
M M . L

NxN

where the self and mutual inductances in the N-winding
coupled inductor are denoted as L and M, respectively. Losses
due to saturation and eddy currents are disregarded. In the
proposed application, a relatively low switching frequency is
utilized, which renders copper loss more dominant when
compared to core loss. Additionally, it is assumed that the
magnetic design avoids saturation under all operating
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Fig. 5. N-phase, interleaved boost converter model
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Fig. 6. Interleaved switching scheme for N-phase converter

C. Ripple Correlation Control

Innumerable techniques to track the MPP of a PV array are
documented in the literature (See [37]-[40] and references
within for recent work in this area). Here, MPPT s
implemented using ripple correlation control (RCC) [41]-[42].
RCC utilizes voltage and current ripple, inherently present in
switch-mode power converters, to maximize the power from a
PV array. The algorithm is inherently robust and offers simple
analog hardware implementation. For a boost converter, the
RCC law for the duty cycle is expressed as

dg, (1) =k (dp/d7)(dv/dz)dr @)

where, dsw(t) refers to the duty-cycle command which is
compared to a ramp signal to generate the switching signal,
q(t). The PV-module power and voltage are denoted as p and
v, respectively, and k is a positive constant. As the coupled
inductors in the multiphase converter ensure current sharing
[10], the same duty-cycle command can be used to control
every phase. An outer current-balancing loop can be adopted
as in [12] to ensure that the phase currents are balanced. For
further information on current balancing in multiphase
converters, refer [43]-[45].

1l. STEADY-STATE OPERATION OF N-PHASE CONVERTER

Analytical, closed-form expressions to capture the output
voltage, duty-cycle, and peak-to-peak output voltage ripple in
a generic N-phase converter controlled for MPPT are derived
here. These expressions enable rapid evaluation of the stresses
imposed on different components and are subsequently

employed in the reliability analysis.

A Output Voltage
In steady state, the MPPT controller ensures that the

terminal voltage and module current are the MPP values, Vy
and Iy respectively. Imposing charge-second balance for the
output capacitors,

N j (i(t) ~Vour /Rt +N j (Voyr /R)IE =0 (9)

DpT Dsw T

This implies,

(1w —Vour /R)Dy —(Vour /R) Dy, =0 (10)
The duty cycles of the active switch, Dsy, and diode, Dp, for
an N-phase converter are related by:

D,, + D, =1/N (11)

Also, the power balance in the circuit implies:
Pn = Four + Floss (12)
Vyly, =V&, IR+P +P,, +P, (13)

Circuit losses are the sum of the copper loss in the coupled
inductors, P, resistive losses in the switches, Pgy, and losses
due to the forward voltage drop of the diodes, Pp. Given the
assumptions of strong coupling and sufficiently large self
inductance, each individual phase carries the entire PV
current, Iy, when either the active switch or diode conduct.
Otherwise, the phase current is zero. Based on this
observation, the losses are substituted in (13) to yield the
following:

Vy by =V&, IR+1,°r + NI, Dy, +NI,V,Dy (14)
Substituting for Vour from (10) and Dp from (11) in (14)
yields the following quadratic equation in the duty ratio, Dgy:
D2, [N?1;R]+ Dy, [NIZ 1, —NI,V, —2NIZR]+
HZR=1,V +15r +1,V,1=0
The above equation yields two values of Dgy. The solution
greater than 50% is neglected given the knowledge of
converter operation (11). Equation (10) then provides the
following expression for the output voltage:
Vour = InR(@—Dg, N)

(15

(16)

B. Output Voltage Ripple

Consider the current through the capacitor bank, composed
of N capacitors, each with capacitance C:

i (t) = NC(dvg,, /dt) 17

Approximating the capacitor current during the period DpT
with a straight-line fit for the output voltage provides the
expression in (18), where the current through the capacitor
bank is approximated as the difference between the PV current
Iy, and the load current:

V, AV,
I, - 9T _ NC &L (18)
R D,T
Isolating the output voltage ripple,
V, DT
AVOUT = [ I M —%jN—DC (19)



C. Power Losses

The expressions below capture the power losses in the
coupled inductor, P, switches, Py, and diodes, Pp:

P = IMZI’L (20)
Psw = NII%/I Fow Dsw (21)
P, =NI,,V,D, (22)

The winding and switch resistances in the inductors and
switches, respectively, are denoted as r_ and rsy. The forward
voltage drop of the diodes is denoted as V.

