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1. Introduction

Power electronic devices are expected to play an ever more fundamental role in
unlocking the potentialities of smart power systems and in developing more electric
ground and air transportation systems. The reliability of power electronic devices at
different hierarchical levels (single component, single device, installation and system)
becomes a crucial point in this framework, as failures may determine technical, economical
and safety issues that should be carefully addressed at the design and maintenance stages.

Power electronic devices are subject to thermal, electrical and mechanical stresses,
which can be assessed through consolidated, traditional techniques [1–4]. However, today
these devices are expected to operate under challenging environmental conditions (e.g.,
high altitudes in more electric aircrafts or high temperatures on photovoltaic (PV) installa-
tions), undermining the effectiveness of traditional approaches that are typically based on
historical failure data, fault rates or past observed scenarios. In fact, the rapid evolution of
power electronic technologies and the ever more challenging operating frameworks pose
severe limitations on the trustworthiness of available reliability data, as they are typically
related to incoherent operating conditions [1–4].

2. The Special Issue

The Electronics Special Issue on Challenges and New Trends in Power Electronic De-
vices Reliability collected contributions on methodologies and approaches for the analysis
of reliability in power electronic devices at different hierarchical levels, covering multiple
fields of applications ranging from PVs to motor drives to LED lamps. The editorial resume
of contributions is listed below:

• The reliability of PV AC/DC converters was analyzed in [5], with a finalization related
to maintenance and repair activities. A 46 MW large-scale grid-connected PV plant was
considered in the reliability analysis, with a detailed comparison to the maintenance
reports collected for a three-year span, also leading to an estimation of the overall
losses due to unavailability of the system. The reliability of a hybrid PV–battery
installation was considered in [6], with a comparison of the DC- and AC-coupled
configurations. Therefore, DC/DC and DC/AC converter units were considered, and
the reliability was evaluated at different hierarchical levels;

• The gallium nitride high-electron mobility transistor (GaN HEMT) technology was
assessed in [7] with reference to its typical cascode structure. Single-event effects
on the cascode were studied using a technical computer-aided design for heavy ion
experiments. An interesting outcome of the research was that the enhancement of
the ionization mechanism at the gate edge may increase the performance in terms
of leakage;

Electronics 2021, 10, 925. https://doi.org/10.3390/electronics10080925 https://www.mdpi.com/journal/electronics
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• The lifetime estimation of discrete SiC power MOSFETs for motor drives was per-
formed in [8]. The thermal stress was modeled through a tool that exploited the
Coffin–Manson theory, rainflow counting and Miner’s rule for the estimation of the
lifetime under variable mission profiles, allowing for the generalization of the proce-
dure to different final purposes;

• A multi-chip IGBT module failure monitoring method was presented in [9] to track
solder layer fatigue or bond wire fall-off. The method was based on the module
transconductance, which was able to represent the failure mechanism of the IGBT
and the relationship between chip failure, bond wire failure and the transmission
characteristic curve of the IGBT module. Thermal stress on the IGBT operating in
microgrids was evaluated in [10]. The aging process of the IGBT was considered in
an online evaluation through a fusion algorithm that combined condition monitoring
and reliability evaluation. An electrothermal coupling model obtained the junction
temperature data, considering the microgrid inverter topology and the IGBT features,
and a segmented long short-term memory algorithm was exploited to predict the
aging process;

• The work in [11] quantified the impact of overvoltages on high-power thyristors,
investigating the effects of the initial voltage of the energy storage capacitor, the
discharge time intervals and the load resistance on the reverse recovery currents. On
the basis of the outcomes, an improved topology was then developed to damp the
surge energy and to mitigate the reverse recovery currents;

• A reliability forecasting model that targeted the insulation of power components
subjected to varying harmonics was presented in [12]. The model focused on the role
played by low percentiles of time to failure, typically selected as the rated life in the
framework of the modern probabilistic design of components, and it treated all the
odd voltage harmonics from the fifth to the twenty-fifth;

• LED lamps were investigated in [13,14]. The design of a new LED lamp concept, with
attention to energy-saving, comfort and reliability purposes was presented in [13].
The lifetime of LED lamps was considered in [14], with a Norris–Landberg model
that analyzed the probability of failure and the lifetime with reference to solder joint
cracks. Over 1800 events were considered in the experimental validation process;

• A review of the state of the art of the condition monitoring of power electronics devices
is in [15].

