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Abstract—DC-DC power converters are experiencing an
exponential increase in their utilization with the grid
interconnection of distributed energy resources, electric vehicles,
and energy storage units. Thus, their appropriate operation
under different conditions is crucial. This depends largely on the
use of reliable inductors and capacitors to maintain output
quality and power efficiency. However, deterioration or damage
of these components over time is inevitable. In this paper, we
propose the use of transient terminal measurements of voltage
and current to estimate deterioration or formation of defects in
inductive and capacitive components of buck and boost power
converters. Our method involves the application of the numerical
Laplace transform to define an algebraic system of equations. An
approximate solution for the converter’s two-port model is then
related to the specific inductive and capacitive parameters of the
reconstructed model. Variations in these parameters due to
deterioration/damage conditions are simulated using finite
element analysis and analytical approximations. The results for
the test cases presented demonstrate the effectiveness of the
proposed method to accurately estimate converter parameter
variation under different conditions.

Keywords: DC-DC power converter, parameter estimation,
parametric fault detection, transient measurements.

I. INTRODUCTION

OWER converters are the gateways for the

interconnection of generation systems, microgrids, electric
vehicles, battery storage units, and other distributed energy
resources (DERs) to the power grid, as well as for HVDC
systems, transportation electrification, industrial-grade motor
drives, among many other AC/DC systems at high-, medium-
and low-voltage levels [1], [2].

Estimating the reliability and life expectancy of power
converters is paramount for decision-making and planning in
modern power-electronic based systems [1]. Power converters
are considered a weak link that can have a substantial impact
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on the overall system reliability [3]. For instance, it is
estimated that power converters are responsible for 13% of
failures and 18% of downtime in wind farms, and 37% of
unscheduled maintenance in utility scale photovoltaic systems
[3].

Inductor, capacitor and semiconductive component
damages are listed among the main contributors to faults in
power-electronic conversion systems [4]. From these
elements, capacitors are considered the most critical
components to converters’ reliability given their high
degradation failure rate. Approximately 30% of converter
failures are associated with capacitor degradation [5].

Faults in power-electronic converters can be classified into
hard faults and soft faults. Hard faults occur when an event,
such as a short circuit or an open circuit, produces complete
damage of a component. Soft faults happen when partial
damage, deterioration or aging results in a parametric variation
of main components, such as a decrease in the value(s) of the
converter’s inductor(s), capacitor(s), or the modification of the
operational characteristics of a semiconductive switch (e.g.,
input impedance or on-state conduction losses) [6]. Over time,
soft faults can evolve into hard faults, so their timely detection
is very important to ensure the reliable operation of power
converters.

Fault detection methods for DC-DC converters are
classified into model-based methods, signal-based methods,
knowledge-based methods (a.k.a. data-driven methods) and
hybrid methods [6]-[8]. Model-based methods, such as the
ones proposed in [6], [9], [10] require the availability of a
mathematical model of the system from physical principles or
system identification, which can be a complicated task
depending on the converter’s topology [7]. Signal-based
methods (e.g., [11], [12]) use measured signals that can be
directly related to specific faulty conditions. These signals can
be in time domain, frequency domain, or both. However, these
methods may struggle to differentiate signals from healthy and
faulty conditions depending on the type and number of signals
recorded [7]. In contrast to the two previous methods,
knowledge-based methods (see for instance [13]-[15]) do not
require a previously known model or signal pattern of the
system under study. Instead, a large volume of historic data is
obtained, and Al techniques are then applied to these data to
systematically extract the implicit fault characteristics of the
system. A main limitation of this method is the need to record
large amounts of data and utilize computationally expensive
techniques for the training process [8]. Finally, hybrid
methods combine two or more fault detection methods [8].



