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Abstract—This paper is concerned with reliability analysis in
relation to optimal switching of resonant power converters,
aimed at minimizing their power loss and operational
temperature and thus reducing their lifetime degradation. In
most cases, high performance resonant converter control
requires a continuous adaptation of the power device switching
instances depending on the power input source, load current, or
parameter variation in passive components. If the resonant
converter is switched before or after the resonant swing ends,
more loss is added to the system, with effects in operating
temperature rise and reliability deterioration. Even if the
switching frequency is adjusted to keep the output voltage
constant, it may influence the operational temperature. This
article is quantifying this problem with a calculation of the
lifetime implication for both cases of Zero Voltage Transition
(ZVT) and Zero Current Transition (ZCT) buck converters. A
broad range of parameter variation in passive components is
considered due to ageing or aggravated stress. A thorough
performance (lifetime / reliability) evaluation is achieved through
a comparative analysis of results obtained for resonant
converters with ideal operation, resonant converters with
adjusted timing due to parameter variation, and hard-switched
converters without any resonance. Conclusions are formulated in
the end. The results reported in the paper should be of high
interests to the power electronics community, given that resonant
converters are used in a wide range of applications due to their
ability to reduce power semiconductor losses.

Index Terms—reliability, thermal stress, computer aided
analysis, buck converter, resonant converter

I. INTRODUCTION

A contemporary paradigm shift takes place within
technological evolution of power electronics leading
towards re-established and more demanding performance
criteria. Meeting newer performance demands for power
converters implies a considerable amount of research for
reliability, lifetime, and failure rate calculation, recently
reported either as review materials [1-4], or case studies [5-
12]. The first category aims to increase awareness about the
topic, while the latter group provides samples of deeper
analysis. This effort is governed by a set of dedicated
standards [13-15] introduced and used by the power
electronics industry for component lifetime calculation.
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Additional to the calculation itself, contemporary research is
also dedicated to improving component technologies in
respect to lifetime and reliability [16-26].

It is therefore timely to investigate the lifetime for
converters operated under special modes, as it is the case with
resonant converters. They constitute a technology derivative
from the previous paradigm of efficiency improvement
through semiconductor loss reduction. Since the power loss in
transistors depends on both instantaneous voltage and current,
resonant converters try to keep one of them at zero during the
switching instants by adding resonant circuits near power
semiconductor  transistors. A  reduction of power
semiconductors loss yields and the power semiconductors are
operated at a lower temperature. When the saved power loss is
larger than the inherent loss in the newly-added components
and control, the overall efficiency also improves. The designer
aims to solve a tradeoff between the added cost of an
additional resonant circuit and its appropriate advanced
control method, versus the reduction in temperature and
potential system efficiency improvement.

However, the research meeting the efficiency improvement
paradigm mostly neglected a comprehensive study of the
possible adverse effects or limitations when using resonant
converters. This article comes in to investigate reliability-
related effects of a parameter variation. Since the timing
involved in the operation of the resonant converter depends on
the initial design dataset, a variation in parameters of the
passive components building up the resonant circuit may lose
the main feature of efficiency improvement along a
deterioration of reliability figure.

This study is fueled by an impressive number of recent
papers [16-26] dedicated to the study of ageing and after-
shock variation of capacitance and inductance manufactured
by using a variety of technologies for passive components.
Without considering the specifics of a certain technology in
particular, this article studies the total effects of parameter
variation.

Conventional resonant buck converters are considered
herein as a case study, and conclusions are depicted for both
Zero Voltage Transition (ZVT) buck converter and Zero
Current Transition (ZCT) buck converter. Results can easily
be expanded to other resonant converter classes since their
operation usually is explained using similar Zero-Voltage
Transition (ZVT) and Zero-Current Transition (ZCT).

While resonant buck converters are used in many
applications, the failure rate for each application has a
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different structure:

* Converters working with low-voltage (under 20 Volts),
high-current (hundreds of Amperes) in telecom and computer
applications have the system lifetime strongly dependent on
the output capacitor bank. In such case, a multitude of
capacitors are used in parallel to satisfy the ripple requirement
at said large current. When their effect is compared to the
effect of semiconductors in overall lifetime calculation, this
set of 10-20 capacitors contributes more.

» Converters operated at higher voltage (hundreds of Volts)
and lower current (under 50 Amperes) within solar
applications have a failure rate strongly dependent on the
power semiconductor transistors due to their limited
capacitance. When their effect is compared to the effect of
semiconductors in overall lifetime calculation, the
semiconductors contribute more.

Since the contribution to reliability probability and lifetime
calculation of the input/output filters and the control
electronics is similar for the converter with or without
resonance, this article limits the study to the implications of
parameter variation to the failure rate and reliability
probability for the power semiconductors and eventual
resonant circuit. This is better understood when equations are
developed in Section V.

Control solutions for either of Zero Current Transition
(ZCT) and Zero Voltage Transition (ZVT) are reported in
numerous research papers [27-30] and control integrated
circuits are made specifically for this class of converters.

This paper follows a preliminary study [32] where the
switching frequency range for a ZVT buck converter was
limited to 10% range by the control ICs while the parameters
of the passive components are allowed to vary within +/- 25%.
The current paper justifies in Section III a narrower interval
for the variation of the passive components based on datasheet
and manufacturer information. Thus, calculation of reliability
is mostly possible without hitting the frequency limits.