3. Discussion and Future Contributions

The potentialities unlocked by high-performance power electronic devices in smart
power systems and more electric transportation are well recognized, although studies
on the reliability of these components in challenging and severe conditions are far from
being established. The integration of power electronics in different topologies and hybrid
systems, together with the analysis of still unexplored fields such as full electric aircrafts
and decentralized smart grids, will likely be the object of extensive research in the next
decade. Future contributions on the reliability of power system components cannot neglect
these aspects and should try to overcome the common bottleneck of the lack of field data
in real-world challenging contexts.

Author Contributions: E.C., P.D.F. and L.P.D.N. were equally involved in the conceptualization
of the Special Issue and in its entire editorial process. Writing—original draft preparation, P.D.F.;
writing—review and editing, E.C., P.D.F. and L.P.D.N. All authors have read and agreed to the
published version of the manuscript.
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E.C., P.D.F. and L.P.D.N. also acknowledge the Electronics Editorial Office for maintaining the rigorous
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Abstract: Deployment of a battery energy storage system for the photovoltaic (PV) application has
been increasing at a fast rate. Depending on the number of power conversion units and their type
of connection, the PV-battery system can be classified into DC- and AC-coupled configurations.
The number of the components and their electrical loading directly affects the reliability of each of
the configurations. Hence, in order to assure high efficiency and lifetime of the PV-battery system,
reliability assessment of power conversion units (representing the most reliability-critical system
components) is necessary. With respect to that, in this paper, a reliability assessment of the PV-battery
system is performed and a comparison of the DC- and AC-coupled configuration reliability is
conducted. In the analysis, all parts of the power conversion system, i.e., DC/DC and DC/AC
converter units, are taken into consideration and component-, converter- and system-level reliability
is assessed. A case study of 6 kW PV system with integrated 3 kW/7.5 kWh battery system has
shown that higher reliability is achieved for DC-coupled configuration. The obtained results indicate
that the probability of failure for the 15% of the population for DC-coupled configuration occurs
7 years later than that is a case for AC-coupled configuration. Finally, the presented analysis can
serve as a benchmark for lifetime and reliability assessment of power conversion units in PV-battery
systems for both configuration types. It provides information about differences in electrical and
thermal loading of the power conversion units and resulting reliability of the two configurations.

Keywords: photovoltaic system; battery; DC-coupled configuration; AC-coupled configuration;
mission profile; reliability

1. Introduction

In recent years, Photovoltaic (PV) power capacity has increased more than any other type of
generation technology. In 2018, the addition of PV power installed capacity of 100 GW was higher than
all other technology types combined, and now accounts for 505 GW globally [1]. PV power generation
is heavily dependable on the environmental conditions—solar irradiation and temperature. In order to
increase PV system flexibility and to provide more dispatchable energy, integration of battery systems
has been considered as a viable solution. Historically, the high cost of this storage technology has been
the main barrier for its deployment. However, the declining cost of battery systems in recent years has
enabled its commercialization. Lithium-ion is predominated technology type due to its merits suitable
for a PV application—a fast response, scalability and low self-discharge. Its cost has declined for an
average of 23% per year from 2010 to 2015, as reported in [2]. It is expected that continuous reduction
in cost will further continue, which is then reflected in the expected increase of installed PV-battery
systems. Precisely, 55% of annual energy storage deployments are expected to be coupled with PV

Electronics 2019, 8, 1059; doi:10.3390/electronics8091059 www.mdpi.com/journal/electronics5
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systems by 2023 [3]. In such a case, system architecture and its impact on overall system performance
are becoming an important topic.