Other losses can easily be incorporated into the analysis
through (13). For example, a detailed model could include
switching and commutation losses, eddy-currents and
hysteresis losses in the magnetics. While interesting design
tradeoffs can be envisioned with more detailed models, the
focus of this work is to set forth a reliability assessment
framework that can easily be adapted to such specific
applications.

A three-phase converter, with specifications listed in Table
I (Appendix B) and the PV module described in Table |
(Appendix A), is employed to validate the analytical, steady-
state model. The model is verified over the insolation range,
200-1000 W/m? at ambient temperatures of 25°C and 50°C.
Results are shown in Figs. 7-12. In each case, the results from

the analytical models are plotted as continuous lines (=) and
the data points extracted from the detailed, switch-level
simulations are shown as circles (0). The analytical models
developed for the converter accurately describe the steady-
state operation over a wide range of ambient conditions. The
percentage error is no more than 3% for the output voltage,
and no more than 7% for the output-voltage ripple. The
maximum difference in the predicted and measured duty cycle
is less than 2%.

Operational stresses on the components can be assessed
from expressions derived above for the output voltage, peak-
to-peak output voltage ripple, power losses and duty cycles of
the active switches and diodes. In the forthcoming section,
these stresses are employed to describe component failure
rates used in the Markov reliability model.
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Fig. 7. Output voltage as a function
of insolation at 25°C

Fig. 8. Output voltage as a function
of insolation at 50°C
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Fig. 9. Duty cycle as a function
of insolation at 25°C

Fig. 10. Duty cycle as a function
of insolation at 50°C
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Fig. 11. Output-voltage ripple
as a function of insolation at 25°C

Fig. 12. Output-voltage ripple
as a function of insolation at 50°C

V. FAILURE RATES OF COMPONENTS IN N-PHASE
CONVERTER

The failure-rate models in this work are adopted from the
Military Handbook for Reliability Prediction of Electronic
Equipment, MIL-HDBK-217F [46]. The models prescribed by
[46] have been criticized as pessimistic [21], and updated
failure-rate models are available [47]. However, we employ
[46] as it provides an extensive database of components and
serves as a unified source for failure-rate models.
Additionally, the focus of this work is to provide a framework
for reliability-focused design, and as such, any available
source of failure-rate models can be adopted in the outlined
analytical procedure.

The time-invariant rates proposed in [46] are of the general
form in (23) and correspond to exponentially-distributed
component lifetimes.

A = lBﬂEﬂQHﬂi

In (23), the failure rate, Ag, is the base failure rate and z¢ and
7o are modifiers to account for environmental and qualitative
effects. Other device-specific modifiers are denoted as ;. All
failure rates in [46] are expressed with units of failures per
million hours of operation.

Failure rates of the different components in the multiphase
converter are described in this section. For each component,
the effect of ambient conditions, device ratings and number of
phases is probed through case studies applicable to converter
specifications listed in Table Il and PV module specifications
listed in Table I. This provides a useful starting point to assess
the overall reliability of an N-phase converter.

