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ABSTRACT - Power electronic systems employing Printed Circuit Boards (PCBs) are broadly used in many
applications, including some safety-critical ones. Several standards (e.g., ISO26262 for the automotive sector and
DO-178 for avionics) mandate the adoption of effective test procedures for all electronic systems. However, the
metrics to be used to compute the effectiveness of the adopted test procedures are not so clearly defined for power
devices and systems. In the last years, some commercial fault simulation tools (e.g., DefectSim by Mentor Graphics
and TestMAX by Synopsys) for analog circuits have been introduced, together with some new fault models. With
these new tools, systematic analog fault simulation finally became practically feasible. The aim of this paper is
twofold: first, we propose a method to extend the usage of the new analog fault models to power devices, thus
allowing to compute a Fault Coverage figure for a given test. Secondly, we adopt the method on a case study, for
which we quantitatively evaluate the effectiveness of some test procedures commonly used at the PCB level for the
detection of faults inside power devices. A typical Power Supply Unit (PSU) used in industrial products, including
power transistors and power diodes, is considered. The analysis of the gathered results shows that using the new
method we can identify the main points of strength / weakness of the different test solutions in a quantitative and
deterministic manner, and pinpoint the faults escaping to each one.

INDEX TERMS - End-of-manufacturing test, Functional test, In-circuit test, Incoming inspection test, PCB test, Power

electronics, Fault Coverage, Fault models

|l. INTRODUCTION

Electrical systems are often composed of a digital and an
analog part. The digital part is normally devoted to the control
of the system, while the analog part performs different
functions, such as managing the sensors and/or the actuators
(including power devices). Some of the applications using
mixed analog and digital components are safety critical. In this
case, a fault in the system can cause significant physical
damage to people or produce a considerable economic
damage. To increase the reliability of safety-critical systems,
testing plays a crucial role: by detecting permanent faults
before they produce critical failures, the dependability of the
system can be increased. Numerous test techniques have been
developed for testing the digital electronics, for example by
resorting to Design for Testability [1]. The identification of
well-accepted fault models for the digital electronic parts has
allowed to develop efficient test strategies. For example, the
stuck-at fault model is widely adopted to estimate the
effectiveness of a test procedure for digital components and to
quantitatively compare the Fault Coverage (FC) [1] results
obtained with different test approaches. The stuck-at fault
model is easily defined thanks to the binary behavior of digital
electronics. In contrast, in analog electronics the electrical
quantities are continuous in time. Therefore, it is not easy to
identify a suitable fault model, as discussed in [1][2]. The
absence of a fault model does not allow to quantitatively assess
the real effectiveness of a test procedure for analog
components and to quantitatively compare the effectiveness of
different test procedures. For this reason, the test procedures
for analog circuits or modules are often qualitatively evaluated
[3], only. Currently, the effectiveness of a test procedure for
an analog circuit or module is often assessed first resorting to

an empirical approach based on functional coverage, and then
on statistical evidence based on the defective items returned
from the field [3]. In particular, each returned defective item
is analyzed to identify the cause of the malfunction; thereafter,
the tests are then improved for detecting the new malfunction
cause. This method is strongly based on the engineers'
experience and requires a long time and a high cost to obtain
effective tests.

An electronic system may consist of one or more Printed
Circuit Boards (PCBs), which clearly require some test
strategies, matching the target reliability figures and the
quality of the manufacturing process. Different test strategies
have been developed over the years for the test of PCBs, e.g.,
based on in-circuit and functional test. Furthermore, some
testing strategies have been developed to test the power
devices on the PCBs after they have been mounted on the
PCB. However, there is no universally accepted metric for
evaluating the ability of the different test strategies to detect
faults possibly existing in the PCB at the end of the
manufacturing process. The PCOLA/SOQ [4] method is an
effort in this direction. However, the PCOLA/SOQ metric
mainly addresses defects in the PCB assembly (e.g., the
absence of a component, or its wrong assembly, or a defect in
the connections), while it is weaker in targeting defects
affecting the components themselves. In particular, only the
Live attribute is in charge of verifying that each component
works correctly, by generically checking that it is alive, i.e.,
that the component responds correctly to an electrical
stimulus.

As aresult, the effectiveness of a test method targeting power
devices on a PCB is normally evaluated in a qualitative way,
due to the lack of any well-established fault model.
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The issue of evaluating the effectiveness of a test procedure
for a power device has been faced in the past in the frame of
the test of analog modules, for which different solutions have
been proposed, such as the sensitivity approach or the Monte
Carlo analysis.

The sensitivity approach [5] is useful for calculating a possible
fault coverage and for assessing the diagnostic capabilities of
a test. However, the sensitivity approach requires the manual
identification of numerous mathematical relationships in the
circuit. This approach is simply not feasible in circuits
composed of numerous components.

Another possible technique is the Monte Carlo analysis [6].
This approach can be used to generate a large number of
possible faults by varying the nominal parameters of the
components. However, it requires at least one circuit
simulation for each possible variation. Hence, the CPU time
requirements of this method can quickly become unaffordable.
Different research teams have proposed some strategies for
performing some sort of systematic and automatic analog fault
simulation of a test procedure [2][8][9][10] considering a list
of possible faults affecting analog components; however,
these faults are manually identified. The faults are identified
resorting to different strategies which are often specific for
each different case study. Currently, identifying the list of the
faults that must be considered during the fault simulation is an
open problem. Other research teams have proposed some
methodologies for generating the fault list. In [2], the authors
propose a statistical approach to identify a significant subset
of faults. In [11], the faults to be considered are identified by
analyzing the behavioral description of the netlist provided in
Verilog-AMS. However, the methodologies proposed in [2]
and [11] are based on a high-level circuit abstraction or on a
manual estimation of the occurrence probability of each fault.
Partly due to the pressure coming from functional safety
standards, in the last years significant efforts have been
performed to introduce effective and widely accepted fault
models for analog components (see for example [7]). These
efforts also led to the introduction of some new commercial
tools (e.g., DefectSim by Mentor Graphics and TestMAX by
Synopsys), and analog fault models are now starting to be
systematically used. These tools support both parametric and
catastrophic fault models [1][5]. A parametric fault is a
variation of one parameter of the device characteristics out of
its nominal range. On the other side, catastrophic faults
correspond to either open-circuit defects in the electrical
network, or short-circuit defects between two normally
disconnected nodes of the network.

The aim of this paper is to extend the usage of the metrics
introduced by the new analog fault simulation tools to power
devices and to use them in the assessment of test procedures
to check their correct behavior once they are mounted on a
PCB. The basic idea is to rely on the equivalent electrical
model which is often provided together with a power device
in order to generate a list of possible faults, which can then be
fault simulated in order to compute a metric (Fault Coverage,
or FC) for each test solution. The possible fault list is
generated systematically and automatically resorting to
general rules independent of the specific device or system.

In particular, the contribution of this paper consists in:
= defining a possible method to systematically generate a list
of catastrophic faults for a power device, starting from its

equivalent electrical model; this list of faults can then be
used to quantitatively evaluate (via fault simulation) the
effectiveness of a test procedure for a given power device
at the end of the PCB production or during the system
operational life

= validating the proposed method on a realistic test case,
showing the advantages and limitations of well-assessed
test procedures (incoming inspection, in-circuit test and
functional test). Moreover, our work shows that neither in-
circuit test, nor functional test alone can fully test possible
faults inside the considered power devices on a PCB, while
a clever combination of them allows to significantly
increase the number of detected faults.

The proposed method allows to compute a FC figure for a
given test solution, and thus to compare its effectiveness,
evaluating the real contribution of each test step to the final FC
and possibly removing any ineffective or redundant test, or
adding new test steps to detect any previously untested fault.

This paper extends the work in [12] and [13]. In [12] we
proposed an approach aimed at evaluating the effectiveness of
a test procedure for a stand-alone power device before its
mounting on the PCB. In [13] we extended the approach
proposed in [12] to PCBs. In this paper, the proposed approach
is further generalized and evaluated on a real case study. In
particular, we formalize here a method for systematically
generating the list of faults to be considered when testing a
power device, knowing its equivalent electrical model. The
most widely adopted test solutions (i.e., incoming inspection,
in-circuit and functional test) are then evaluated resorting to
the considered metric and referring to a representative case
study. Interestingly, some faults within power devices can
hardly be detected, because they are tolerated by the system
and do not produce visible effects. However, they may create
unplanned stress conditions for the device itself which may
limit its life and reliability.