In general, PV-battery power processing units consists of the three main components. Those are
(1) PV panels representing power generation unit; (2) battery representing a storage unit and;
(3) power electronic interface representing power conversion unit. Depending on the number of
power electronic components and their type of connection, two main system configurations are
available DC- and AC-coupled configurations. The main difference between two lies in the point of
connection (POC) for the battery unit which can either be connected in the DC-link or at the point of
common coupling (PCC).

System configuration does not only directly influence the operation, but also the cost,
efficiency, lifetime and, consequently, reliability of the PV-battery system. In terms of operation,
DC-coupled configuration has lower operational flexibility, as the total power delivered to the load is
limited by the inverter capacity [4]. In cases of high load demand, PV and battery unit power capacity
may be sufficient, but inverter capacity will limit the amount of the delivered power. In AC-coupled
configuration, a greater amount of power can be delivered to supply the load, where both the PV
and the battery inverter can supply the load at the same time. Cost of AC-coupled configuration is
higher due to the additional DC/AC conversion unit which makes higher complexity of the system
design and its balance. As reported in [5], DC-coupled configurations yield on average 1% lower total
cost than AC-coupled configurations. However, in the case in which battery is integrated into the
already existing PV system, the cost of the DC-coupled configuration could be higher. Already existing
DC/AC conversion unit may need to be modified to accommodate multiple DC connections as well as
a bi-directional DC/AC inverter. This would then additionally increase the installation cost of such
a system. On the other hand, the AC-coupled battery system can be easily added to the existing PV
system at the PCC, as shown in Figure 1. As a general rule, the efficiency of a system decreases as
the number of power conversion units increases. Hence, the AC-coupled configuration has lower
efficiency due to the additional DC/AC conversion unit. Nonetheless, as stated in [5], higher efficiency
of power electronic units nowadays has caused the difference in system efficiency to become smaller
compared to the early stage of development of the PV-battery systems.

DC-link PCC

PV 
Converter  

DC

DC

DC

DC

DC

AC

DC

DC

DC

AC

PV
Inverter  

Battery 
Converter  

Battery 
Inverter  

Battery 
Converter  

PV 
array 

Battery Battery 

Grid & 
local loads

Battery connection in 
DC coupled configuration 

Battery connection in 
AC coupled configuration 

Figure 1. System diagram of the photovoltaic (PV) system with integrated battery energy storage
system. Point of connection (POC) for the battery can either be at the DC-link for DC-coupled
configuration or point of common coupling (PCC) for AC-coupled configuration.

In [6], the residential PV-battery systems were studied from a control point of view.
A techno-economic analysis of a PV-battery system is investigated for the installation site in Greece [7]
with DC-coupled configuration. Similarly, the benefits of connecting battery to a PV system in a
DC-coupled configuration are investigated in [8], while AC-coupled configuration is investigated
in [9]. Two configurations are compared in [10], where the performance of the PV-system connected in

6
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each of the configuration is further analyzed. However, most of the research on comparison of the
two configurations is done from the economic point of view. In [11], the installed cost benchmark
is proposed and the authors focused on researching potential cost-reduction opportunities of the
PV-battery system. Similar research is conducted in [5] where the main focus is also put on the
cost-effectiveness of a such system.

However, an important aspect that has not yet been researched is related to the lifetime
and reliability of the PV-battery system connected in the two aforementioned configurations.
This evaluation is necessary as it gives information on differences in the reliability of the two
configurations resulting from the different number of components and their electrical loading.
In general, information about the reliability of the system and its components is critical for adequate
system operation and related economic profitability. In [12], reliability of the inverter unit for the
DC-coupled configuration is analyzed. However, the reliability of the remaining system components,
such as the DC/DC converters, have not been investigated. Thus, it is necessary to investigate each of
the reliability-critical system components. If such an approach is used, it will yield information on
which part of the power electronic interface is prone to failure the most. Moreover, by comparing the
reliability of the two systems, additional information on the choice of the adequate configuration type
for PV-battery system is obtained. Considering that, a reliability benchmark for PV-battery system
connected in DC- and AC-coupled configuration is here presented.