In this paper, we aim to contribute to the current state of the
art on power converter soft fault detection by proposing and
evaluating a novel hybrid (model-based and signal-based)
frequency-domain approach to estimate parameter variation
due to soft faults on passive components of DC-DC buck and
boost converters. Building upon our previous work [16], our
proposed method utilizes transient terminal measurements of
voltage and current to estimate deterioration or formation of
defects in inductive and capacitive components. This involves
the application of the numerical Laplace transform [17] to
define an algebraic system of equations and approximate its
solution for the converter’s two-port model, which is then
related to the specific inductive and capacitive parameters of
the reconstructed model by comparing it with an approximate
mathematical model of the converter.

Considering existing methods and approaches,
following salient features of our proposed method include:

1. Very low computational burden compared with
existing data-driven methods, given that it requires
only four sets of transient response measurements. It
also avoids the need for computationally intensive and
time-consuming data training.

2. Very straightforward algebraic model definition and
solution due to the use of a Laplace-domain two-port
representation.

The remainder of our paper is structured as follows:
Section II describes the general methodology proposed.
Section III details the approach followed to simulate passive
component defect and degradation. Section IV illustrates the
generation of transient measurements with varying L-C
values. Section V shows the application of the proposed
method for several test cases and discusses the results
obtained. Finally, the conclusions of this paper are included in
Section VI.

the

II. GENERAL METHODOLOGY

Our proposal involves the following main components:

1. Approximating inductive and capacitive parameter
variation due to deterioration or defect.

2. Utilizing a switching model of the converter under
study to simulate a series of transient responses as a
function of inductive and/or capacitive variation.

3. Transforming the transient responses obtained above to
the Laplace domain in order to define an algebraic
system of equations solved for the two-port model of
the converter.

4. Relating the two-port model obtained to the inductive
and capacitive values for the converter under study.

The block diagram in Fig. 1 illustrates the process

followed. These steps are explained in detail in the next
sections of the paper. The light blue rectangles correspond to
stages that are only necessary in this work to emulate the
terminal measurements of converters. In a practical
application, these steps would be replaced by the use of real
(measured) converter responses to estimate the level of
component defect or degradation, as shown in the last stage of
the diagram (in light green).

Simulation of Component Defect or Degradation

e Approximating L defect using finite element analysis
(COMSOL)

e Approximating C deterioration using an analytical
degradation model

0 4 80
time (days)

Simulation of Converter Transient Responses

e Using a switching model (Simulink) of a DC-DC buck or
boost converter to simulate transient responses for different
terminal conditions and L-C variations

Parameter Estimation from Transient Terminal
Measurements

e Transforming sets of transient terminal measurements to the
Laplace domain using the Numerical Laplace Transform

e  Model reconstruction - Generating an overdetermined
algebraic system solved for its admittance elements

e Parameter estimation — Relating the reconstructed admittance
elements with the analytical two-port model of the converter
to estimate L-C component variation as a function of
terminal measurements.
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Fig. 1. Block diagram illustrating the general methodology.

III. SIMULATION OF COMPONENT DEFECT OR DEGRADATION

This is performed using finite element analysis in the case
of inductors, and an analytical approximation in the case of
capacitors.

A. Inductor defect analysis

This work assumes the use of a toroidal geometry for the
converter’s inductive component. However, other inductor
topologies can be considered following a similar approach.

Before introducing a defect, healthy inductance values are



calculated based on well-known design formulas for buck and
boost converters [18], [19] and the sample parameters listed in
Table I, which are selected only for demonstration purposes.

For the buck converter, this calculation results in an
approximate inductance of 3 mH, while a value of 1 mH is
obtained for the boost converter. Practical toroidal core
topologies to achieve these values are found from
manufacturer datasheets [20], [21], resulting in the materials
and dimensions listed in Tables II and III.