The rest of the paper is organized as follows. Section II
summarizes the main fault models used for analog and power
electronics and describes the main strategies used for testing
power devices on a PCB. Moreover, Section II shows the state
of the art about the different fault simulation methodologies
for analog circuits and components and about the fault list
generation. The approach we propose to generate the list of
faults to be considered and to evaluate a given test procedure
is described in Section III. Section IV introduces a case study,
while Section V describes the experimental results obtained on
it. Finally, Section VI draws some conclusions.

Il. BACKGROUND

This section first provides some information about the fault
models used for analog electronics. Subsequently, the main
solutions adopted in real practice to test power devices during
and at the end of the production of PCBs are outlined.

A. ANALOG FAULT MODELS

In analog electronics, any signal can be seen as a variation over
time of an electrical quantity. Therefore, by definition, all
electrical quantities, such as voltages or currents, are
continuous over time. With this behavior it is difficult to define
a fault model, as it happens for digital electronics. The binary
behavior of the digital circuits allows, for example, the
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definition of a very practical fault model called stuck-at [1]. In
the stuck-at fault model, a fault can be modelled assuming that
the logic value of an input or an output of a gate is always fixed
at the high logical value (stuck-at one) or at the low logical
value (stuck-at zero). Moreover, in the analog circuit the
electrical quantities depend on many external factors,
including the temperature, the tolerance of the component, the
ageing of the device and the presence of the electrical
disturbances (electrical noise). Many of these parameters are
random and some are due to phenomena which are external to
the circuit itself. Some of these undesirable phenomena may
have a negligible impact on the circuit if the same has been
correctly designed and its components correctly sized.
Therefore, it is difficult to define a practical fault model for
analog and power circuits. Among the different possible fault
models used for analog circuits, the most frequently used
models are the catastrophic faults models and the parametric
faults models [1][5], as suggested also by the emerging
standard IEEE P2427 [2][14]. Catastrophic faults correspond
to short or open circuits in the circuit electrical network. It is
possible to consider a catastrophic fault as a large variation of
a nominal parameter of the component. For example,
considering a resistor, a catastrophic fault corresponds to
turning it into a resistor of zero resistance (short circuit) or into
a resistor of infinite resistance (open circuit).

A parametric fault is a variation of one of the nominal
parameters of the component outside of its nominal range.
Usually, all the possible parameters of an electronic
component are associated with a validity range. For example,
considering a resistor belonging to the E12 standard series, the
resistance value has a nominal range of £10%. For a resistor
component, a parametric fault corresponds to varying the
value of the resistance more than 10%. Since the faulty value
assumed by the parameter may vary freely, in the case of
parametric faults their number is infinite. An example of a
single parametric fault analysis appears in [15], whose results
can be used either to validate the design and its fault tolerance,
or to support the Failure Mode and Effect Analysis (FMEA),
as discussed in [16].

This paper focuses only on single permanent faults belonging
to the category of catastrophic faults. As proposed in some
new commercial analog fault simulation tools, such as
DefectSim by Mentor Graphics and TestMAX by Synopsys,
the focus is placed on catastrophic faults, only. Although
parametric fault models are also used in some cases, their
adoption hardly allows to compute a uniquely defined fault
coverage metric, mainly because they are uncountable by
definition.

Moreover, a single permanent fault [1] is considered at a time,
as commonly done for digital circuits. In other words, only one
single fault is considered to be possibly present in the circuit
atatime. As discussed in [1], a single permanent fault at a time
is preferred rather than a combination of different faults
simultaneously, mainly to simplify the reliability analysis,
unless the specific scenario (e.g., in terms of adopted
technology and/or environment) mandates differently.
Recently, different methods are been proposed to estimate the
effectiveness of an analog test procedure [8][9][10][17][18].
All the proposed methodologies need first to identify a limited
number of interesting faults to be used during the fault
simulation. The test procedure quality is evaluated considering
the number of faults it detects. A possible approach for
generating the fault list is proposed in [17]: the authors define

the concept of severity of a fault and the fault list is composed
of the faults with the highest severity. These faults are
identified by simulating a number of high-level defects. Then,
the effectiveness (i.e., the achieved FC) of three different
functional tests is assessed considering the fault list identified.
In [18], the fault list is generated by Simple Random Sampling
(SRS). In [8], the fault list is chosen considering the
experience of the system designer. In particular, 34
catastrophic faults on the last analog stage of a serial
transmitter are considered. Subsequently, the FC of two self-
tests periodically performed on the serial interface is
evaluated. In [9] and in [10], the fault list is generated
considering the designer's experience, too; in both papers, the
FCs of some functional tests are assessed and compared. The
fault list generation methodologies proposed in
[8][9][10][17][18] may require a considerable effort and
experience to identify the faults. Moreover, they cannot be
easily generalized to different case studies.

Recently, different research teams have faced the issue of how
to cleverly select a representative subset of parametric faults
[19][20][21]. In this paper we focus on catastrophic faults,
only.

In recent years numerous works also proposed methodologies
to perform fault simulation of analog circuits. For example, in
[22] an analog fault simulator based on the one-step Newton-
Raphson iteration is proposed. An algorithm for determining
the effects of faults in analog circuits based on neural networks
is proposed in [23]. The approach proposed in [23] is useful
for analyzing the electrical circuit behavior even in the
multiple faults scenario. In [24], a further alternative based on
genetic algorithms is proposed. The proposed approach
focuses on catastrophic faults, only; in particular, the method
generates the failure dictionary used in the simulation-before-
test (SBT) approaches to perform analog circuit diagnostic
[25][26]. Finally, a methodology for accelerating analog fault
simulation is proposed in [27], based on partitioning the
Circuit Under Test into numerous independent sub-circuits.
Faults are simulated in the sub-circuits and the effects
propagated in the connected sub-circuits.

B. THE TEST METHODS

The aim of this sub-section is to provide the reader with an
overview of the main strategies used for testing devices
immediately before or after they are mounted on a PCB, with
emphasis on the test of power devices: the incoming
inspection, in-circuit and functional test are considered
[28][29]. These different tests are normally combined during
the test of a given PCB, aiming at covering the highest
percentage of possible defects with minimum cost. Each of the
three different test strategies considered is performed by
applying some specific voltage or current to the circuit under
test. In the rest of the paper, we will use the term “stimulus”
referring to an electrical test signal applied to the circuit under
test inputs.

1) INCOMING INSPECTION TEST

The incoming inspection test is performed by the company
producing the PCB on the single devices before they are
assembled on it. This step can be avoided if the PCB company
has enough confidence and trusts in the quality of the devices.
The incoming inspection test of each device can be performed
having full controllability and observability on each
input/output signal of the device. According to [28], about
75% of the faults occur during the assembly of the PCBs, and
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about 20% is associated with devices malfunctions before
their assembly. Finally, 5% of the faults are associated with a
production defect of the PCB (bare board defects). Then, the
electronic devices may suffer some damages during the
assembly, due for example to mechanical movements or to the
welding process of the device. In other cases, components can
be assembled with a different orientation from the correct one
or a different device is welded. For this reason, it is not enough
to perform an incoming inspection test on the devices before
their assembly.

2) IN-CIRCUIT TEST

This test is performed during or at the end of the PCB
manufacturing [28][29][30]. The in-circuit test is used first of
all for testing the correct assembly of the components on the
PCB. A test machine, called Automatic Test Equipment
(ATE), is able to contact the pins of one or more components
on the PCB and to perform a test. The electrical contact
operation is performed with high mechanical precision by
means of electric probes called needles. Depending on
whether needles are statically or dynamically managed (and
on their number), in-circuit test is implemented resorting to a
bed of nails or a flying probes approach. In any case, the
electrical probes are used to apply the stimuli and to measure
the response of the components. In these tests, there is the
problem of electrical interference between the components on
the PCB. The voltages or currents applied to the device under
test can propagate to other components. This propagation may
not allow the complete test of the component, or can damage
other devices in the PCB. Some guard probes can be used to
prevent the propagation of the applied voltages and currents.
In general, the guard probes allow to place some points at the
same electric voltage to avoid the propagation of the currents,
or some points of the circuit are connected to the ground.
During the in-circuit test the board is normally not powered
and no other electrical stimuli are applied to the board in
addition to the stimuli imposed by the ATE. The in-circuit test
also allows to check the electrical connections between the
components. A limitation of the in-circuit test is related to the
impossibility of contacting all the pins of the components on
the board, for example, because the component is covered by
heat sinks or because they are physically inaccessible.