With respect to that, an overview of the PV-battery system configurations is provided in Section 2
along with the implemented energy management strategy. The power converters electrical and thermal
loading in the DC- and AC-coupled configurations is investigated in Section 3. The procedure for
reliability evaluation is presented in Section 4. Reliability analysis is carried out with a case study of
the real on-site measurement data in Section 5 where the reliability of the components and systems in
DC- and AC-coupled configuration are compared. The conclusion of the carried work is presented
in Section 5.

2. PV-Battery System

2.1. Self-Consumption Control Strategy

A self-consumption control strategy is the system’s energy management strategy that is defining
the power flow among the units. It is also directly influencing the loading of the power conversion units.
The key target of this control strategy is to maximize the internal power consumption of the battery and
PV power before purchasing power from the grid. The main reasoning for increased implementation
of this control strategy is seen in its cost-effectiveness. In the last 8 years, residential electricity prices
in the United States and Europe have grown for 17% and 43% respectively [13]. On the other hand,
the average cost of electricity produced from PV has shown significant decrease [14]. With respect to
that, maximization of the internal consumption is seen as the most favourable option that has been
widely adopted in residential level PV-battery systems. Examples of commercially available products
can be found in [15,16].

In Figure 2, a typical daily profile of a residential unit with indicated PV generation and load
demand during winter month is shown. The profile is characterized by the periods of high PV
generation and low load demand in the midday and early afternoon hours. Contrary, low PV power
generation and high load demand occur in the evening hours. Due to the misalignment between the
PV generation and the load demand, a direct use of self-consumption is limited in the residential
PV systems. Thus, the battery storage unit is employed to absorb the excess power during the day
and then supply the load in the evening hours. Accordingly, the requested power to be absorbed or
delivered by the battery can be defined as:

Pbat_req = PPV − Pload (1)

7
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where PPV is power generated by the PV unit and Pload is power demanded by the residential load at
the AC side.

Po
w

er

Time [h]

PV power 
consumed 
by the load

Battery 
charging

PPV

Pload

Battery 
discharging

PV power 
consumed

 by the grid

03:00 07:00 11:00 15:00  23:00 19:00

Figure 2. A typical daily profile of the PV power generation and load demand and battery (dis)charge
periods defined based on the self-consumption strategy.

The requested power can be absorbed/delivered by the battery only when the battery is not fully
charged/discharged. Hence, the actual power absorbed/delivered by the battery is Pbat. It represents
a certain amount of the requested power Pbat_req that can actually be absorbed/delivered based on
the battery availability. If excess power cannot be absorbed by the battery, it is delivered to the grid.
This situation occurs between 11:00 and 15:00, where the brown area in Figure 2 represents the power
that is being sent to the grid. Similarly, in cases in which the combined power of PV and battery units
is not sufficient to cover load demand, the power is delivered from the grid. It is worth mentioning
that the difference between the requested and available battery power is directly related to the battery
capacity and power rating.

2.2. Characterization of Configuration Types

2.2.1. DC-Coupled Configuration

The DC/DC interface in the DC-coupled configuration consists of the PV and battery connected
converters. DC/AC interface consists of a single inverter unit. The system diagram is shown in Figure 3.
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Figure 3. A system diagram of the PV-battery connected in the DC-coupled configuration with the
detailed converter topology.
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• PV converter: A uni-directional DC/DC converter connected to the PV panel and is used to step
up the voltage at the PV panel terminals to one of the DC bus. Furthermore, by implementing
the maximum power point tracking control, the PV panel generation is maximized.
Different topologies can be employed to assist this requirement. However, for simplification,
a boost converter is implemented in the system under study.