After the problem is stated and explained in Section I,
Section II reviews some essential theory behind the resonant
buck converters operated with either of Zero Current
Transition (ZCT) and Zero Voltage Transition (ZVT). Section
IIT appraises the ageing and after-shock variation of
parameters in passive components. Section IV illustrates
practically the operation with misalignment control for either
of Zero Current Transition (ZCT) and Zero Voltage Transition
(ZVT) buck converters. Finally, Section V offers an example
of reliability calculation, and Section VI sums up conclusions.
In the context of this paper, the misalignment corresponds to
the case of a change in parameters of passive components that
makes the original design obsolete.

The main contributions of the article are as follows:

e Reviews literature and sums up the possible causes for
ageing and after-shock parameter variations for various
technologies of inductance or capacitor components. This
analysis demonstrates dependency of technology selection
on results at each voltage level. This review led to the
selection of a ceramic capacitor with a capacitance value
change of 2% per hour-decade and an inductor with an

inductance value change of 4% per hour-decade, both used
to estimate the effect of component ageing to the lifetime
and reliability calculation.

e Builds a strong argument for the problem of misalignment
control of resonant converters due to ageing and quantifies
analytically its effects into reliability. On this respect, the
paper illustrates practically thermal effects of control
misalignment for either of ZCT and ZV'T converters.

e Provides an example for calculation of lifetime for
resonant converters since this is not available in literature.
In this respect, the paper develops a primer in Excel for the
calculation of reliability of a power converter. These
instruments are scalable as they can be further used for any
other resonant converter to the extent that any resonant
converter can be reduced at a ZVT or ZCT operation.

II. RESONANT BUCK CONVERTERS
A. ZVT Conversion

The resonant buck converter builds upon a conventional
buck converter where a series inductance L, and a parallel
capacitor C, have been added near the power transistor, Fig. 1.
The important transition moments can be seen on Fig. 2.

The equations related to operation of resonant buck
converters are presented in Appendix, and these demonstrate
that a proper operation can be achieved within certain
operation conditions only.

Within a conventional buck converter, the switching
instants are defined based on the duty cycle required to
produce a certain output voltage. For a resonant converter,
additional limits for operation are imposed to maintain either
zero-voltage or zero-current capability. These values are
dependent on L, and C, as well as on the load current /; and
converter’s input voltage E. For unified design, the
components (L, and C,) added to the circuit for the resonant
swing, can be characterized jointly with a resonant frequency
f+and a characteristic impedance Z,.

1 1
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Passive components are considered with constant
parameters in conventional design process and the load current
becomes the only variable parameter during the operation. The
ZVT resonant circuit works properly when:

Z,- I, = E 3)

&

Fig. 1: Principle of the ZVT Resonant Buck Converter
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Fig. 2 Waveforms for operation of the ZVT Resonant Buck Converter

Considering a resonant operation at any current above 40%
of the maximum load current yields:

\/T—T'OA-'ILZE @
Cr

This design example considered in Table I leads to:
2—’2225—>Lr:5,uH;Cr=22nF 5)

TABLE |
COMPLETE DATASET FOR THE SIMULATION-BASED TESTS

Common for both ZVT and ZCT

MOSFET Transistor IRFP460

Gate voltage = 20V

Gate resistance = 4.3 2

Ambient temperature = 25°C

Power Diode CS240650

Supply voltage 120 V

Output voltage 48 V (potential telecom application)

ZVT buck converter

Variable load current, maximum at 20 A

Power semiconductor transistor, nominal frequency 197 kHz
Duty cycle for operation at 20 A, ~ 61%

ZCT buck converter
Variable load current, maximum at 12 A
Power semiconductor transistor, nominal frequency 165 kHz

Thence, conclusions for the proper operation yield.

e ZVT can be obtained for certain current levels while light
loads do not reduce power transistor switching loss.

e  Since the duration of the off-state is dictated by the circuit
conditions, the resonant buck converter can control the
output voltage only by changing the period of the entire
cycle using a variable control frequency.

B. Dependency on parameters of ZVT converter
Observing waveforms in Fig. 2 yields (see Appendix):

Vour = E-[1 - 20| 4 p-2. 2.2

2 Iy wrZy
where (demonstration not included herein)

(6)

trero =ty —typ = % . ﬁ + wir . [n + arcsin (zfz,,)] + wir
L. [1 + [1 - [Zi ]2” (7)
T IL

Fig. 3 plots eqgs. (6-7) and illustrates the variation of the
output voltage for a variation of the parameters L,, C, with
+25% for the converter considered in Fig. 1 and numerical
example in Table I. Due to the complex resonance processes,
the output voltage yields lower than the equivalent hard-
switched buck converter case, operated with the same duty
cycle. Both examples in Fig. 3 show that the highest output
voltage is achieved when L, and C, are at their lowest value
within the variation range, -25% in example. The variation of
the output voltage has a maximum of ~40% from nominal.
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(b)Output voltage in [V] for ideal operation, for load current of 12 A (60%),
and switching frequency of 247 kHz.