3) FUNCTIONAL TEST

The functional test verifies the circuit with respect to its design
specifications. A board is considered as a black box and it is
possible to interact with it only through its functional
interfaces, i.e., through the input and output ports of the PCB.
Some electrical functional stimuli are applied to the input ports
and the behavior of the PCB is verified by observing the
responses on its output ports. The applied input stimuli are
compliant with the technical specifications of the board. The
functional response obtained from the output circuit ports
must comply with its technical specifications. In other words,
the functional test verifies that the circuit works respect the
circuit design specifications. For example, a possible
functional test for an audio amplifier verifies that the band gain
respects the desired gain value. An electrical stimulus is
applied at the input to the PCB, the response provided by the
PCB must comply with the expected one; i.e., the amplifier
output signal must be amplified of a known expected gain.

lll. PROPOSED APPROACH
In this section we describe the method (summarized in Figure
1) we propose to deterministically and automatically generate

the list of faults for a given power device (corresponding to the
Device Under Test, or DUT), and then the method (based on
simulation) to determine their effects when the PCB the device
is mounted on is subject to a given test procedure. The whole
approach allows to identify those faults out of the considered
ones, which produce some visible effect, and thus can be
marked as detected. The fault simulation is performed on the
Circuit Under Test (CUT); the CUT can be the whole PCB or
a portion of it. The percentage of the detected faults out of the
total number of considered faults is the Fault Coverage, which
measures the quality of the test procedure.

Rules for
) generating
L the fault list

Fault list ~ &%
generator

Fault list

Fault simulator

|Circuit Under Test

Figure 1: Overall proposed flow

DUT equivalent
electrical model

Test
procedure

Detected faults

The first sub-section describes the proposed fault list
generation algorithm, while the second sub-section reports an
example showing its application to a sample device. Finally,
the last sub-section outlines the procedure for Fault Coverage
computation.

A. FAULT LIST GENERATION

In this sub-section, the algorithm used to generate the list of
faults in the equivalent electrical circuit for a power device is
discussed. The proposed approach uses the equivalent
electrical model of the Device Under Test (DUT). Typically,
the equivalent electrical model is provided by the
manufacturer of the device. In other cases, the model can be
built by the user knowing the characteristics of the device. In
general, the parameters of the equivalent electrical model of
the DUT are provided by the device manufacturer together
with its electrical model; in some case, the model parameters
are reported in the technical manual of the DUT.

The proposed algorithm aims at systematically generating a
fault list composed of a finite and numbered list of possible
catastrophic faults for the device. This list can be
automatically generated using some well defined rules. The
rules proposed are independent of the implementation details
of the DUT and of the physical meaning of the possible defects
that may affect the DUT, as discussed in [1].

The idea is to add some switches in the equivalent electrical

model of the DUT and use them to model possible faults.

Three different types of switches can be inserted:

e switches to be introduced in series to the model
components

e those to be introduced in parallel to the model
components

e "topological" switches, which model possible shorts
between the model lines.



Each switch corresponds to a catastrophic fault in the
equivalent electrical model. The serial switches are added in
series to each component present in the equivalent electric
model, while the parallel switches are placed in parallel with
each component of the equivalent electrical model. Finally,
the "topological" switches introduce some short circuits
between nodes of the model that are normally not connected.

The algorithm consists of the following steps (from A to D):

e Step A In the equivalent electrical model, the ideal and
parasitic components must first be identified.

o  Step B The serial electrical switches are inserted in series
to each component of the circuit. However, two switches
placed in series in the same electrical branch can be
replaced by a single equivalent switch. Furthermore, the
switches that disconnect only the parasitic components
are not considered (by removing a parasitic component
the characteristics of the device under test are improved).
Opening the switch means activating the fault.

o Step C The parallel electrical switches are inserted in
parallel to each component of the circuit. However, two
switches placed in parallel to the same component are
replaced by a single equivalent switch. Furthermore, the
switches that short-circuit only the parasitic components
are not considered, in order not to improve the features of
the device. Closing the switch means activating the fault.

e Step D In order to model the topological faults, a graph
representing the circuit connections is considered. In the
graph, the vertices are the nodes of the electrical network,
while the components are the edges. The graph is
obtained by collapsing the adjacent electrical nodes and
by collapsing the edges that connect the same nodes; this
graph is called the incidence graph. A “topological” fault
is considered (corresponding to a switch) for each missing
edge in the graph. Furthermore, as for the parallel
switches, the switches that short-circuit only the parasitic
components are not considered. Closing the switch means
activating the fault.

B. EXAMPLE OF FAULT LIST GENERATION

To better explain the proposed algorithm, in this sub-section
we generate the list of catastrophic faults for a simple
capacitor. The equivalent electrical model of the capacitor [31]
is shown in Figure 2, where some parasitic components are
added to the equivalent electrical model.

Conductive plates Rda Cda
ks —an——

Td
Dielectric

A B A 1 ESL ESR B

o—d——o ° I PO IS0

C C
Ideal capacitor Real capacitor

(equivalent electrical model)

Figure 2: Equivalent electrical model of the capacitor

In the equivalent electrical model of the capacitor, the C
component identifies the nominal capacity of the ideal
component. The resistor RL models the electrical permeability
of the dielectric present in the capacitor. The non-ideal
dielectric causes a small migration of electric charges between
the two capacitor plates. The ESL equivalent series inductance
represents the distributed inductances present in a real

capacitor. The ESR equivalent series resistance is due to the
resistance of access to the capacitor plates. Finally, the Rda
and Cda components are related to the absorption of the
dielectric, i.e., the ability of a dielectric to retain some
electrical charges inside it. To summarize, the C component is
ideal, while the components Rda, Cda, RL, ESL and ESR
correspond to the parasitic components.
The serial switches are added as shown in Figure 3 (a).
Considering the serial equivalence, the switches placed in
series to the ESL and ESR components are replaced with a
single switch. Furthermore, the switches that disconnect only
the parasitic components are not considered; this is the case of
the switches placed in series to the Rda, Cda and RL parasitic
components. The switches considered are shown in green,
those excluded in red and the equivalent switches in blue.
Figure 3 (b) shows the parallel equivalent switches and the
excluded switches.
Figure 4 (a) shows the collapsed electrical nodes (A and N1)
and the collapsed parallel components (RL and C) in the
equivalent electrical model of the capacitor; furthermore,
Figure 4 (b) shows the obtained incidence graph.
Finally, Figure 5 shows all the switches considered for the
capacitor (Fp stands for parallel faults, Fs for serial faults and
Ft for topological faults). Overall, five faults are considered
for the capacitor, each corresponding to a switch in the
equivalent electrical model.