(23)

A Capacitor

Dry-electrolytic aluminum capacitors are used as the output
stage of the converter. The failure rate of the capacitors, Acap
is expressed as:

Acwp = A7y Te Tty

3 5.9
2, =0.0028| [ S22 | 41 |exp 4.09(ﬂj
0.55 358K

SCAP = (VOUT + AVOUT /2) /VRATED—CAP
7oy =0.32(CpF)**

(24)

The operational voltage stress, Scap, is defined as the ratio
of the peak-to-rated capacitor voltage. The capacitance factor,
7oy, derates the failure rate based on the value of capacitance
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in uF, C. Lastly, =z and nq are 2 and 10, respectively, for
ground-based applications and non-military grade capacitors.
Figure 13 depicts the variation of the capacitor failure rate,
Acap, as a function of incident insolation, S, and ambient
temperature, T, for different phase numbers, N. As N
increases, the output voltage ripple decreases, and hence, the
failure rates drop across all ambient conditions. Also, the
influence of insolation is dominant, compared to temperature.

The impact of voltage rating and capacitance is
demonstrated in Fig. 14. While Acap increases with higher
capacitance because of the capacitance factor, it decreases
with an increase in voltage rating, which guarantees a lower
voltage stress (24).

The choice of capacitor technology is critical to system
reliability. The choice of electrolytic capacitors is purely for
illustrative  purposes. Failure-rate models for other
technologies are available in [46] and can be incorporated into
the analysis for comparing different technologies. Refer [27],
[48] for more information on the impact of capacitor
technology on reliability.
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Fig. 13. Capacitor failure rate as a function of number of phases
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Fig. 14. Capacitor failure rate as a function of capacitance and voltage
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B. Active switch

N-channel silicon power field effect transistors are used in
the converter, and their failure rate is described as:

Asw = ApTor TpTT T
1 1 25)
T, +273K 298K

= exp[—lgst[

T, =Tc +O, Py,

The base failure rate, /g, is constant and equal to 0.012. The
junction temperature, T, is the sum of the case temperature,
Tc and the product of the junction-case thermal resistance,
®;c, and switch power loss, Psy. More information on this
thermal model and guidelines to estimate the thermal
resistance, and device case temperature are provided in [46].
The application and quality factors, 7, and =g, are 8 (for
switches rated at 200W). The conduction losses in the switch
severely impair reliability. This is illustrated in Fig. 15, which
depicts the variation of the switch failure rate, Asy, with switch
resistance, rgy.
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Fig. 15. Switch failure rate as a function of rey
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C. Diode

The failure rate of the Schottky power diodes employed in
the converter is expressed as:

Abiope = }LB”T”S”C”E”Q
11 (26)
T, +273K 298K

The base failure rate, g, is constant and equal to 0.003 for
Schottky devices. The temperature factor, 77, depends on the
junction-case temperature which is computed in the same way
as for the active switch (25). The stress factor, x5, accounts for
the operational reverse voltage stress of the diode relative to
the rated voltage:

243
(V—j for o.s{LJQ
Vrarep-pione Vatep-piope 27)

for [AJ <0.3
VRATED*DIODE

The effect of the diode physical contact with the printed
circuit board is captured by the contact construction factor, zc.
This factor is unity for metallurgical bonded contacts. Similar

T =exp {—3091K(

Ty =

0.054
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to the active switch, zq is set to 8.

The variation of diode failure rate, Apope, With voltage
rating, Vratine-piope, IS depicted in Fig. 16. Apart from the
obvious improvement in reliability with the increased voltage
rating, Apiope IS More sensitive to temperature, as compared to
Acap- Additionally, for a given insolation, Acap is inversely

proportional to temperature, while Jpope is directly
proportional.
Joiope(10°0™)
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Fig. 16. Diode failure rate as a function of the diode-voltage rating

The failure rate of the inductors is a function of ambient
temperature and independent of converter design (e.g., number
of phases, switching frequency). Additionally, over a given
range of ambient conditions, the failure rate of the inductors is
likely to be lower than the other components in the converter.
Hence, we disregard the failure of the coupled inductor in the
analysis. A solid foundation has been developed for system-
level reliability analysis of the general N-phase topology. The
derivation of the Markov reliability model to analyze the
converter mean time to failure is described next.