Fig. 3 Microsoft Excel contour graphs for variation of the output voltage at
parameter variation, for the numerical data set from Table 1, calculated for
ideal conditions, using (6-7).

In order to compensate for the steady-state error of the
output voltage, a closed-loop system is adjusting the switching
frequency. This principle is very used in the design of control
integrated circuits (ICs). Among numerous examples of ICs
controlling resonant converters with a variable switching
frequency as result of the closed-loop control, it is worth
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noting LD405, GP605, CS3805, UC3860, UC1861, UC1864,
UC1865, MC34066, and CS360. All these ICs adjust the
timing range with external resistors and capacitors.

Fig. 4 demonstrates that a variation in the range of + 25% of
the parameters L,, C, produces a variation of the control period
within the same + 25% range.
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Fig. 4 Variation of the switching period at parameter values used to keep the
output voltage constant under a load current of 20 A

C. Zero-Current Transition (ZCT) Buck Converter

As an alternative to the ZVT converter, resonant circuits for
Zero Current Transition (ZCT) of a buck converter are shown
in Fig. 5(a or b). This article considers the solution in Fig. 5(a)
and significant waveforms are provided with Fig. 6.

The key to the entire operation is to have enough energy
within the resonant operation so that the current through L,
reaches zero. The constraint is defined as:

Zr-1L=\/€—:-ILSE (8)

This design leads to:
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Fig. 5 Quasi-resonant circuit for ZCT
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Fig. 6 Waveforms for operation of the ZCT Resonant Buck Converter
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Fig. 7 Variation of the ZCT converter’s output voltage at parameter variation,
for dataset from Table I, calculated for ideal conditions.
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D. Dependency on parameters of ZCT converter

It is important to note that the output voltage depends on
the resonant period which governs the conduction interval for
the main transistor.

Vo _ Ty

E T (10
It yields:

Vo _ 1

?=;'2'T[' /L C, ar)

Fig. 7 shows that the output voltage is very sensitive to the
L, C,parameter variation (herein, +25%) without control. The
control should adjust switching frequency with a constant duty
cycle for a limited range, or consider a fixed on-time and vary
both duty cycle and switching frequency for a wider range.
The control is therefore more difficult than for ZVT converter.
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III.AGEING AND AFTER-SHOCK PARAMETER VARIATION
FOR THE PASSIVE COMPONENTS

This Section reviews possible causes for parameter
degradation in passive components and estimates the
maximum amount for this variation based on component data.
This would be further considered in our analysis for a
calculation in reliability effects.

Ageing and after-shock parameter variation of the L, C,
passive components possibly lead to a deterioration of the
resonant constraint. As a mostly-neglected secondary effect,
these also deteriorate the reliability performance and reduce
the lifetime of the converter.

Ageing is a normal development when using the passive
components continuously, even if under nominal conditions.
The most obvious consequence of ageing for passive
components consists of an increase of calorimetric (resistive)
loss. However, certain technologies for fabrication of passive
components are demonstrated to produce a variation of the
nominal values of the main parameter, either inductance [16-
18] or capacitance [19-25]. This is a contemporary research
topic [16-25] and a series of recent papers [26-27] have
addressed the effects of parameter variation due to ageing. A
review of literature is next summarized.

Ceramic capacitors [19-22] usually have a decrease of
capacitance with age at a rate of 1% per logarithmic decade of
hours, depending on their dielectric:

e Dielectric class COG (similar to Teflon film capacitors)
observe a negligible change in capacitance [21,22].

e Dielectric class X7R/X5R (the second character indicates
the maximum temperature: 5 corresponds to 85°C, and 7
corresponds to 125°C) observe a decrease of capacitance
with 1 — 2.5% per hour-decade. The spec for --R capacitors
(X5R/XTR) is of £15% maximum capacitance change over
the operational temperature range [21,22], that is the best
among all classes. This is not important for resonant
converters where the temperature is kept at bay.

e Dielectric class Z5U observe a decrease of capacitance
with 6% per decade [21], and it is not recommended for
resonant converters.

In the last two classes, the ageing process can be reset by
heating the dielectric above its Curie Point, which is actually
impossible in a practical power converter.

Metallized Film capacitors [25] are also seeing a negative
decrease in capacitance at a rate ~ 0.5% per 1,000-hour at
polypropylene and ~1% per 1,000-hour at polyester. In both
cases, operation with high ripple current and voltage close to
rating prominently accelerate degradation.

The aluminum and tantalum capacitors [23-24] go through
a gradual (linear) decrease in capacitance over time at a higher
rate (~ 10%/100-hour) than ceramic or film capacitors. This
may affect the output filter which is not the topic herein.

Unlike the ageing degradation of capacitors, the degradation
of inductor [16-18] demonstrates a greater dispersion, and it is
difficult to quantify analytically. However, the inductance
shows a negative change in time (~10% for thick film
inductors, to 1,000-hours). Despite the lack of unanimously

agreed value for the rate of ageing, we have inferred 4% as a
worthy benchmark for our analysis.

All of the above consider otherwise ideal operation
conditions. This means that additional heat produced by
increased resistive loss or change in capacitance are not
accounted for, even if these also accelerate degradation.