Cda

A
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RL switches
'—’V\/\/_‘XD—'
A ESL m B
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AN I
RL
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Fol switches
A l—‘/ D—l ESL ESR B

R

Figure 3: The serial switches (a) and the parallel switches (b) in
the equivalent electrical model of the capacitor
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Rda Cda
A ESL ESR B
RL&C N1 N3

(b)
Figure 4: (a) The nodes and the components collapsed in the
capacitor's equivalent electrical model. (b) The incidence graph of
the capacitor's equivalent electrical model
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Figure 5: The equivalent electrical model of the capacitor with the
switches modelling possible faults

C. FAULT COVERAGE COMPUTATION

Once the list of faults to be considered for a given power
device has been generated, and a given test procedure is
available, we can identify those faults in the list which produce
some visible differences in the system behavior, i.e., are
detected by a given test procedure (thus computing a Fault
Coverage (FC) figure) resorting to circuit simulation. Figure 6
shows the fault simulation flow considered [9]. The fault
simulation process depends on the tester constraints, i.e., on
the point of application of the stimuli and on the point where
we observe the effects of the stimulus. In some case, the
stimuli are applied and observed directly on the test points
connected to the DUT pins. Instead, the stimuli are applied to
the input port of the circuit. For the purpose of the simulation
of each fault, the circuit is replicated in two different circuits;
the first one is used as reference, while the second one, called
Circuit Under Test (CUT), is the one where the fault is
injected. The same electrical stimuli are applied to both
circuits and the circuit output signals are compared. The output
of the reference circuit is called golden behaviour, while the
CUT behaviour is the output produced by the CUT. A
comparator module generates an error signal [10] according
to equation (1). The error signal is used to evaluate the Fault
Coverage. The error signal is evaluated continuously at each
time instant, thus obtaining a continuous curve over time. If at
any time the error curve exceeds a limit threshold the fault is
labelled as detected. The final FC is calculated as the number
of faults labelled as detected divided by the total number of
faults generated out of the equivalent electrical model of the
DUT.

| golden behaviour(t) — CUT behaviour(t) |

error%(t) = 1
o0 reference output(t) @
Tester
Fault .
constraints
I O
. DS
Circuit Fault simulator
Under Test CUT behaviour
simulation | Error
- Comparator signal Detected /
stimul | ) P not detected
Reference
circuit Golden behaviour
simulation

Figure 6. Analog fault simulation flow

IV. CASE STUDY

This section describes the case study we considered,
corresponding to a Power Supply Unit (PSU) including some
power diodes and IGBTs. For each of them, we generated the
list of catastrophic faults to be considered and performed the
simulations required to compute the Fault Coverage achieved
by the different test procedures, following the method
described in the previous Section.

A. POWER SUPPLY UNIT

The considered case study corresponds to an industrial Power
Supply Unit (PSU). A PSU is often used to power the
electrical motors in many applications, such as in industrial
compressors or in many appliances. The board considered was
designed and produced by the Power Electronics Innovation
Center (PEIC) of the Politecnico di Torino; the board was
developed in an industrial collaboration aimed at improving
the energy efficiency of electrical converters in power
applications. Similar PSUs can be used in safety-critical
applications, such as on board chargers for electric and hybrid
vehicles. The different stages of the PSU are shown in Figure
7.
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The PSU we considered is able to supply an output voltage of
400 V in continuous with a maximum ripple of £7 V, and a
maximum current of 12 A. The boost converter works with an
input voltage between 110 V and 250 V, with a frequency of
50 Hz or 60 Hz. The Electro Magnetic Compatibility (EMC)
Filter consists of a common mode choke and film capacitor
used to reduce the conduction electromagnetic emission
caused by the Power Factor Correction (PFC) switching. In the
PFC stage there are three legs of the interleaved PFC structure,
as reported in Figure 7. Each leg is a simple boost cell
composed of an inductor, a diode, and an IGBT. During the
design of the PSU, the STTH12S06 and STGF19NC60
devices were chosen respectively for the diode and IGBT. The
output capacitor is in common with the DC-Link. The
measures are performed with the 4-points shunt resistors
placed in series to the IGBT (Rs1, Rs2, Rs3). The FAN9673
controller measures the current on the IGBT in differential
mode through the shunt resistance. Moreover, it measures the
input voltage on the CIN capacitor and in feedback the output
voltage with the RF1 and RF2 voltage divider. The FAN9673
produces an output three signals (DRIVEI, DRIVE2,
DRIVED3) that are applied to the IGBTs (T1, T2, T3). The aim
of the control system is to obtain a sinusoidal shape of the
current absorbed from the grid and with a power factor almost
unitary. The output of the PFC is then connected to a classic
three-phase inverter for the motor control. The FAN9673
analog controller [32] produced by ON Semiconductor® is a
three-leg PFC controller. The controller drives the boost
inverters of each PFC leg independently with its own IGBT
control signal. Each boost converter operates in Continuous
Conduction Mode (CCM); the control signal is a square wave
with a frequency between 55 and 75 kHz. Considering the
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STAGE

Figure 7: PSU stages
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PSU in steady-state and with a rectified sinusoidal signal at 50
Hz 230 V in its input, the command signal produced by the
controller to the IGBT is about 60 kHz. The FAN9673
controller is compatible with the IEC1000—3—2 standard
related to electromagnetic compatibility; moreover, it
incorporates the TriFault Detect system [32] in compliance
with the UL 1950 safety standard. The TriFault Detect system
implements many protection systems, including the peak
current limitation, input voltage brownout protection, the
output short-circuit and the over-voltage protection. However,
the protections implemented by the FAN9673 device are
intended for protecting the PFC components, such as IGBTs
and diodes, from faults external to the PFC stage [32]. For
example, the protections are useful for saving the PFC circuit
from a short circuit at the outputs of the PFC; other protections
are useful in presence of a significant inductor current increase
due to a grid voltage increase. Finally, a protection system is
implemented to save the PFC from meaningful variations of
the grid voltage at the PFC input. However, possible faults
affecting the PFC power devices cannot trigger in any way
these protection mechanisms. The analyzed circuit shown in
Figure 8 is realized on a PCB together with the whole system,
as shown in Figure 9. Overall, in addition to the analyzed PSU
the system also includes a power stage and a three-phase
electrical motor control system. The portion of the circuit
analyzed in this paper is well defined already from the first
phase of the system's design. Figure 9 shows the portion of the
board occupied by the PSU; the power connector (AC input)
and the output connector (Vout) are also shown. Furthermore,
the main components of the system are indicated, such as the
diode bridge, the EMC filter, the PSU controller (FAN9673),
the tree-phase inverter for the electrical motor. The IGBTs and
diodes of the PFC are assembled on the other side of the board,
as shown in Figure 9. The PSU circuit can be isolated from the
rest of the system. For the purpose of this work, we only
considered the PFC circuit shown in Figure 8. In blue we
highlighted the connector including the input/output signals
used by the functional stimuli.

Vout
Connector

Diodes, |GBTs and
inductors of the PFC
(assembled on the back side)

AC input l
Connector

' ® -

s __j EMC filter
Figure 9: The PCB of the whole system

B. THE STTH12S06 POWER DIODE

The STTHI12S06 [33] power diode produced by
STMicroelectronics is a diode belonging to the ultrafast high
voltage Turbo 2 diode family. It has a forward voltage (Vf) of
1.5V and it supports a maximum current of 12A and a
maximum inverse voltage of 600V. Its fast switch time,
around 14ns, makes it suitable for power switching
applications. The power diode device is assembled in the TO-
220FPAC package to allow the assembly of an additional
heatsink. A possible equivalent electrical model of a diode is
discussed in [34][35][36]. In [36] the model is based on an
ideal diode that includes some parasitic components. Figure
10 shows the equivalent electrical model of the diode used in
this paper. The parasitic components describe the presence of
unwanted electrical phenomena.
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Figure 8: The PFC structure
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Figure 10: The adopted diode equivalent electrical model

The unwanted electrical phenomena are physically present in
the component and influence its behavior. The parasitic
components influence the diode in terms of performance or
efficiency of the device. The parasitic components considered
in the diode are the access resistances to the PN junction (Ra
and Rk) and the junction and diffusion capacities (Cg and Cd).
The values of the parameters of the equivalent electrical model
are shown in Table 1.

Equivalent electrical model parameters Value
Ra 7.21 mQ
Rk 7.21 mQ
Cg 0.13 pF
Cd 95 pF
\%i 1.5V

Table 1: Parameter values of the equivalent electrical model of

the diode

C. THE STGF19NC60 POWER IGBT

The Insulated Gate Bipolar Transistor (IGBT) combines the
input characteristics of the Metal-Oxide-Semiconductor Field
Effect Transistor (MOSFET) with the output characteristics of
the Bipolar Junction Transistors (BJT) in a new monolithic
integrated device. The DUT considered is the IGBT
STGF19NC60 [37] produced by STMicroelectronics; it
belongs to the Power MESH family [38], including power
devices specifically designed for electric motors application.
In particular, this IGBT is a very fast device, with a switching
time of 200ns, and an ultrafast anti-parallel diode. The chosen
IGBT is assembled in the TO-220FP package, and it is able to
handle a maximum voltage of 600V and a maximum current
of 19A.