TABLE I
DC-DC BucK AND BOOST CONVERTER PARAMETERS

Nominal Parameters Buck Boost
Input voltage, Vin 220V 200 V
Output voltage, Vou 55V 33333V
Duty cycle, D 0.25 0.4
Switch frequency, fs 100 kHz 100 kHz
Nominal load, RL 10 Q 10Q
Max. perm1s51b.le steady- 59, 59,
state current ripple
Max. perm1s51b.le steady- 50, 50,
state voltage ripple
TABLE I
DC-DC CONVERTER INDUCTOR MODEL DIMENSIONS
. . Buck | Boost
Dimension
value [mm]
Outer core radius 12.1319 24.8
Inner core radius 6.7528 11.624
Coil wire radius 0.4572 0.6
Core depth 18.796 22
Surrounding space
(for simulation) 15 40
No. turns 30 turns 25 turns
TABLE III
DC-DC CONVERTER INDUCTOR MATERIALS
Buck | Boost
Region Material | Relative permeability
Surrounding Air 1
space / fracture
Core Alloy 151347 | 480
Coil Copper 1

Two types of inductor core defects are considered:
widening fracture and deepening fracture. Given the typical
materials used in toroidal inductors for high frequency
applications (e.g., ferrite, powdered iron, amorphous alloy,
nanocrystalline), these defects can happen over time due to
weather  variations, vibration, transport, or  other
circumstances.

A widening fracture is a complete fracture across the radial
length of the core. This was simulated using COMSOL
Multiphysics [22] and its “parametric sweep” capabilities,
with a varying size defined by an angle with respect to a
vertical starting line of the fracture, defining the relative
permeability of the fractured segment as 1, in contrast to the
high relative permeability of the core (1513.47 for the buck
converter’s inductor and 480 for the boost converter’s
inductor, as listed in Table III). A sample COMSOL

simulation for this case is shown in Fig. 2(a). Fig. 3(a) shows
the effect of the gap size for the two inductors considered. The
inductance behavior is exponentially decreasing in both cases.
With a gap of only 1°, the inductor value decreases to 20.78%
of its original value for the buck converter and 44.84% for the
boost converter.

The second defect evaluated is a deepening fracture. This is
a partial fracture where a fixed gap angle is assumed as shown
in Fig. 2(b). Using parametric sweep, the depth of the fracture
is modified to evaluate the effect of the size of the partial
defect. Fig. 3(b) shows the effect of varying the partial gap
size for the two inductors under evaluation. In this case the
behavior of the inductance value is logarithmically decreasing
in both cases, since the flow of magnetic field in the core
material is only partially disrupted.

It is important to note that, in practice, core defects are
much more complex in nature than our simulations. However,
our simulations still allow us to consider, in a simplified
manner, the inductance decrease for different types of defects
and levels of severity, which is then used in the proposed
parameter estimation approach. More realistic defect
simulation is out of the scope of the present study and can be a
matter of future research.
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Fig. 2. 2D finite element model of toroidal inductor for two types of core
defects: (a) complete fracture, (b) partial fracture.
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Fig. 3. Decrease of inductance as defect increases: (a) complete fracture, (b)
partial fracture.

B. Capacitor degradation analysis

We assume the use of an electrolytic capacitor for both
converters under study. Other types of capacitors and
degradation models can be considered following a similar
approach [23].

First, initial (healthy) capacitive values were calculated
based on well-known design formulas for buck and boost
converters [18], [19] and the sample parameters listed in Table
I. This resulted in values of 1.5 pF for the buck converter and
40 uF for the boost converter.

The capacitor degradation model applied here is based on
the following expressions [24]:

Ct) =Co(1+AD), (1)
A= Age et ©)

where C, is the initial (healthy) capacitance value, t is the
time in seconds, A, is the base degradation rate, E,; is the
activation energy, k is the Boltzmann constant, and T is the
temperature in Kelvin. Based on [24], some considerations
were made for these values to simulate a defective electrolytic
capacitor whose value would decrease to 7.5% of its healthy
value after only 90 days of continuous operation: temperature
of 293 K (19.85 °C), base degradation rate of -3.5x10° and
activation energy of 0.783 eV. This resulted in the linear
decrease shown in Fig. 4.