V. MARKOV RELIABILITY MODEL

Component failure rates are noted to be functions of
operational conditions such as number of phases, insolation,
temperature, and device ratings. This precludes the possibility
of using a combinatorial approach for reliability assessment
[49]. Also, the failure-rate models are time invariant and hence
do not capture time-varying stresses with diurnal and seasonal
changes in insolation and temperature. One possible option is
to design for worst-case ambient conditions, while
acknowledging the dependence of failure rates on converter
topology. A Markov reliability model serves this method best,
as state-dependent failure rates can easily be accommodated.
In this section, a brief overview of Markov processes is given.
State-transition diagrams and corresponding Chapman-
Kolmogorov forward equations are subsequently derived and
used to assess system reliability. Refer [49] for a more detailed
treatment of the concepts highlighted below.

A. Preliminaries

A stochastic process, X, is defined as a collection of random
variables, {x(t)}, indexed by a set T. For the Markov

reliability model derived subsequently, the random variables
represent possible converter topologies, and the index set is
continuous time, (t > 0). If the stochastic process is described
in continuous time and the random variables assume discrete
values in a set S, the process is defined as a Markov process, if
it satisfies the Markov property,

Pr{x(t,) =s, | X(t,,) =S, 4, X(t,,) =S, 5., X(t;) =S, }

= Pr{x(tn) = Sn | X(tn—l) = Sn—l}
Continuous-time, time-homogenous Markov processes further
satisfy the following property:

(28)

Pr{X(t+s)=j| X(s)=i}=Pr{X({t)=j| X(0)=i,Vs,t >0}
(29)

Markov reliability models can be graphically represented by
the aid of state-transition diagrams. An example for a
continuous-time, discrete-space Markov process is shown in
Fig. 17. The nodes in the diagram represent the possible states
that the Markov process may assume. For instance, consistent
with the notation in (28), state zero represents x(t) = s, State
one represents x(t) = s; and so on. Some transitions between
the states are a consequence of faults (with failure rates, /oand
A1). The process includes a repair transition from state s; to sq
(with repair rate u,) that restores failed components. States
with no outgoing transitions imply system failure and are
referred to as absorbing states (s,). Non-absorbing states are
called transient states (Sq and s;).

For an N-phase converter, ideally, all phases and output
capacitors are operational. However, the converter could
function with a reduced number of phases and a depleted
output capacitor bank. The failure of a switch, diode or
inductor in each phase would take that phase out of operation,
but the capacitor bank could serve its fundamental purpose of
energy storage with just one capacitor. As a matter of notation,
the input stage is composed of the inductors, switches and
diodes and the output stage refers to the capacitor bank. This
is depicted in Fig. 19. We presume that the controller is
capable of fault detection, isolation and reconfiguration
(FDIR). Detection relates to making a binary decision whether
or not a fault has occurred, isolation determines the location of
the faulty component, and reconfiguration allows the
converter to operate with a lower number of phases after the
fault [50]. A metric commonly utilized to gauge the
effectiveness of an FDIR controller is fault coverage. It is
defined as the conditional probability that, given a fault has
occurred, the system architecture is altered and intended
functionality is restored [51]. Techniques to quantify fault
coverage for dynamical systems of the kind considered in this
work are proposed in [52]. In essence, if detailed models are
available, the FDIR effectiveness to handle each particular
fault can be quantified by fault coverage, ¢, which can be
incorporated into the state-transition diagram as shown in Fig.
18. As a consequence of a fault in State 1, a transition may be
made to State 2 (fault detected and isolated) or to State 3
(failed state). Design and implementation aspects of FDIR are
beyond the scope of this work, and readers are referred to [50],
[52] and references within for further information. In this
work, we assume perfect FDIR, which implies ¢ = 1. An
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advantage of the proposed framework is that it allows
quantitative evaluation of the impact of different FDIR
mechanisms on overall system reliability.