An equivalent electrical model is shown in Figure 11. The
model is built using the basic model proposed in [39] with the
parasitic components proposed in the model suggested in [40].
The equivalent electrical model shown in Figure 11 considers
the parasitic access resistances to the collector (Rc) and to the
emitter (Re). The parasitic resistance of the body (R_body) of
the device is also considered; ideally the body resistance
assumes a null value. Moreover, the parasitic capacitances
related to the oxide layer on the gate (Cgd, Cge, Cgc) are
considered. The Cgc and Cce parasitic capacities related to the
IGBT parasitic input and output capacities are also considered;
the Cds capacitance is present in the vertical PN junction, as
discussed in [41]. The drift parasitic resistance (R _drift) [42]
is also considered. The drift resistance is associated with the
injection of holes in the IGBT drift region.
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Figure 11: The adopted IGBT equivalent electrical model

These holes reduce the mobility of the carrier, with the effect
of increasing the resistance of the drift region. Finally, the
parasitic NPN transistor (T2) is considered [40]. The transistor
T2 can block the IGBT device if the voltage drop on the
R body is sufficient to trigger the T2 transistor in saturation.
The equivalent electrical model used is widely discussed in
[12]. The values of the parameters of the equivalent electrical
model are shown in Table 2.

Equivalent electrical model parameters Value
Vge(th) 4V
Rg 10 MQ
Cgd 5pF
Cge 1.15 nF
Cds 20 pF
R_drift 1.3Q
Cge 36 pF
R _body 9Q
Vce(inv) 25V
Vces 600 V
Ices 15A
Cce 94 pF
Re 5.6 mQ
Re 5.4 mQ

Table 2: Parameter values of the equivalent electrical model of
the IGBT



D. INCOMING INSPECTION TEST PROCEDURES

This sub-section describes the incoming inspection test
procedures for the two power devices considered. The two test
procedures consist of some sub-tests we called test steps.
Each test step is able to check a DUT feature. The purpose
of the incoming inspection test, as discussed in section II.B,
is to verify the correct operation of the device before it is
assembled on the board. In both cases, we selected test
procedures which can be considered as state-of-the-art
solutions in current practice.

1) INCOMING INSPECTION TEST PROCEDURE FOR
THE DIODE

The incoming inspection test procedure proposed in [43] is
able to test a power diode device. The test procedure is
performed in two steps, shown in Table 3. The first one tests
the PN junction polarized directly, while the second step tests
the PN diode junction polarized inversely.

Test steps Diode Test description
A PN junction test polarized directly
B PN junction test polarized inversely

Table 3: Diode test procedure

2) INCOMING INSPECTION TEST PROCEDURE FOR
THE IGBT

A possible incoming inspection test procedure for an IGBT
device is proposed in [44]. This test is composed of 8 steps
(from A to H). The aim of each test step is reported in Table
4. Each test step is discussed in detail in [12].

Test step Test step description

A PN junction test polarized inversely
PN junction test polarized directly
Gate-emitter impedance test
Gate-collector impedance test
Vce(sat) test
Vftest on free wheel diode
Ices test (blocking devices)
Vge(th) test
Table 4: IGBT test procedure

T|Qm|m|g|0|w

E. IN-CIRCUIT TEST PROCEDURE

The in-circuit test is performed by replicating as much as
possible the incoming inspection test procedure on the
assembled PCB. An ATE is used to perform the test. Some test
steps cannot be performed due to the limited number of probes
available in the ATE or due to the specific characteristics of
the circuit. Moreover, some test steps are not effective due to
the circuit itself, e.g., because the three legs of the PSU placed
in parallel mask the effects of numerous faults. Therefore,
some untestable faults may exist with the in-circuit approach.

The in-circuit test procedures implementations for the DI

diode and the T1 IGBT are now discussed. For the D1 diode,
the 2 test steps can be implemented by an ATE using 7 distinct
contacts on the PCB. Instead, the steps C and D of the IGBT
test procedure are not feasible, because they require to modify
the PSU circuit by disconnecting the IGBT terminals. Hence,
these two test steps are not considered in the in-circuit test.

F. FUNCTIONAL TEST PROCEDURE

The functional test is performed by applying some functional
stimuli to the circuit inputs and observing the circuit outputs.
In particular, the functional stimuli are applied to the input
connector of the PFC, as shown in Figure 8. The functional

stimuli are chosen according to the circuit design features. For
the case study, 4 stimuli (S1, S2, S3, S4) were used
considering the power supply voltages and frequencies
accepted by the PSU under test. The 4 stimuli used are AC
sinusoidal components with amplitude of 230V or 100V RMS
and with frequency of 50Hz or 60Hz, as shown in Table 5.
Other stimuli which do not comply with the PFC technical
specifications would be harmful to the devices assembled on
the PCB.

Stimuli AC sinusoidal stimuli
Amplitude Frequency
S1 230 VRMS 50 Hz
S2 110 VRMS 50 Hz
S3 230 VRMS 60 Hz
S4 110 VRMS 60 Hz

Table 5: Functional stimuli

The functional test is performed in three different modes: 1)
comparing the output of the circuit in steady state in accord to
the definition of the functional test approach described in
Section II.LB. This mode is called base functional. 2)
considering also the initial transient of the circuit during the
test. This mode, called timely enhanced functional, is possible
only if the test equipment used to perform the test supports it.
3) by performing further measurements in some points of the
circuit during the test. This last mode, called observability
enhanced functional, can be performed when the test
equipment can probe some internal points of the PCB during
the execution of the functional test.

V. EXPERIMENTAL RESULTS

We applied the approach proposed in section III to evaluate
the effectiveness of the different test approaches on the
selected case study described in Section IV and analyzed the
results. With reference to the PFC inverter of Figure 8, the
power diodes D1, D2 and D3 and the IGBTs T1, T2 and T3
are considered.

This section is organized in different sub-sections. Initially,
the simulation environment is discussed in the first sub-
section. Afterwards, the list of catastrophic faults is generated
with the approach proposed in Section III.A and results are
presented in the second sub-section. The incoming inspection
test procedure for the diode devices proposed by the Fluke
company [43] and the test procedure for the power IGBT
devices proposed by the Galco company [44] (see sub-section
IV.D) are simulated and results reported in the sub-section
V.C. Furthermore, in the sub-sections V.D and V.E the results
of the simulation of the in-circuit test described in sub-section
IV.E and the functional test described in sub-section IV.F are
reported for the diode and the IGBT devices. Finally, the last
sub-section compares the different simulation results.

A. SIMULATION ENVIRONMENT

The Matlab-Simulink software environment was used to
perform all the simulations. In particular, the PLECS [45] tool
by Plexim was used. PLECS is a circuit simulation tool
integrated in the Simulink environment. It is specifically
designed to simulate the electrical and electronic power
systems. The numerical solver used in Simulink is the ODE45
[46]. Which is able to operate using an adaptive variable
integration step during the simulation. Each simulation of the
whole system (fault-free or faulty) required about 4 hours of
CPU time. The system is simulated for a period of 0.5 seconds.
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This time is sufficient for completing the initial transient and
to observe a sufficient number of cycles in the steady state.
The experiments were performed on a PC equipped with an 8
cores AMD FX-8370 processor operating at 4GHz and 32 GB
of RAM memory.

B. FAULT LIST

This sub-section reports the catastrophic faults considered for
the diode and the IGBT.

1) DIODE FAULTS

Figure 12 shows the equivalent electrical model of the diode
with the 4 catastrophic faults identified using the method
described previously.
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Figure 12: Equivalent electrical model of the diode with the
considered faults

2) IGBT FAULTS

In the equivalent electrical model of the IGBT device, 31
catastrophic faults are identified using the proposed approach
(Figure 13).
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Figure 13: Equivalent electrical model of the IGBT with the
switches corresponding to the catastrophic faults

C. INCOMING INSPECTION TEST EFFECTIVENESS
ASSESSMENT

Table 6 and Table 7 show the number of catastrophic faults
detected by the incoming inspection test procedures for the
diode and in the IGBT devices for each test step. A threshold
value of £50% is chosen around the fault-free value: if a larger
discrepancy is detected, the fault is considered as detected. In
general, the value of this threshold must be carefully chosen
and depends on the specific case. The last column (TOT)
shows the number of faults detected by the test procedure. For
both DUTs, all the possible catastrophic faults are detected
with the incoming inspection test. The incoming test results
should be considered as a reference test procedure, only,
because the incoming test is performed in an ideal test
condition, where the DUT is isolated from the other devices,
its input and output signals are fully accessible, and the test is
not affected by other devices present in the rest of the circuit.
Finally, from Tables 6 and 7 it is possible to see the
contribution given by each test step on the total number of
faults detected. In the IGBT case, some faults are detected
different times by different test steps. However, there are some
faults that have only been detected by a single test step.
Therefore, removing any test step leads to a reduction of the
test completeness. This observation not only confirms the
effectiveness of the considered incoming inspection
procedure, but also shows the effectiveness of our approach.