The parameters of the electrolytic capacitor degradation
model defined in (1) and (2) are typically determined
experimentally, applying a fitting method (such as the least
squares method) to fit the experimental data at various
temperatures. More details of experimental data analysis, test
procedures, and fitting analysis are provided in [25].
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Fig. 4. Decrease of capacitance with time for defective component

IV. SIMULATION OF CONVERTER TRANSIENT RESPONSES
UNDER VARYING TERMINAL CONDITIONS AND L-C VALUES

Synchronous DC-DC converter models were implemented
in Simulink [26] (one for buck converter and another for boost
converter) with varying terminal (source-load) conditions, thus
producing different transient voltage and current responses.
For N different terminal conditions, N distinct sets of emulated
terminal voltage and current measurements are generated.
These measurement sets are the basis of the parameter
estimation method, as explained in Section VI of this paper.

The basic DC-DC converter model in Simulink
corresponds to a synchronous switching model with two
semiconductive switches operating alternatively, an inductor
and a capacitor. Buck and boost converter topologies include
the same switching elements but in different positions. The
model is terminated in a DC voltage source and a resistive
load.

Four distinct responses (measurement sets) are generated
per inductance value, considering variation of DC voltage
source magnitude and resistive load as follows: 160 V — 1 Q,
220V -12Q,120 V-5 Q, and 80 V — 20 Q, as proposed in
[16]. Depending on the specific converter under study, these
tests will change to reflect diverse source and load conditions
within the operational range of the device.

Initial inductive and capacitive values correspond to
healthy components, which are then varied to simulate the
effect of component defect or degradation. As an example,
Fig. 5 shows the effect of inductance decrease due to a
widening defect on the output voltage and inductor current
responses of the buck converter. Both responses show an
evident increase in ripple content and transient overshoot, as
well as faster response time, with the decrease of inductance
as the widening defect becomes more evident. This example
corresponds to the measurement set with input voltage
magnitude of 80 V and output resistance of 20 Q, but a similar
change in behavior with inductance value is present for all
four measurement sets considered. Notice that the axis
corresponding to inductance percentage has a logarithmic
scale given the type of inductance decrease present in this
case.

A second example shows the effect of capacitor
deterioration on the output voltage of the buck converter,
combined with a partial inductor core fracture. For this
example, the capacitor degradation model parameters are set
up to consider a defective electrolytic capacitor that would
decrease its value to approximately 7.5% of its original



(healthy) value after only 90 days of continuous operation, as
explained in Section III.B. In addition, the inductance is fixed
at 1/3 of its healthy value to consider a partially fractured
component. The plot in Fig. 6 shows the output voltage of the
buck converter for different capacitor values starting with its
healthy value of 1.5 pF. An increase in ripple content with
capacitor deterioration level is observed. This example also
corresponds to the 80 V — 20 Q measurement set.

V. PARAMETER ESTIMATION FROM TRANSIENT TERMINAL
RESPONSES

The use of transient terminal responses of voltage and
current for parameter defect estimation is the central part of
the present proposal. The main idea is the generation of an
algebraic system that uses N distinct sets of (input/output)
terminal voltage and current responses of the DC-DC
converter to estimate the L-C parameters of the converter
generating such responses. Furthermore, estimation of such
parameters serves as a measure of the level of defect or
deterioration when compared to their healthy values.