• Battery converter: A bi-directional DC/DC converter connected to the battery. When the battery
is discharging, the DC/DC converter is operating as a step-up converter, e.g., boost converter.
In the case in which battery is charging and power is being absorbed by the battery, the DC/DC
converter is operating as a step-down converter, e.g., buck converter.

• Inverter: A DC/AC inverter which main purpose is to transfer power to the AC side, as well as
synchronize with the AC grid. Its loading is based on the power being delivered from both the
PV and the battery units to the load. In this paper, a full-bridge single-phase inverter with four
power devices is used in the system under study.

2.2.2. AC-Coupled Configuration

A system diagram of the AC-coupled configuration is shown in Figure 4. Its DC/DC interface
configuration is the same as in the case of the DC-coupled configuration. DC/AC interface consists of
two units—the PV and the battery inverters.
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Figure 4. A system diagram of the PV-battery system connected in the AC-coupled configuration with
the detailed converter topology.

• PV inverter: A DC/AC inverter whose main purpose is to transfer the power generated by the
PV panel to the AC side, similar to that in the DC-coupled configuration.

• Battery inverter: A bi-directional DC/AC converter connected to the battery. When the battery is
discharging, the battery inverter is operating in the inverter mode. When the battery is charging,
the battery inverter is operating in the rectifier mode. Its loading is only determined based on the
excess PV power that is being absorbed and delivered by the battery.

The same topology as for the DC-coupled configuration is employed for the AC-coupled
configuration for the comparison purposes in the further part of the paper. This refers that DC/DC
interface is implemented through the boost convert and bi-directional buck-boost converter for PV
and battery converter respectively. Similarly, the DC/AC interface is implemented by means of a
full-bridge single-phase inverter with four power devices. In the next section, power converters
loading in each configuration is examined more into detail.

3. Power Converters Loading

In order to analyze the operational impact on the component reliability, a power converter
loading during a typical one-day operation of the PV-battery system is studied. The key target
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is to investigate the difference in the electrical and thermal loading of the components in the two
configurations. In general, power converter loading is directly related to the thermo-mechanical stress
of its components such as power devices, and it is the cause of the component’s failure, reflecting the
reliability of the system [17].

3.1. Electrical Loading of Power Converters

Electrical loading of the power converters is investigated by the means of their input power.
For DC/DC interface, input power to the PV converter equals the power generated by the PV array,
PPV . The electrical loading of the PV converter is only influenced by the environmental conditions at
the installation site (solar irradiance and ambient temperature). Contrary, the electrical loading of the
battery converter is the result of the input PV power, load demand, implemented energy management
strategy and available battery capacity. In the case of the DC/AC interface, input power is defined
differently for the two configurations.

3.1.1. DC-Coupled Configuration

In the DC-coupled configuration, the DC/AC interface is represented through the inverter
(Figure 3). The input power to this unit is defined as:

Pinv = Pconv
PV − Pconv

bat (2)

where Pconv
PV and Pconv

bat are output power of the PV and battery converter respectively, and are defined as:

Pconv
PV = PPV − Ploss

PV (3)

Pconv
bat = Pbat − Ploss

bat (4)

where Ploss
PV and Ploss

bat represent converter losses defined based on the their respective efficiency curves.
PPV is power generated by the PV panel and Pbat is power absorbed (positive power) or delivered
(negative power) to the battery.

Electrical loading of the DC/AC inverter differs for battery discharging and charging. This is
graphically represented in Figure 5, where the inverter input power for two cases is highlighted.
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Figure 5. Electrical loading of the power electronic converters for the DC-coupled configuration with
the indicated power flow: (a) battery discharging; and (b) battery charging.
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As observed, the electrical loading in case of the battery discharging will be higher, as it will
account for the power generated from PV and delivered by the battery.