Test Step
A B
Incoming 3 1 4
inspection*®
Table 6: Incoming inspection test results for the diode (*used as
reference results)

TOT

Test Step
A B C D E F G H
Incoming 15 9 9 10 | 6 11|14 |7 31
inspection*
Table 7: Incoming inspection test results for the IGBT (*used as
reference results)

TOT

D. IN-CIRCUIT TEST EFFECTIVENESS ASSESSMENT
Table 8 shows the number of faults detected by each step of
the in-circuit test procedure for the diode. The step A does not
cover any fault due to the presence of the PFC circuit: during
the in-circuit test, the ATE forces a constant current in the
diode to perform the test. As it can be seen from the electrical
circuit of the PFC, the diodes D1, D2 and D3 are connected in
parallel during the in-circuit test, and this greatly limits the
effectiveness of in-circuit test. Overall, only one fault is
detected with the in-circuit test.

Table 9 shows the number of faults detected by each test step
for the IGBT device. Overall, the FC obtained with the in-
circuit test is 80.64%, with 25 faults detected out of 31. The
steps B and F of the test procedure are not effective due to the
diodes DW1, DW2, DW3 and DW4 of the rectifier bridge.
The current injected by the ATE flows to ground through these
diodes. Moreover, the test steps C and D cannot be performed
on the considered PCB, because they would require to modify
the circuit by disconnecting an IGBT terminal. The test steps
that do not introduce a contribution in the number of detected
faults may clearly be skipped, such as step A for the diode and
steps B and F for the IGBT.
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Test Step
A B TOT
In-circuit test 0 1 1
Table 8: In-circuit test results for the diode
Test Step
A B C D E F G | H ToT
In-circuit test 1] 0 8 0 5 8 25

Table 9: In-circuit test results for the IGBT

E. FUNCTIONAL TEST EFFECTIVENESS ASSESSMENT
This section shows the simulation results for the diode and the
IGBT considering the functional test methodology

1) FUNCTIONAL TEST RESULTS FOR THE DIODE

Table 10 shows the number of faults in the diode detected by
each different stimulus applied to the PSU and each different
test approach.

With the base functional approach, the S2 and S4 stimuli are
able to detect all faults, while S1 and S3 are less effective. This
is due to the PSU architecture. The PSU is composed of three
parallel boost cells, and a fault in a cell may inhibit its
operation. The boost cell with a non-functioning diode can be
partially or totally inhibited. The PSU control system
compensates the effect of a fault using the other two boost cells
and increasing the frequency of the command signal that
drives the boost cells. However, the control system cannot
compensate the effect of a fault in presence of the S2 or S4
stimuli. In this case the output voltage produced by the PSU is
lower than the expected one, and the fault can be detected.
Based on these observations, we could state that in some
operating conditions some faults can be tolerated by the
system, which continues to provide the expected functionality
despite their presence. Clearly, the effects of these faults on
the duration and reliability of the system should also be
considered. This phenomenon does not occur with the S1 and
S3 stimuli which use a higher input voltage.

The timely enhanced functional approach is able to detect the
faults by observing the duration of the initial transient. In the
faulty case, the duration of the initial transient may be greater
than expected, so faults can be detected with any stimulus.

In the observability enhanced functional approach, the voltage
drop of the diode is measured during the test. For this purpose
we assume that the diode pins are physically accessible by the
tester probes (in some cases, this may not be true due to the
heatsink). This last approach makes it possible to increase the
observability in the steady state, thus detecting a larger number
of faults. Table 10 shows that for the diode device in the
considered case study only by complementing the basic
functional test strategy with additional capabilities we can
detect all possible faults and all possible stimuli.

Stimuli
St [ s2 [ s3 [ sa | oT
Base functional 1 4 2 4 4
Timely enhanced functional 4 4 4 4 4
Observability enhanced 4 4 4 4 4
functional

Table 10: Functional test results for the diode

2) FUNCTIONAL TEST RESULTS FOR THE IGBT

Table 11 shows, for the three functional approaches, the
number of faults in the IGBT detected by each different stimuli
applied to the PSU. As for the diode, the S1 and S3 stimuli do
not allow to detect all the catastrophic faults in the IGBTs.
Comparing the three different approaches, the base functional

approach reaches a FC of 48% (15 out of 31 faults are
detected), while the FC with the timely enhanced functional
approach is 64% (20 out of 31 faults). The observability
enhanced functional approach achieves a 77% FC (24 out of
31 faults). In the last approach the frequency and the duty
cycle of the IGBT gate command signal are also observed. The
command signal is a good discriminant to possibly detect a
fault. In the cases where the IGBT is unable to switch to the
ON state, the controller always keeps high the command
signal value on the gate terminal of the IGBT. Normally, a
square wave of about 60 kHz is present on the IGBT gate
terminal. In the presence of a fault that does not switch the
transistor to the ON state, a fixed constant voltage is present
on the gate terminal. Therefore, an error of 100% is found if
the frequency of the square wave of the command signal is
considered. Table 11 shows that, for the IGBT device in the
case study considered, the Observability enhanced functional
strategy is the most effective. However, different numbers of
faults are detected when considering different stimuli . As we
already observed for the diodes, also for IGBTs we can state
that
e some faults only change the system output with some
specific stimuli, while in some cases some faults are
compensated by the system features
e some faults are always compensated by the system,

thus becoming untestable. Since these faults may

induce additional stress, their effects on the long-

term reliability of the system should be investigated

if the system is used in a safety-critical application.

Stimuli
ST [ s2 | s3 [ s4 | OT
Base functional 0 11 0 12 15
Timely enhanced functional 15 12 13 13 20
Observability enhanced 19 19 15 19 24
functional

Table 11: Functional test results for the IGBT

Finally, for sake of completeness, the simulation results
obtained in presence of a sample fault are reported. In
particular, the fault F21 of the IGBT device is considered. The
stimulus S1, corresponding to a grid voltage of 230 V RMS at
50 Hz, is applied to the PCB input port.
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Figure 14: The F21 fault effects, compared to the fault-free
behavior.
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Figure 14 shows the trend of the PSU output voltage in two
cases, i.e., the fault-free scenario and in presence of the
considered fault. With the base functional approach it is not
possible to observe the fault; in fact, in steady-state the
behavior of the circuit affected by the fault is similar to the
expected one. Instead, with the timely enhanced functional
approach it is possible to detect the fault observing the
transient behavior it produces, which is considerably different
from the expected one, as shown in Figure 14. Moreover, the
F21 fault can be observed with the observability enhanced
functional approach by measuring the signal present on the
IGBT gate. The analogue controller FAN9673 modifies the
duty cycle value of the square wave applied to the IGBTs. In
the fault-free scenario, the duty cycle is approximately 40%,
while in the presence of the fault the duty cycle is
approximately 58%.