Fig. 17. Illustrative state-transition diagram

CA

(2-c)n

Fig. 18. Incorporating FDIR effectiveness using fault coverage

PV

PV Module/

N, parallel
PV Array coupled inductor Switch-diode capacitors
combinations

N-winding N, parallel

Fig. 19. Input and output stages highlighted

B. State-transition Diagrams

The state-transition diagram of an N-phase converter is
shown in Fig. 20. The state ij represents an N-phase converter
with i failed input stages and j failed output stages. The failure
rates of the switches and diodes in the converter are
represented as Aswpx, 0 < X < N —1, where X represents the
number of failed input phases. The failure rates of the
capacitors in the output stage are of the form Acapy, 0 <X <N
—1, 0 <y <N —1. The first and second indices represent the
number of failed input stages and failed output capacitors
respectively. Notice that the capacitor failure rates depend on
the number of operational capacitors and the number of
operational switching devices.

With reference to the state transition diagram in Fig. 20, the
failure rates corresponding to a transition from state ij to i(j+1)
represent failures in the output stage (capacitor). The failure
rate accompanying such a transition is of the form (N—j)Acapij.
Similarly, the failure rates corresponding to a transition from
state ij to (i+1)j represent failure of an input stage (active
switch or diode). The failure rate accompanying such a
transition is of the form (N—i) (Zswi + Api). Transitions from
states of the general form (N—1)j to state NN are at the rate
(Aswi + Api). Similarly, transitions from states of the general
form i(N—1) to state NN are at the rate Acapin.1)- The state-
transition diagrams of representative two- and three-phase
converters are shown in Figs. 21-22, respectively.

N(Zswo + Apo)

N(4capoo) Eﬂswm-l) + Ap(n-1)

(N=j+1)Acapij1 '
(N=i) Gswi+ion)

(N—i+1) (Aswi-1+Api-1)
: —

Acapot Acapi1+AswatAbs

Fig. 21. State-transition diagram of two-phase converter

3(Aswo + Apo) ‘Q 2(Asw1 + Ap1) 20

3ACAPOO 3ACAP].O SACAPZU

3(Aswo + /po) 2(Asw1 + A1)

11

2ACAPOI 2/ICAPll 2j-CAPZl

3(Aswo t Apo) 2(Asw1 + Ap1)

Jcap22tAswatAp

j-CAPOZ j-CAF’12

Fig. 22. State-transition diagram of three-phase converter

C. Chapman-Kolmogorov Forward Equations

The distribution of the Markov process at a given time, t, is
expressed by the probability vector, P(t):
P(t) = [Poo (t) Pij (t) - P(N—l)(N—l) (t)] (30)
The time evolution of the transition probabilities, Pj(t), is
governed by the Kolmogorov forward equations [49]. For the
N-phase converter (state-transition diagram in Fig. 20) the
following differential equations can be derived by inspection:



% :_N(lswo +Apo +ﬂCAP00)POO(t) (31)
dp; N N
T (N = J+D(Aeapij 1) B (1) = (N = J)(Acupij ) B (1) + (32)

(N =1 +D)(Agyiy + ADH)PHJ' (®) = (N =1)(Agy; + 4o, )Pu ®)

The Laplace transform of the Chapman-Kolmogorov
equations are solved to quantify system reliability [49]. The
Laplace transform of the transition probability of a given state,
ij, P*ij(s), is computed as

P:J* (s) = (N -] +1)(ﬂcAPi-(j-1)) Pi:jd) (s)
[s+(N = J)Acapj + (N =1)(Agyi + )] 33)
(N —i +1)(isw(i71) + j*D(H)) p* (s)

+ . . oy
[+ (N = ) Acppy + (N =) (g + 4501 ¢
The Laplace transform of the transition probability of the
operational state, 00, can be expressed as

Po*o (S) = 1
[s+N(Acapoo + Aswo + Apo)]

D. Mean Time to System Failure

The overall system reliability is quantified using the mean
time to failure (MTTF). Since no repairs are included, the
MTTF is more applicable as compared to the mean time
between failures (MTBF), which would typically find
application in quantifying reliability of repairable systems. By
definition, the mean time to system failure, is expressed as,

(34)