Most aluminum or electrolytic capacitors are rated to
10,000-hours only, which seems too low since continuous
usage during one year means 8,760-hours. Hence, these need
to be used in de-rated condition for bus voltage and current
ripple. Alternatively, special capacitor classes, usually called
ultra-long-life aluminum electrolytic capacitors (for example,
LLE series from Nichicon), are designed to satisfy the 15-20
years lifetime rating of the entire equipment.

Some manufacturers offset loss of capacitance from time of
measurement to the first 1,000-hour age by using asymmetric
inspection tolerances. For example, if it is known that the total
capacitance loss to 1,000-hour will be 5%, then the capacitors
may have the production end inspection set to -15%/+25%
tolerances instead of more common * 20% tolerances. The
production end tolerance represents the maximum expected
range in capacitance compared to its listed value.

Otherwise, class 2 dielectrics such as X7R and X5R need to
be operated far from voltage rating since they lose significant
capacitance as operation approach the rated voltage. There is
also a capacitance change possible with temperature, for
instance X5R dielectric observes 5% decrease for each 20°C
increase above 40°C.

Given these considerations, the best choice for the resonant
tank capacitor consists of a NPO-type (negative-positive-zero
ppm/°C) multilayer ceramic capacitor. NPO Ceramic
Capacitors (also coded COG) are made from a mixture of
titanium oxides and are temperature-compensating devices.
Other materials include neodymium, samarium, and other rare
earth oxides. It means that it has a flat response across a wide
range of temperatures and age better. This class of capacitors
is not available at higher voltages, maybe the widest range
available could be 100 nF @ 50 Vdc. The possible lack of
available NPO-type capacitors justifies the need for this article
especially when using other capacitor classes in resonant
converters.

Another effect consists in a change of the main parameter
(inductance, capacitance) due to an operational shock, like the
inductor’s current or the capacitor’s voltage would
occasionally go to an unexpectedly high value. Effects like
dielectric absorption or magnetic remanence became more
visible in modern time due to reduction of other imperfections
with technology improvement. These aspects are more
difficult to model and there are less important reference papers
with a complete description.

In a review conclusion for our study, this application
implies the selection of a ceramic capacitor (X7R or X5R)
with a capacitance value change of 2% per hour-decade
[21,22], and an inductor with an inductance value change of
4% per hour-decade [16-18]. This article estimates the effect
of component ageing to the lifetime and reliability calculation.
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Fig. 8. Model for the thermal analysis of a ZVT buck converter at nominal.

IV.OPERATION WITH VARIABLE FREQUENCY

Since the lifetime calculation strongly depends on the
operational temperature of the power semiconductor
transistors, a precise evaluation of power loss and temperature
is required. This can be achieved with one of the two methods.
e A high-level simulation model for the power
semiconductor transistor associated with a systematic
parameter variation [32].

e A thermal camera monitoring when parameters are
changed, under a test duration time penalty [34].

This Section analyses the thermal behavior of the resonant
buck converter under a parameter variation. The analysis is
performed with thermal models in PSIM simulation [33]
PSIM software system comes with thermal models for power
transistors, that simply replicate datasheet information. Given
its wide acceptance by industry, the software product has the
same guarantee of accuracy as an oscilloscope product. Using
a simulation tool can save hours of analysis at various
operation points.

The goal of this test is to evaluate the thermal effects of an
operation with misalignment due to resonant component
variation.

A. ZVT Circuit

A PSIM thermal model for ZVT buck converter is built in
Fig. 8. The loss components for semiconductors are based on
datasheet energy loss information embedded within the PSIM
model. Loss power components are therefore compiled from
graphs based on E,, and Eofr energies, rather than calculated as
a current-voltage product. The static junction temperature
value is calculated with an equivalent electrical circuit. The
computation ripple is within 0.17% at 10 ns fixed step.

Tests for ZVT converter are performed at a nominal load
current of 20 A and collected for variation of the inductance
and capacitance values, from nominal to a maximum of +15%.
An interval centered on nominal parameter (capacitance or
inductance) is considered for sake of completeness, despite

knowing that capacitance change is negative and logarithmic
in respect to time, Section III.

The junction temperature is observed in Fig. 9 when the
duty cycle is maintained constant at around 0.61, and the
frequency is changed to keep the output voltage in track,
within a wide range of 157 — 263 kHz around the nominal
switching frequency of 197 kHz (dataset of Table I).

If both L., C; decrease due to ageing, transient processes are
faster and the output voltage yields larger, closer to the
conventional buck converter value. The control system keeps
duty cycle constant and increases switching frequency to
decrease output voltage. This produces a decrease in effective
pulse duration and remakes the “bad trapezoidal shape” of the
current as it was seen at nominal operation. This further results
in less conduction loss at such higher switching frequency,
like a thermal self-compensation.

B.ZCT Circuit

A PSIM thermal model for the ZCT buck converter is
similarly built around IRFP460 MOSFET transistor and a
Powerex CS240650 diode, Fig. 10. Tests are performed at a
nominal load current of 12 A and collected for variation of the
inductance and capacitance values, from nominal to a
maximum of + 25%. The junction temperature is observed in
Fig. 11 when control of the output voltage is achieved with a
constant on-time and variable frequency in a range 147 — 212
kHz (nominal switching frequency of 162 kHz).