3.1.2. AC-Coupled Configuration

The DC/AC interface for the AC-coupled configuration is represented through the PV and the
battery inverters (Figure 4). The input power for each unit is defined as:

Pinv
PV = PPV − Ploss

PV (5)

Pinv
bat = Pbat − Ploss

bat (6)

where Ploss
PV and Ploss

bat represent converter losses defined based on the their respective efficiency curves.
The graphical representation of the electrical loading in the case of the battery charging and

discharging is shown in Figure 6 with the highlighted PV inverter input power.
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Figure 6. Electrical loading of the power electronic converters for the AC-coupled configuration with
the indicated power flow: (a) battery discharging; and (b) battery charging.

As in the case of the DC-coupled configuration, the electrical loading of the PV inverter is
examined. In case of the battery charging, the electrical loading will be higher. This is because the
excess power generated by the PV is sent to the battery at the AC side.

3.1.3. One-Day Operation

An example of the electrical loading of the PV and battery converter during one-day operation is
shown in Figure 7, where PPV and Pbat are input to the PV and battery converter respectively. Two time
intervals are distinguished. (1) battery charging period marked with the green area under the curve
and (2) battery discharging period marked with the red area under the curve. On the example of the
two time intervals, the electrical loading of the DC/AC interface is examined and compared for the
two configurations in order to exemplify the power flow shown in Figures 5 and 6.

In the case of battery discharge, the input power for the inverter in the DC-coupled configuration
equals to the sum of PV and battery power. For the same amount of power that has to be delivered to
the load in the AC-coupled configuration, the electrical loading of the PV inverter is the PV power,
while power being delivered from the battery is transferred through the battery inverter. During the
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battery discharge, the electrical loading of the DC-coupled configuration inverter is higher than the
one of the PV inverter in AC-coupled configuration.

In case of battery charging, the input power for the inverter in the DC-coupled configuration
equals to the amount of PV power that is needed to supply the load demand. The rest of the PV power
is transferred to the battery at the DC bus (i.e., the excess PV power is input to the battery converter).
In the case of the AC-coupled configuration, the electrical loading of the PV inverter is equal to the total
power generated from the PV panels. At the AC side, this power is then divided to supply the load and
the excess that is input to the battery inverter. In such a case, the electrical loading of the AC-coupled
configuration PV inverter is higher than the one of the inverter in DC-coupled configuration.
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Figure 7. One-day power profile: (a) PV power PPV and load demand Pload; (b) battery power Pbat,
where positive power is absorbed power (charging periods) and negative power is delivered power
(discharging periods); (c) battery SOC; and (d) input power of inverter of the DC-coupled configuration
Pinv and PV inverter of the AC-coupled configuration PPV

inv .

By examining the electrical loading of the components in the DC- and AC-coupled configuration,
it can be concluded that the DC/AC interface electrical loading is depended on the input power
profiles and cannot be universally connected to higher or lower reliability for a certain configuration.
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The summary of the examined cases for the inverter in DC-coupled configuration and PV inverter in
AC-coupled configuration is given in Table 1.

Table 1. Summary of The Inverter Loading.

(PV) Inverter Loading

Battery Charging Battery Discharging

DC coupled configuration PPV PPV + Pbat
AC coupled configuration PPV + Pbat PPV

3.2. Thermal Loading of Power Converters

Thermal loading of the power converters can be investigated by means of the thermal stresses
of the power devices, i.e., Insulated Gate Bipolar Transistors (IGBT). The thermal stress of the power
device can be translated from the electrical loading by the electro-thermal model. The thermal
stress is represented by the variations in the junction temperature cycling Tj of the power device.
Junction temperature is the stress factor which will cause the bond wire lift-off (representing the wear
out failure of a power device). The detailed procedure for the electro-thermal modelling is presented
in [18,19].