MTTE = j R(t)dt
t=0
In the above expression, R(t) denotes the reliability function
of the system. The reliability function is expressed as the sum
of the elements of the transition probability vector,

(35)

N-1N-1
HOEDIPWAY (36)
i=0 j=0
Taking the Laplace transform of both sides in (36) yields
N-1N-1
R*(s)=2_> P/ (5) @7
i=0 j=0

The Laplace transform of the reliability function, R*(s), can be
expressed as

R*(s) = j R(t) exp(—st)dt
t=0
The MTTF can hence be determined as,

(38)

MTTF = [ Rt)dt = [ R(t)exp(-0t)dt =R*(0) (39)
t=0 t=0
In essence, (39) suggests that MTTF can be found simply from

the Laplace transform of the reliability function,
N-1N-1

MTTF = >"P;(0)

i=0 j=0

(40)

E. Case Studies

The applicability of the derived Markov reliability model is
demonstrated in the context of comparative studies for two-
and three-phase, interleaved boost converters. The converter
specifications and device ratings are documented in Table II.

The variation of the MTTF for two- and three-phase
converters as a function of switch resistance, rsy, is depicted
in Fig. 23. Surprisingly, an increase in rgy increases the
MTTF. This is because, for a fixed resistive load, an increase
in rsy reduces the output voltage. Assuming that the ambient
temperature remains unchanged, the stress on the output
capacitors is reduced, making them more reliable. Since the
capacitors dominate the reliability of the converter, the MTTF
is increased.

1000
9901
9801
9701
9601

MTTF (yrs)

950

9401,

930p *

=mmN=2

920 ‘ ‘ ‘ ‘
0.1 0.2 0.3 0.4 0.5

(%)
Fig. 23. MTTF as a function of switch resistance, rsw

A cursory comparison of the failure rates illustrated in Figs.
13-16 indicates that the capacitor failure rates are higher than
those of the switches across all ambient conditions and design
choices. Hence, the overall converter reliability is expected to
be dominated by the output capacitors. Towards this end, the
impact of the voltage rating of the capacitors, Vrating-cap, ON
the MTTF of two- and three-phase converters is considered.
As Fig. 24 indicates, the MTTF is much more sensitive to
Vrating-cap than rgy,.

1400

1200

1000

800

600

MTTF (yrs)

4001

200

0 : ‘ ‘ ‘
0 20 40 60 80 100 120

VrarmvG. cap ™
Fig. 24. MTTF as a function of capacitor voltage rating, Vrarep-cap

Figure 25 illustrates the impact of the choice of capacitance
on the MTTF of two- and three-phase converters. For a fair
comparison, the capacitors in the two-phase converter are
rated for 110 V while those in the three-phase converter are
rated for 100 V. This ensures that the MTTF of the two
converters is almost the same for the base-case specifications
attached in Table Il. The results illustrate that for each
converter, there is an optimal capacitance value that
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maximizes the MTTF. Also, note that topological redundancy
does not necessarily improve reliability. For capacitances
below 6uF, the voltage stress tends to dominate Acap, and a
higher number of phases guarantee improved reliability.
Beyond 6uF, the degradation in the failure rate due to high
capacitance and the higher voltage rating of the capacitors in
the two-phase converter overshadow the voltage stress factor,
making the two-phase converter more reliable.
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72 900f
g .
ks ’
1
E 850( 5
]
]
soo: — =3 ]
---N=2
750 L L L
2 4 6 8 10
c®) x10°

Fig. 25. MTTF as a function of capacitance, C

Finally, the impact of switching frequency on the MTTF is
shown in Fig. 26. The only switching-frequency dependent
parameter in the steady-state analysis is the output voltage
ripple (19) that affects the capacitor failure rate (24).
Increasing the switching frequency improves capacitor
reliability as voltage ripple is reduced. Since the capacitors
dominate system reliability, reductions in their failure rate
translate to dramatic improvements in system MTTF.
However, including frequency-dependent losses in the
analysis (e.g., switching loss, hysteresis loss) would reduce the
MTTF at high switching frequencies. The comparison of the
two- and three-phase converter MTTF shown in Fig. 26 also
indicates that the three-phase converter is more reliable only
up to a switching frequency of 12 kHz. Beyond that, the
higher voltage rating of the capacitors in the two-phase
converter allows this topology to be more reliable across all
possible switching frequencies.
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Fig. 26. MTTF as a function of switching frequency, fsw