F. RESULT ANALYSIS

In this sub-section the results obtained with the different test
methods are compared. The reported results refer only to the
tests performed at the end-of-line (i.e., at the end of the PCB
manufacturing process); thus, the incoming inspection test is
excluded and is considered as a reference method, only.
Overall, all the catastrophic faults considered for the power
diode are detected. The diode is almost always tested
satisfactorily by all the different functional approaches
considered. Therefore, in this case a base functional approach
is sufficient to test the diode, as shown in Table 10. On the
other side, the in-circuit test is not particularly effective, as it
detects only one of the faults considered, as shown in Table 8.
Different considerations can be drawn concerning the IGBT
test. Figure 15 summarizes the previously shown results.
Overall, 28 faults out of 31 are detected in the IGBT device.
Figure 15 shows the number of faults detected by each test
method considered. Furthermore, Figure 15 shows the number
of faults detected exclusively by a single test method; for
example, the in-circuit test detects 4 faults that are not detected
by any other test method. From Figure 15 it is possible to note
that the base functional approach detects just 15 faults out of
31: this is due to the low observability of this approach.
Instead, the in-circuit test and the observability enhanced
functional detect 24 and 25 out of 31 faults, respectively. In
the IGBT devices, three faults are never detected. These faults
(F13, F16 and F17) are associated with the antiparallel diode
present in the IGBT. In this PSU this antiparallel diode is
unknot used, causing the 3 faults to become untestable.
However, they will never be able to produce any failure in the
considered PCB.

Results similar to those reported in Figure 15 can be easily and
automatically computed using our method for any system and
for different test methods. They can be very useful for the test
engineer to preliminarily estimate the effectiveness of every
test method and select the best mix, able to achieve the right
trade-off between the achieved FC and the affordable test cost.
In general, it can be seen that the test of a more complex
component, e.g., the IGBT, requires a greater number of
different test methods to achieve an adequate FC.

Moreover, from the experimental results it is possible to see
that the three boost cells introduce a significant redundancy
in the PSU. In some situations, the PSU control system is
able to compensate the effect of a fault, as discussed in sub-
section V.E. In general, more boost cells are added to the
PSU to increase the power delivered by the PSU to the

electrical load. In safety-critical systems, it may be useful to
add more parallel boost cells in the PSU not only to increase
the output power of the system, but also to create a redundant
system which is more tolerant to faults. Clearly, this will
introduce faults which may be untestable, and whose long-
term effects on the system reliability should also be
considered.

Base functional
(15 faults)

In-circuit / -
./ Observability
(25 faults) enhanced
functional
Not Detected: 3 faults (24 faults)

Figure 15: Comparison of the different test approaches for the
IGBT

VI. CONCLUSIONS

Given the increasing usage of power electronic systems in
safety-critical applications, it is crucial not only to devise
effective test procedures at the end of the production process
and in the field, but also to quantitatively assess their
effectiveness, as mandated by the different standards and
regulations.

This paper investigates the applicability of the fault models
recently introduced for analog circuits when assessing the
effectiveness of the test procedures for power devices at the
PCB level. A systematic method able to generate the list of
possible catastrophic faults starting from the equivalent
electrical model of the device under test is proposed. A
simulation-based approach can then be adopted to evaluate the
percentage of faults in this list that can be detected (Fault
Coverage), given different test procedures and different input
stimuli. To practically evaluate the effectiveness of the
considered approach, the Fault Coverage achieved by different
test procedures on 2 power devices used in an industrial power
supply unit is evaluated. Different test strategies are
considered and compared (incoming inspection, in-circuit and
functional).

To the best of our knowledge, this is the first paper describing
amethod to automate the assessment of the quality of different
test procedures for testing power devices on a PCB. In
particular, resorting to the case of study we selected, we show
that using the proposed approach it is possible to automatically
identify all faults detected by a given test solution, and thus to
select the right mix of test steps, which can provide a
satisfactory trade-off between the FC, the test duration and
cost. Furthermore, it is possible to identify any redundant tests
that do not introduce any contribution to the final FC. The
method also allows to quickly identify those faults that cannot
be detected, in some cases due to the fault tolerance features
existing in a given design. The results provided by our method
may also allow the designer to introduce changes in the PCB
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design (e.g., to introduce further test points) to increase the
number of testable faults.

In this work only 2 power devices have been considered,
representing the key elements of the PSU considered.
However, it is possible to extend the proposed approach to any
electrical component whose equivalent electrical model is
available, e.g., capacitors. Furthermore, the paper considers
the permanent single fault scenario; however, there is no
theoretical obstacle in considering multiple faults at a time
using the same approach we proposed.

Finally, our approach paves the way to automate the test
generation and test quality assessment process, reducing the
amount of required manual effort and expertise.

REFERENCES

[1] M. L. Bushnell, V. D. Agrawal, “Essentials of Electronic Testing for
Digital, Memory and Mixed-Signal VLSI Circuits”, Springer book,
2002, ISBN 978-0-7923-7991-1

[2] S. Sunter, "Efficient Analog Defect Simulation," 2019 I[EEE
International Test Conference (ITC), Washington, DC, USA, pp. 1-
10,November 2019

[3] S. Sunter, K. Jurga and A. Laidler, "Using Mixed-Signal Defect
Simulation to Close the Loop Between Design and Test," in /EEE
Transactions on Circuits and Systems I: Regular Papers, vol. 63, no.
12, pp. 2313-2322, December 2016

[4] Kenneth P. Parker, “A New Process for Measuring and Displaying
Board Test Coverage,” Apex 2003, Anaheim, California USA.

Document available on
https://www .keysight.com/upload/cmc_upload/All/Apex_KParker 01
0903.pdf

[5] M. Slamani and B. Kaminska, "Analog circuit fault diagnosis based on
sensitivity computation and functional testing," in IEEE Design & Test
of Computers, vol. 9, no. 1, pp. 30-39, March 1992.

[6] H. Stratigopoulos and S. Sunter, "Fast Monte Carlo-Based Estimation
of Analog Parametric Test Metrics," in IEEE Transactions on
Computer-Aided Design of Integrated Circuits and Systems, vol. 33,
no. 12, pp. 1977-1990, Dec. 2014.

[7]1 K. Jurga, S. Sunter, “Measuring mixed-signal test stimulus quality”,
2018 IEEE 23rd European Test Symposium (ETS)

[8] D. Bhatta, I. Mukhopadhyay, S. Natarajan, P. Goteti and Bin Xue,
"Framework for analog test coverage," International Symposium on
Quality Electronic Design (ISOED), Santa Clara, CA, pp. 468-475,
March 2013

[9] E.Yilmaz, A. Meixner and S. Ozev, "An industrial case study of analog
fault modeling," 29th VLSI Test Symposium, Dana Point, CA, pp. 178-
183, May 2011

[10]B. Sahu and A. Chatterjee, "Automatic test generation for analog
circuits using compact test transfer function models," Proceedings 10th
Asian Test Symposium, Kyoto, Japan, pp. 405-410, November 2001

[11]E. Fraccaroli and F. Fummi, "Analog fault testing through abstraction,"
Design, Automation & Test in Europe Conference & Exhibition
(DATE), 2017, Lausanne, pp.270-273, March 2017

[12]D. Piumatti and M. Sonza Reorda, "Assessing Test Procedure
Effectiveness for Power Devices," 2018 Conference on Design of
Circuits and Integrated Systems (DCIS), pp. 1-6, 2018.

[13]D. Piumatti et al., "Assessing the Effectiveness of the of Power Devices
at the Board Level," 2019 Conference on Design of Circuits and
Integrated Systems (DCIS), 2019

[14]1P2427 Working Group web-site: http:/sites.ieee.org/sagroups-2427/

[15]M. G. Taul, X. Wang, P. Davari and F. Blaabjerg, "An Overview of
Assessment Methods for Synchronization Stability of Grid-Connected
Converters Under Severe Symmetrical Grid Faults," in IEEE
Transactions on Power Electronics, vol. 34, no. 10, pp. 9655-9670, Oct.
2019.

[16]M. Milanovi¢, M. Rodi¢ and M. Trunti¢, "Functional safety in power
electronics converters," 2017 19th International Conference on
Electrical Drives and Power Electronics (EDPE), Dubrovnik, pp. 1-14,
October 2017

[17]V. Gutiérrez Gil, A. J. Gines Arteaga and G. Léger, "Assessing AMS-
RF Test Quality by Defect Simulation," in /EEE Transactions on
Device and Materials Reliability, vol. 19, no. 1, pp. 55-63, March 2019.