Similar to the ZVT case, the reliability and lifetime
calculation must observe the worst case, that is this maximum
value of the junction temperature. The worst case occurs
herein when the capacitor reaches a large value and the
inductor are at its lowest values. The negative decrease in
capacitance (demonstrated in Section III for different capacitor
classes) does not have a major impact in lifetime of a ZCT
converter. From this point of view, the ZCT converter is more
advantageous than the ZVT buck converter.
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Fig. 10 Model for the thermal analysis of a ZCT buck converter at nominal.
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Fig. 9 Transistor junction temperature (Celsius) for ZVT converter with a
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for the MOSFET transistor includes Ry jo= 0.45 °C/W, Ry = 0.24°C/W,
Rin_teasink= 0.10°C/W, ambient temperature of 25°C.
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Fig. 11 Transistor junction temperature (Celsius) for the ZCT converter with a
constant output voltage and under a load current of 12 A. The thermal model
for the MOSFET transistor includes Ry jc = 0.45 °C/W, Ry, s = 0.24 °C /W,
Rin_easink = 0.10 °C /W and ambient temperature of 25°C.

V. RELIABILITY CALCULATION

A. Theory

Failure rate is the frequency with which a system fails,
expressed in failures per unit of time. In a simplified approach,
the reliability calculation can consider the failure rate as being
constant during the lifetime of the system. However,
parameter variation justifies a time-varying failure rate, which
slightly complicates calculation.

For a power converter, all components are considered

equally important and the failure rate of a system is the sum of
the failure rates for each individual component. This means
that the overall failure rate yields:
Asysrem = Zliv=1 A; (12)
where A; corresponds to the individual failure rates of the
components, like power semiconductors, capacitors, or
inductors. For the resonant converter, the failure rate yields:

Asystem = Amosrer + Acontror + Aprope + Ainpucror
+Aour_capacitor + Ay + Ay (13)

Each individual component (or term in (13) ) is considered
to have a known and constant failure rate (Apuse), which is
further de-rated through a series of stress factors.

A= Apase * [I{21 i = Apase * T = Ty * Ty - Mg - g~ T - o
(14)

In the most complete form, these stress factors refer to
temperature (7r7), voltage stress (7v), circuit/application (),
rating (7z), environment (7z), construction (7c), and product
quality (7). Some of these stress factors have similar values
for conventional and resonant converters, some are different
due to their actual operation point.

The numerical characterization (forecast) of these stress
factors comes from the actual model used for calculation, and
it is consistent in standards like MIL-HDBK-217, IEC
TR62380, or FIDES. The values of the stress factors are
provided in tables of the standard which use various
application parameters for reading. Not unlike a weather
report, a proper design procedure should consider all forecast
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methods for calculation within the worst possible operation
mode, and conclude after observation of the worst result, that
is the shortest lifetime expectancy.

MIL-HDBK-217 [13] is an older US military standard with
data based on a wide collection of results. Regrettably, it does
not provide enough detail on certain new technologies for
inductors and capacitors. From this point of view, the novel
International Electrotechnical Commission’s TR62380 [14] is
more successful. Dependence of reliability calculations of
different standards on the temperature has been analyzed and
it has been shown that the temperature has a little influence on
calculations in IEC TR62380 and a great dependency on the
temperature with FIDES [15] and MIL-HDBK-217.

Finally, the FIDES method [15] shows no dependency on
the voltage stress. In most cases, this does not matter since the
designers of the circuits always rate voltage far enough from
the nominal voltage.

B.ZVT, using MIL-HDBK-217

A ZVT buck converter setup is considered for load current
under 20 A load and a 48 V output voltage, when supplied
from 120 V. Three converter structures are considered herein:
e Ideal resonant converter, without parameter variation
(case “1” below).

® A resonant converter, controlled with constant duty cycle
and variable frequency for constant output voltage when
(-25%) parameter variation occurs (case “2” below).

e A conventional buck converter (case “3” below).

What concerns data in Table 11, the conduction loss for the
switch in the resonant converter is higher than the
conventional case because the conventional current is
augmented by the resonant current. Conversely, the switching
loss in the switch is drastically reduced due to switching at or
near zero current. The sum of conduction and switching losses
may be or not larger than the conventional case. Hence, a
proper comparison should also include the diode in the same
converter. Whenever the conduction loss is dominant for the
switch due to the duty cycle, it is not for the diode. In cases
when the input and output voltages are fixed by applications,
the overall loss (that is switch plus diode) should be
considered for a comparison (herein, 105 W for resonant
converter and 138 W for conventional converter).

The same failure rate can be considered for the control
circuit and the main passive components (buck inductor and
the output capacitor) in either of the three circuits. The
investigation in the current article is constrained to the
lifetime contribution from the main power semiconductors
and the added resonant components. The previous models
provide data from Table II for ZVT buck converter and it
demonstrates that parameter variation is not a concern.

The considered system-level failure rate for the three
converters yield as follows.

AAy = Amosrer,1 + Apioper + Avra + Acr (15)
A2y = Amosrer,2 + Apiope2 + Aur2 + Aer2 (16)
Az = AMOSFET,S + ADIODE,S 17

The power MOSFET device has a failure rate as follows.