A. Two-port model reconstruction approach

We start by extracting the converter’s transient terminal
measurements. As explained in the previous section, we
consider four pairs of source-load combinations producing
distinct transient responses, so the input and output voltages
and currents for the k-th measurement set are defined as
Vink(0)s Vourk (), Uinx(t) and ioyex(t) (see Fig. 7). Then,
we transform them to the Laplace domain by means of the
numerical Laplace transform as follows [17]:

Vin k() Vourk (s)] = NLT{[Vin 1 (¢) Vour ke (01}, (3)
[Iin,k (S) Iout,k (S)] = NLT{[iin,k(t) iout,k (t)]}: (4)
where s is the Laplace variable. More details of the NLT are
provided in the Appendix.
For any set of input-output conditions, the following two-
port admittance relationship can be defined:
[Iin,k] _[11(s)  yi2 (5)] [Vin.k]

= 5
Loye Y21(8) Y22 () WVout )

where y,1(5), ¥12(S), ¥21(s) and y,,(s) are the elements
of the admittance matrix of the converter. Notice that,
conversely to the common definition of an admittance matrix,
we consider an asymmetrical matrix for a switching converter
model with 4 distinct components, as explained in [16]. To
obtain an approximate solution for the 4 admittance elements
as a function of the input and output voltages and currents, we
define the following overdetermined system consisting of 8
equations with 4 unknowns:

I Vi

I V.

Iz = V; [Y] 4X1> (6)
L 8x1 Vs 8x4

where:

Iin,k

VvV, = Vin,k Vout,k 0 0 ]
k 0 0 Vin,k Vout,k ’
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Fig. 5. Transient responses of the DC-DC buck converter for a DC voltage

source of 80 V and a load of 20 ohms, considering a decrease of inductance
due to widening core fracture: (a) output voltage (b) inductor current.
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Fig. 6. Output transient voltages of the DC-DC buck converter for a DC

voltage source of 80 V and a load of 20 ohms, considering a decrease of
capacitance due to premature deterioration, combined with partial inductor
core fracture.
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Fig. 7. Measurement arrangement for two-port converter modeling [16]

y11(5)

Y12(5)
Y= Y21(8) | (7c)

V22(S)
Eq. (6) is solved using the minimum norm least-squares
(MNLS) method, which calculates the admittance vector Y
that minimizes [|[VY-I||. More details and evaluation of this

method can be found in [16].



B. Parameter estimation

In order to estimate the inductance and capacitance of the
converter, the two-port model in (5) is compared with its
analytical approximation in the Laplace domain, as defined in
[16], resulting in the following relationships for a buck
converter:

Y1zpuck = —A4/(SLpuck)- (8a)
Ya2puck = 1/(SLpuck) + SChucks (8b)
and for a boost converter:

Y12,boost = —(1—=d)/(sLpoost)s (%a)
Y22,boost = a- d)z/(SLboost) + 5Choost- (9b)

Solving for the L-C parameters we obtain the following:
Lyuck = —d/(S Y12,buck)> (10a)
Lpoost = —(1 —d)/(s Y12,boost)a (10b)
Couck = Y2z,puck/S — 1/(s*Lpuci) (10¢)
Choost = Yazpoost/S — (1 = d)?/(*Lpoost)s  (10d)

where d is the duty cycle of the corresponding converter.
This method is applied in the following section to estimate
defects in inductors and degradation of capacitors from
transient terminal measurements.

VI. TESTS CASES

The cases below are intended to evaluate the capability and
accuracy of the proposed method in estimating the effects of
widening and deepening defects in toroidal inductors, as well
as time-based degradation of electrolytic capacitors, for both
buck and boost converters.

The parameters of the converter for the test cases are listed
in Table I, with initial (healthy) inductor and capacitor values
of 3 mH and 1.5 pF for the buck converter, and 1 mH and 40
uF for the boost converter.

For the evaluation of widening and deepening inductor core
fractures, as well as capacitor degradation, the parameters and
ranges described in Section IV are considered, with 11 values
(of L or C) considered for each measurement set.

For the application of the NLT as described in the
Appendix, the observation time T is defined as 2.5 ms and
the number of samples N is fixed at 40000 for all the cases
evaluated in this section.