[18]8S. Sunter, K. Jurga, P. Dingenen and R. Vanhooren, "Practical random
sampling of potential defects for analog fault simulation," 2014
International Test Conference, Seattle, WA, pp. 1-10, October 2014

[19]A. Rai and R. Bhattacharya, "Parametric fault detection for
instrumentation amplifier circuit," 2016 International Conference on
Recent Advances and Innovations in Engineering (ICRAIE), Jaipur, pp.
1-4,2016

[20]R. Bhattacharya and S. Kumar, "A new approach for modeling
parametric faults in linear analog VLSI circuits," 2015 6th Intemational
Conference on Computers and Devices for Communication (CODEC),
Kolkata, pp. 1-4, 2015

[21]S. Thakur, K. V. V. Satyanarayana and K. C. M. Reddy, "Diagnosis of
parametric faults in linear analog VLSI circuits," 2016 10th
International Conference on Intelligent Systems and Control (ISCO),
Coimbatore, pp. 1-5,2016

[22]C. -. R. Shi, M. W. Tian and Guoyong Shi, "Efficient DC fault
simulation of nonlinear analog circuits: one-step relaxation and
adaptive simulation continuation," in IEEE Transactions on Computer-
Aided Design of Integrated Circuits and Systems, vol. 25, no. 7, pp.
1392-1400, July 2006

[23]Y. Tan, Y. He, C. Cui and G. Qiu, "A Novel Method for Analog Fault
Diagnosis Based on Neural Networks and Genetic Algorithms," in
IEEE Transactions on Instrumentation and Measurement, vol. 57, no.
11, pp. 2631-2639, Nov. 2008

[24]C. Yang, L. Zhen and C. Hu, "Fault Diagnosis of Analog Filter Circuit
Based on Genetic Algorithm," in IEEE Access, vol. 7, pp. 54969-
54980, April 2019

[25]Sun Yichuang "Test and Diagnosis of Analogue, Mixed-Signal and RF
Integrated Circuits: The System on Chip Approach," Bibliovault OAI
Repository, the University of Chicago Press. 10.1049/PBCSO019E,
Genuary 2008

[26]C. Alippi, M. Catelani, A. Fort, R. Singuaroli and I. Trotta, "An
embedded automatic SBT diagnosis system for analog circuits,"
Proceedings of the 21st IEEE Instrumentation and Measurement
Technology Conference (IEEE Cat. No.04CH37510), Como, pp. 2156-
2160 Vol.3, 2004

[27]Z. Liu, S. K. Chaganti and D. Chen, "Improving Time-Efficiency of
Fault-Coverage Simulation for MOS Analog Circuit," in IEEE
Transactions on Circuits and Systems I: Regular Papers, vol. 65, no. 5,
pp. 1664-1674, May 2018

[28]R. S. Khandpur, “Printed circuit boards design, fabrication, and
assembly”’, McGraw-Hill Education book, 2005, ISBN 0071331476

[29]Clyde F. Coombs, Jr.Happy T. Holden, "Printed Circuits Handbook",
Seventh Edition, McGraw-Hill Education book, 2016, ISBN
9780071833950

[30] “Introduction to the In-Circuit Testing,” GenRad, 1984, available on
https://www.ietlabs.com/pdf/Handbooks/Introduction%20t0%20In-
Circuit%20Testing.pdf

[31]Wai Chen, “The Electrical Engineering Handbook,” Academic Press
Book, 2005, ISBN 9780080477480

[32]FAN9673 Three-Channel Interleaved CCM PFC Controller, datasheet
available on  https://www.onsemi.com/pub/Collateral/FAN9673-
D.PDF

[33]STTH12S06 STMicroelectronics datasheet  available on
https://www.st.com/resource/en/datasheet/stth12s06.pdf

[34]]. Zargbski, K. Gorecki and J. Dabrowski, "Modeling SiC MPS diodes,"
2008 International Conference on Microelectronics, Sharjah, pp. 192-
195, 2008.

[35]Y.C. Liang and V. J. Gosbell, "Diode forward and reverse recovery
model for power electronic SPICE simulations," in /EEE Transactions
on Power Electronics, vol. 5, no. 3, pp. 346-356, July 1990.

[36]C. Fan et al., "Large-Signal Metal-Insulator-Graphene Diode Model on
a Flexible Substrate for Microwave Application," 2018 IEEE MTT-S
International  Conference on Numerical Electromagnetic and
Multiphysics Modeling and Optimization (NEMO), Reykjavik, 2018,
pp. 1-4.

[37]STGF19NC60 power IGBT developed by STMicroelectronics,
datasheet available on https://www.st.com/en/power-
transistors/stgf19nc60hd.html

[38]“STMicroelectronics Introduces PowerMESH IGBTs for Switched-
Mode Power Supplies,” Geneva, 08 Mar 2005, webpage:
https://www.st.com/content/st_com/en/about/media-
center/pressitem.html/stmicroelectronics-introduces-powermesh-igbts-
for-switchedmode-power-supplies.html

[39]L. Benbahouche et al., "New numerical power IGBT model and
simulation of its electrical characteristics," The Fourth International
Conference on Advanced Semiconductor Devices and Microsystem,
2002, pp. 211-214.

[40] B. Fatemizadeh and D. Silber, "A versatile electrical model for IGBT
including thermal effects," Proceedings of IEEE Power Electronics
Specialist Conference - PESC '93, pp. 85-92, 1993.

13



[41]“Power MOSFET Electrical Characteristics” Application Note,

Toshiba,

2018-07-26, available on:

https://www.google.it/url ?sa=t&rct=j&q=&esrc=s&source=web&cd=
13&cad=rja&uact=8&ved=2ahUKEwjriJLmjoDnAhUGDuwKHW2D
A48QFjAMegQIBBAC&url=https%3A%2F%2Ftoshiba.semicon-
storage.com%2Finfo%2Fdocget.jsp%3Fdid%3D13415&usg=AOvVa
w2YDA-qsESIKEInjMebSAdX

[42] https://www.microsemi.com/document-portal/doc_view/14696-igbt-

tutorial

[43] https://www.fluke.com/en/learn/best-practices/test-tools-
basics/digital-multimeters/how-to-test-diodes-using-a-digital-

multimeter

[44] https://www.galco.com/circuit/ight_testing.htm
[45] https://www.plexim.com/home
[46] https://it. mathworks.com/help/simulink/ug/types-of-solvers.html

DAVIDE PIUMATTI received the MSc degree in
Computer Engineering from Politecnico di Torino,
Torino, Italy in 2015. From 2015 to 2017, he worked
at the Politecnico di Torino as a research fellow on
the test of highly reliable microcontroller systems.
Since 2017, he is a Ph.D. student in the Department
of Control and Computer Engineering. His research
interests include test of analog, power and digital
systems for safety-critical applications.

STEFANO BORLO was born in Torino (Italy) on
22nd of July, 1991. He obtained the master degree in
December 2017 at Politecnico di Torino in Electrical
Engineering. From March 2018 he started a one year
researcher contract at Politecnico di Torino in power
electronics design.

MATTEO SONZA REORDA received the MSc
degree in electronics and the Ph.D. degree in
Computer Engineering from Politecnico di Torino,
Italy, in 1986 and 1990, respectively, where he is
currently a Full Professor with the Department of
Control and Computer Engineering. He published
more than 400 papers in the area of test and faut
tolerant design of reliable circuits and systems,
receiveing several Best Paper Awards at major
international conferences. He is involved in several
research projects with companies and other research centers worldwide.

IUSTIN RADU BOJOI (SM’10, F’19) received
the MSc degree in Electrical Engineering from
Technical University of Iasi, Romania, in 1993, and
the PhD in Electrical Engineering from Politecnico
di Torino, Italy, in 2002. He is a Full Professor of
Power electronics and Electrical Drives in the
Energy Department “G. Ferraris” and Chairman of
the Power Electronics Innovation Center at
Politecnico di Torino, Italy.

Dr. Bojoi published more than 150 papers covering
electrical drives and power electronics for industrial
applications, transportation electrification, power quality, and home
appliances. He was involved in many research projects with industry for
direct technology transfer aiming at obtaining new products. Dr. Bojoi is the
co-recipient of 5 prize paper awards, the last one in 2015 as IEEE-IAS Prize
Paper Award. Dr. Bojoi is a Co-Editor-In-Chief of the IEEE Transactions
on Industrial Electronics and Chair of the Electrical Machines Technical
Committee of the Industrial Electronics Society.

14