AmosreT = Apase *Ta " Tp * Ty ‘T " Tg (18)

TABLE Il
THERMAL RESULTS FROM PSIM ANALYSIS

Parameter Case 1 Case 2 Case 3
L, C, SuH, 22 nF 3.75uH, 16.50nF n/a
QOutput voltage [V] 48.17 48.10 48.17
Sw. freq [kHz] 197 263 197
Duty cycle 0.61 0.61 0.44
Pcond_Q [W] 89.23 89.07 79.73
Psw_Q [W] 0.10 0.16 6.63
Tj_0[°C] 96.35 96.25 93.29
Pcond_D [W] 15.21 15.22 14.31
Psw_D [W] 0.30 0.50 36.59
Tj D[°C] 43.62 43.88 86.09

The stress factors refer to temperature (77), voltage stress
(7y), circuit/application (74), environment (7z), and product
quality (7mp).

All terms in (18) are depicted from MIL-HDBK-217F
(notice 2 of February 28%®, 1995):

e Base failure rate for a low-frequency Si FET (page
6.8/61) is 0.012.

e  Application factor m, = 10, for power above 250W.

e Environment factor mp = 6, for application classified as
“Ground, Fixed”.

® Quality factor m, = 2.4, for production of discrete
semiconductors (“JAN”).

e  Voltage factor is considered as unitary.

e  Temperature factor m; depends strongly on temperature
within a ratio of 1:8.7. This leads to 3.4 at ~ 95°C.

Using these numerical values helps calculation of the
contribution to failure rate as follows.

Avosrery = Amosrer2 = Amosrer3s = Apase " Ta Ty " Ty *
mg g =0.012-10-6- 24134 = 2220 = 5,875FIT
19)

As per MIL-HDBK-217F (notice 2 of February 28%, 1995),
a power Si diode has a failure rate as follows.

Aprope = Apase * T * Ty " Ty " Mg " Mg, (20)

The stress factors depend on application and can be
identified for each of the three cases selected for our analysis
as being the same except for the temperature.

e Base failure rate for a low-frequency fast-recovery Si
diode (Page 6.1/55) is 0.025.

e Construction factor 4 = 1.

e Environment factor mz = 6, for application classified as
“Ground, Fixed”.

® Quality factor m, = 2.4, for production of discrete
semiconductors (“JAN”).

e  Voltage factor is considered as unitary.

e  Temperature factor: m; = 1.5 at ~ 45°C and 7w, = 3.0 at
~ 85°C.

The diode lifetime is calculated as follows.

Aprope;1 = Aprope2z = Apase * ¢ * Ty " Ty * Mg " g = 0.025 -
1-6-2.4-1-1.5=%=540F1T 2n
Apiopes = Apase "¢ " Ty " Ty "M g = 0.025-1-6-2.4-

1-3 =228 _ 1080FIT (22)
10°%h
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The resonant capacitor contributes to the failure rate.
Aceramic = Ap "o " g Ty = 0.00075 X 1 X 10 X 2 =
0.015 F/10°h = 15 FIT (23)

The resonant inductor contributes to the failure rate.

AL, = Ay g g ey = 0.00075 X 1 X 10 X 3 =
0.0225 F/10%h = 23 FIT 24)

Finally, the system-level failure rates for the three cases
yield as it follows.

AAy = DAy = Ayosrera + Apropes + Aura + Acrs = 5875 +

540 + 15+ 23 = 6.453 FIT (25)
AA?) = AMOSFET,?) + AD[ODE,?) = 5,875 + 1,080 = 6.955 FIT
(26)

C. ZCT, using MIL-HDBK-217

This procedure is very close to the one explained above for
the Zero Voltage Transition converter. In the end, the
operational junction temperature makes the difference in
actual numerical values. Since the negative decrease in
capacitance does not have a major impact in lifetime of a
properly controlled Zero Current Transition buck converter,
details of calculation are not finalized herein.

D. Summary of results

Usually, the failure rate for a system is considered constant
and this produces a flat lifetime over time. Based on parameter
variation and the calculation at each operational temperature,
the actual failure rate yields time-varying, that means ageing
effects set-in early during the service life. Such time-varying
failure rate needs to be used for reliability calculation.
However, the compensation of the component ageing with a
variable frequency closed-loop controller leads to minimal
variation in junction temperature. Some variation is seen for
the diode in Table II. The worst-case temperature can be
considered in order to avoid a more complicated calculation.

This is studied with a primer in Microsoft Excel able to
calculate the effects of constant or time-varying failure rate on
reliability probability. Manipulation of component data,
peculiar calculation formula and definition of graphs are set
for a possible extension to other converters.

Because the constant failure rate A is expressed in FIT in eq.
(22-23), the reliability is calculated with:

Hence, the probability that the resonant power converter
lasts more than 100,000 hours is 52.45%, and 49.88% for the

conventional buck converter.
(_100,000

105 6453) _ 59 4504 (28)

Reonp = e(~5576955) _ 49 85 04 (29)

In other words, the probability that the resonant converter
lasts more than 20 years is 32.30%, and 29.52% for the
conventional buck converter.