Fig. 8 shows the results obtained for the buck converter.
The parameter estimation for inductance variation as a
function of widening and deepening core fractures (Figs. 8(a)
and 8(b), respectively) evidences a very accurate
reconstruction, with maximum relative deviations below
0.018%. Estimation for the premature capacitance
deterioration also shows good agreement with the actual
values for the 11 values evaluated, although the largest
relative deviation in this case reaches approximately 1.5%.

The results for the boost converter (Fig. 9) closely resemble
those from the buck converter. In this case, the max. relative
deviation for inductance variation and capacitance
deterioration is below 0.04% and 1%, respectively.
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Fig. 8. Results of the proposed parameter estimation method as a function of
defect/degradation severity for buck converter: (a) widening core defect in
toroidal inductor, (b) deepening core defect of toroidal inductor, (c) premature
degradation of electrolytic capacitor.

The reason for larger differences in capacitive parameters
when compared to inductive parameters is attributed to the
fact that transient terminal responses exhibit more noticeable
changes when inductance decreases than when capacitance
does, thus allowing a better distinction of the parameter
variation responsible for each transient response. Still, the
differences presented for the capacitance estimation are
considered acceptable for practical purposes.

VII. CONCLUSIONS

This paper introduced a novel method to utilize transient
terminal responses of DC-DC converters to detect passive
parameter variation due to component defect or degradation.
This is intended to support the detection of incipient (soft)
faults before they become catastrophic to the converter. The
proposed method relies on the use of the numerical Laplace
transform to obtain frequency domain signals utilized for the
reconstruction of a two-port admittance model that, once
compared to its analytical version in the Laplace domain,
allows the extraction of passive parameters (L and C) for
different parameter variation conditions.
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Fig. 9. Results of the proposed parameter estimation method as a function of
defect/degradation severity for boost converter: (a) widening core defect in
toroidal inductor, (b) deepening core defect of toroidal inductor, (c) premature
degradation of electrolytic capacitor.

The results obtained for both buck and boost converter are
very satisfactory, showing extremely accurate estimation of
inductive parameters exposed to two types of core defects,
with relative deviations below 0.05% with respect to the actual
values for a series of tests with increasing levels of component
defect. For capacitance estimation with respect to time-based
component deterioration, the results are also very promising,
with maximum relative deviations in the order of 1 to 1.5%.

Future work should include extensive evaluation of this
methodology using actual experimental measurements, rather
than emulated ones, to get a better understanding of how the
proposed method performs with realistic inputs. Additionally,
extension to other converters, such as inverters, rectifiers and
bidirectional converters, can be explored.

Overall, our proposed method has potential application for
different topologies that integrate inductive and capacitive
components and can be represented as two-port models in the
Laplace domain. For instance, it could be applied to estimate
the degradation/damage of filtering stages that include
inductive and capacitive components, such as LCL inverter
filters used for DER integration.

APPENDIX — NUMERICAL LAPLACE TRANSFORM

This Appendix provides brief definitions of the numerical
Laplace transform (NLT), which is applied in this work to
convert time domain voltages and currents to the Laplace
domain. More details of this technique can be found in [17].

The application of the Laplace transform to a real and
causal function f(t) with an observation time 7 results in its
Laplace domain image F(s) as follows:

F(s) = [)[f(t)e “Te /" dt, (A1)
where s = ¢ + jw. The numerical form of (A.1), following
an odd sampling of the frequency spectrum, is given by

F = SN2 fuDy exp (- 252), (A2)
where
mmn=012..,N—1, (A3)
E, = Flc + j(2m + 1)4w], (A4)
fo = f(ndo), (A5)
D,, = At exp (—ant - %), (A.6)
At = % Ao =T, (A.7a,b)
¢ = —In(10™%)/T. (A.8)

In (A.3)-(A.8), Aw is the integration step of the angular
frequency w for odd sampling, At is the discrete time step, N
is the number of samples, and ¢ is a damping factor included
to minimize the aliasing errors produced by the discretization
of the frequency spectrum.
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