VI. CONCLUSION

A comprehensive design procedure that integrates
performance and reliability metrics is suggested for
topologically-redundant switch-mode power converters in PV
energy-conversion applications. The analysis begins with a
detailed description of the steady-state operation of a
candidate multiphase boost converter topology. The analytical
description of the converter provides expressions to rapidly
quantify the operational stresses on the components. Next, the
variation of device failure rates is analyzed across a wide
range of representative ambient conditions and converter
design choices. Finally, a Markov reliability model of a
generic N-phase converter, that enables the evaluation of
system-reliability metrics such as MTTF, is derived.

The proposed approach to integrating reliability in
performance-based design for power converters naturally
lends itself to design procedures that can be adopted by
practicing engineers. Design choices such as the choice of
capacitor technology, switch ratings, device parasitics, etc.,
not only have an impact on cost and performance, but also
influence system reliability. This framework provides a
unified methodology to explore these links and the impact of
various design choices. An illustrative design strategy is
shown in Fig. 27. Notice the significant overlap in design
tasks which conventionally would be construed as related to
either reliability assessment or performance-oriented design.

Pick number of phases based on cost / weight
specifications

v

Power electronics performance-oriented design
that employs proposed analytical models

v

Investigate variation of failure rates with
ambient conditions and tune design

v

Evaluate MTTF using Markov reliability model
for generic N-phase converter

v

Investigate impact of converter design on
MTTF, tune design for desired reliability

Performance-oriented design tasks

Reliability-oriented design tasks

Fig. 27. Suggested design practice to integrate reliability into performance-
based design

Future research may investigate the application of time-
varying failure rates. In addition, numerical optimization tools
could suggest optimal converter specifications, given bounds
on performance, reliability, cost and weight. More accurate
thermal models could be used to specify the device failure
rates. Detailed models to quantify the copper and core loss in
the inductors, and switching and commutation losses in the
active and passive switches could be included. Reliability of
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switch drivers, operational amplifiers, and microcontrollers
could also be modeled in the framework. Including these
details will increase analytical complexity, but will yield lower
MTTF numbers, likely to be seen in the field once the
converters are deployed. Similar tools could also be employed
to specify the reliability of other power-electronic converters,
such as inverters and rectifiers.

APPENDIX

A. Parameters of PV Module: SPR-230-WHT [36]

TABLE |

PARAMETERS OF PV MODULE: SPR-230-WHT [36]
Symbol Quantity Value
Voc-stc Rated open-circuit voltage 48.7V
Iscstc Rated short-circuit current 599 A
Im-stc Rated current 5.61 A
Vm.stc Rated voltage 41V
o Temperature coefficient for current 3.5 mA/°C
B Temperature coefficient for voltage  132.5 mV/°C

B. Component choices and ratings

TABLE Il

COMPONENT CHOICES AND RATINGS
Symbol Quantity Value
L Self inductance of coupled inductor 1.2 mH
M Mutual inductance of coupled inductor 1.18 mH
r Winding resistance of each phase 0.1Q
Tsw Drain-source on-state switch resistance 0.1Q
Vi Forward voltage drop of diode 1V
C Output capacitance 4.7 uF
R Output load 50Q
f Switching frequency 10 kHz
Prating-sw Power rating of active switches 200 W
VRATING-DIODE Voltage rating of diode 150 V
O Junction-case thermal resistance 5°C/W
VRATING-CAP Voltage rating of capacitor 100 V

(1

[2

(3]

(4]

(5]

(6]

[71

(8]
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