(-"5%5-6453) _ 323004 (30)
= 29.52% 31)

Rieson = €

Rieson = €
( 175,200

— \TTp0

Rconv =e 10

-6,955)

E. Considering probability of occurrence of peak power

Usually, the working profile is not known. This means the
probability of occurrence of peak power as well as of any
other power levels are not known before commissioning of the
power supply. The failure rate and reliability are hence
calculated for the maximum current, at the peak operational
power, considered as potential worst case. This was presented
in the previous sections.

Alternatively, when the work profile is actually known and
the amount of time spent with operation at a certain power
level is known, the calculation can be improved with a profile
consideration [35].

Table III illustrates calculation for different current levels
or precent of the peak power, for the case of resonant buck
converter, built with previous parameters. To simplify the
explanation, a poor resolution has been considered at 10%
load power steps, while computer programs can better
discretize the profile graph. The column “% Time” shows how
much time is spent around each power level within the known
repetitive profile, obviously as an example. A prorated failure
rate is calculated by considering effect of junction temperature
in (19) and (21). Such failure rate is further weighed with “%
Time” and added into a profile-dependent failure rate. The
reliability probability is calculated with (28), and shown in the
bottom rightmost corner. This calculation example calculates
probability that the resonant power converter lasts more than
100,000 hours.

It is important to note that the outcome (58.97%) is
different from the previously considered worst case of

t
R.(t) = e(_m"l) (27)  operating always at peak power (52.45%). This means the
resonant power converter can survive more if operated
occasionally at lower power.
TABLE Il

FAILURE RATE AND RELIABILITY CALCULATED AFTER A PROFILE, USING MIL-HBK-217F

LOAD |CURRENT| TQ[°C] T | TDL1[Cl 7y
100% | 20.00 9% 3.4 43 1.5
90.0% | 18.00 78 2.6 40 1.4
80.0% | 16.00 66 2.1 38 1.3
70.0% | 14.00 55 1.8 35 1.2
60.0% | 12.00 46 1.5 33 1.1
50.0% | 10.00 39 1.2 31 1.1

A (FIT) | Rreson | % Time [FIT %Time
6453 52.45% 50 3227
5035 60.44% 20 1007
4135 66.13% 10 413
3580 69.90% 10 358
3026 73.89% 5 151
2508 77.82% 5 125
A,prome 5282
Rpeofite | 58.97% [100,000h
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VI. CONCLUSION

This paper studies the effect of parameter variation for ZVT
or ZCT resonant buck converters in estimation of lifetime and
reliability probability. A variation of inductance, capacitance,
or both, produces a change in the output voltage of the
converter. The resonant buck converter keeps the output
voltage constant with a variation of the switching frequency
based on a closed loop control. While this is designed in for
keeping the voltage constant, it also helps regulating the
junction temperature and using a constant failure rate in
calculation.

The paper reviews manufacturer and technology data to
assess the ageing and post-shock variation of parameters for
passive components (capacitors and inductances) to be used
within resonant converters. This information is used along a
temperature evaluation for an estimation of the lifetime.

A dataset is considered herein as example and a full
estimation process for reliability performance is presented
based on the MIL-HBK-217F standard. It is concluded that
parameter variation must be fully understood and taken into
consideration during the design phase. Otherwise, a
deterioration of reliability performance yields and the
probability of long-time survival can be reduced.

Using reliability standards may be counter-intuitive to a
“hands-on” engineer. Data tables from these standards have
gathered data from experiment to provide an empirical (or
experimental) probability. This is an "estimate" that an event
will occur based upon how often the event occurred after
collecting data from an experiment in a large number of trials.
Using these standard tables for a given converter provides a
statistical model based on widely accepted previous
experiment. Thus, an empirical probability is achieved for any
peculiar case with the expectations this is approaching the
theoretical probability. The Law of Large Numbers (called
Bernoulli's Theorem) states: "If an experiment is repeated a
large number of times, the experimental or empirical
probability of a particular outcome approaches a fixed number
as the number of repetitions increases. This fixed number is
the theoretical probability.”

While the resonant power converters are using ceramic
capacitors discussed in this paper, reliability of other power
converters may be more dependent on electrolytic or polymer
capacitors since these cannot benefit from ceramic capacitors.
While a calculation based on MIL and FIDES are not unlike
the ceramic case, the method based on International
Electrotechnical Commission’s TR62380 covers better
parameters of the new technologies, like polymer capacitors.

Manufacturers usually define lifetime when 50% of
products stop working and use statistically models to identify
the reliability probability for this. Reliability probability is
calculated with a failure rate, and a proper estimation should
consider a time-varying failure rate to include variation due to
ageing and post-shock effects.

Based on this study, the following new directions that can
advance state of the art knowledge are depicted:

e Using a combination of computer analysis and standards’
tables, the lifetime and reliability probability can become
an additional criterium (additional to energy savings and
cost) for choosing converter solutions.

¢ Introduction of new technologies for passive components
(like polyester capacitor) can better be appreciated with a
proper system-level reliability analysis.

e The calculation methods presented herein can be used for
real-time reliability evaluation of power converters with
irregular profile operation, for better maintenance
scheduling or cost reduction.

¢ Development of computer tools for quick investigation of
the design decisions.
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APPENDIX
Demonstration of equation 7

Calculation and notations follow Fig. 2.

When the power semiconductor transistor Q is turned-off,
the current diverges from power semiconductor transistor into
the resonant capacitor, and its voltage increases linearly:

ve, () =&t (AD)
The buck diode D sees a cathode-anode voltage of:
vp(t) = E — é—i t (A2)

A positive voltage turns-on the output diode D and the load
current gets re-routed from resonant capacitor to the buck
diode. The time interval in between the turn-off of the
transistor and before the diode turns-on can be calculated with

(A3)

For unified design, the components (L, and C,) added to the
circuit for the resonant swing, can be characterized
collectively with a resonant frequency f, and a characteristic

impedance Z,.
1 1

ty =—-C

f = o= Py s (A4)
Ly
Z, = \E (A5)
This can be used along (A3) to produce (A6).
E E 1
tl:i' r=a‘wr‘zr (A6)

This time interval has to be smaller than the power
semiconductor transistor period of the buck converter so that
the average of the voltage pulses and the harmonic content are
not changed. Both components, L, and C,, have to be selected
to match this design rule.

While the load current passes through the buck diode and
the power semiconductor transistor remains in the off state, the
input voltage E equals the sum of voltage drop across L, and

C.
2
LGB gy (1) = (A7)

As explained, the buck diode turned-on when the voltage
across the resonant capacitor equaled E. During the
conduction of the buck diode, the voltage across the resonant
capacitor C, increases from E to a peak value, then decreases
to zero, after a sinusoidal law:
ve,(t) =E+Z, -1 - sinfw, - (t — t1)] (A8)

The peak of the capacitor voltage can also be considered as
the maximum voltage drop across the power semiconductor
transistor, that is:

Ve (max) = E+Z. -1, (A9)

The moment of time when voltage across C, capacitor
reaches zero yields:

t, =1t = [n+arcsin(
wWr

o) 1

Zy-1,

This time interval is the minimum duration of the off-state
for the main power semiconductor transistor. At this moment
12, the current through L, and C, yields:

. . E 12
ler(t) = i (t) = —1p - [1 - [Z 1 ] ]
riL

The buck diode is seeing the sum of the current through the
resonant circuit and the load current.
. E 1%
lD(t2)=1L+IL' [1_[ ]]

Zy-1y,

After 1, the voltage across the resonant capacitor C, tends
to negative values. This turns-on the anti-parallel diode which
re-routes the circulation of the current until the resonant circuit

(Al1)

(A12)
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energy is discharged. Since both diodes are in conduction, the
voltage across the L, is maintained constant and equal to
converter’s input voltage. A constant voltage drop across L,
means a linear variation for the current:

00 =0 ® = [ 1= T+ £ e an

The current through the buck diode D yields as the
algebraic sum of the current through the resonant circuit and
the load current.

2
[1 B

ip(t) =1, - [1 + ZT_IL] ]] + Li t —t,)

The main power semiconductor transistor should not be
turned-on before resonant circuit energy is discharged. The
moment of time 73 when the current through the resonant
inductor and the anti-parallel diode reaches zero yields:
t3 =t2+i'ﬂ- [1—[ E ]2]

wyr E ZeIp,

A correct design implies the off-state of the power
semiconductor transistor needs to match the time interval
between #; and #3. A turn-on command produces a current
circulation through the resonant inductor L, and the output
diode. Because the output diode is still in conduction, the
voltage across the resonant inductor L, equals the input
voltage E. The current will maintain the linear variation from
zero to the load current /.,

| e e

(Al4)

(A15)

i) =1, [1 + [1 - (A16)

The current through the buck diode will eventually reach
zero at a moment of time #4.

ZyIy,

1
ty=t3+—-
wr E Zplp,

(A17)

After the moment #, the load current passes through the
power semiconductor transistor and the resonant inductor L,.
The power semiconductor transistor can be turned-off at any
moment after ¢4, and the entire operation is repeated cyclically.

Within a conventional, hard-switched buck converter, the
moments when the power semiconductor transistor is switched
between on and off states are defined based on the duty cycle
required to produce a certain output voltage. For a resonant
converter, additional limits for operation are imposed to
maintain either zero-voltage or zero-current capability. Such
limits are governed herein by the instants #; and #4 as calculated
above. Their values are dependent on L, and C, as well as on
the load current and converter’s input voltage.

Passive components are considered with constant
parameters in conventional design process. In most design
cases, the load current becomes the only variable parameter
during the operation of the power stage. The ZVT resonant
circuit works appropriately when the following constraint is
respected.

Z,-I, 2 E (A18)

Equations (AS) and (A18) are used within a converter
design able to guarantee a resonant operation at any current
above 40% of the maximum load current.

- 1 el _|_E
=t 4o P+ P [

\/%- 041, = E (A19)
This design example leads to the nominal values.
> 225 L, = 5 uH; C, = 22 1F (A20)

Observing waveforms in Fig. 2 allows calculation of the
output voltage.

—fF.|1 _tzero| L p.1.E
Vyur = E [1 . ]+E e (A21)
where
E 1 1 . E 1
tzero = t4_ - tO = Z . 0z, + (D_r . [ﬂ + arcsin (Zr'IL)] + ‘U_r .

2 [1 + [1 - [zfu]z”
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