Thermal loading of the IGBT during one-day operation is investigated. Electrical loading
profiles of the power converters in the DC-coupled configuration are shown in Figure 8.
Furthermore, the associated junction temperature of the IGBTs (indicated in Figure 3) are also presented,
where the variations in the junction temperature are correlated with the electrical loading profiles.
The highest variations in the junction temperature occur in the power devices of the battery converter.
This is aligned with the variations in the electrical lading of the battery converter.
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Similarly, the electrical and the thermal loading profiles during one-day operation in the
AC-coupled configuration are shown in Figure 9.
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4. Reliability Evaluation

In this section, the reliability analysis is conducted by following the procedure presented in [17].
It involves the lifetime modeling of the system components and the (un)reliability analysis where the
statistic of the failure rate is considered.

4.1. Lifetime Modelling

It is necessary to choose adequate lifetime model of the power device providing information
on the number of cycles to failure for each set in the thermal stress matrix: the average junction
temperature Tjm, the cycle amplitude ΔTj and the cycle period ton. An overview of the lifetime models
predominately used for this purposes is provided in [18]. In this study, a lifetime model estimating
the power cycling capability of IGBTs with junction temperature limitations of 150 °C is used [20].
The number of cycles to failure is then defined as shown in Equation (7). The input to the model
is the matrix of ni for Tjm and ΔTj and ton values. The rest of the model parameters is provided in
Table 2. Then, the amount of device’s consumed life is evaluated by means of Miner’s rule shown in
Equation (8).

Nf = K · (ΔTj)
β1 · e

β2
Tjm+273 · (ton)

β3 · (I)β4 · (V)β5 · (D)β6 (7)

LC = ∑
i

ni
Nf i

(8)
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where Nf is the number of cycles to failure under the stress condition of the mean junction temperature
Tjm, the cycle amplitude ΔTj and the cycle period ton. LC represents lifetime consumption (LC) which
starts from the beginning-of-life. When the LC accumulates to unity, IGBT power device is considered
to reach its end-of-life.

Table 2. Parameters of Insulated Gate Bipolar Transistors (IGBT) Lifetime Model.

Parameter Value Description

I 10 A Current per wire bond
V 6 V/100 Blocking voltage
D 300 μm Diameter of bonding wire
K 2.03 × 1014 Technology factor
β1 −4.416 Contribution of Coffin-Manson law
β2 1285 Contribution of Arrhenius law
β3 −0.463 Influence of transient thermal response on the chip
β4 −0.716 Contribution of accelerated wire bonds failure close to end of life
β5 −0.761 Accounted correlation between blocking voltage and chip thickness
β6 −0.5 Considered impact of wire diameter on bond interface and thermal expansion

4.2. Unreliablity Function

From lifetime evaluation, a B15 lifetime is obtained based on the statistic from the lifetime model.
It represents the amount of time during which 15% of the population (of the same IGBT type) will fail.
In general, lifetime data of the wear out failure is following Weibull distribution [19], which probability
density function is expressed as:

f (x) =
β

ηβ
xβ−1exp

[
−

(
x
η

)β
]

(9)

where x represents the operation time, and η and β are the scale and the shape parameter respectively.
η parameter represents time instance at which 63.2% of the population will fail. β parameter represents
the failure mode, where the same failure mode will have similar β values. From the probability
density function, it is, furthermore, possible to obtain cumulative density function by integration over
operation time:

F(x) =
∫ x

0
f (x)dx = 1 − exp

[
−

(
x
η

)β
]

(10)

This cumulative density function is often referred as an unreliability function and it is representing
the proportion of the accumulated failure population over time. In order to obtain the Weibull
cumulative density function, it is necessary to determine η and β parameter values. For this analysis,
the value of β parameter is taken from [21] and accounts for the failure mode related to the IGBT
devices. η parameter can be calculated by using Equation (10) and previously obtained B15 lifetime
information. Once η and β parameters are determined, it is possible to obtain the unreliability curve of
power device under study.

The unreliability curve of each device gives information about the component-level reliability.
To investigate system-level reliability, it is necessary to construct the Reliability Block Diagram (RBD)
of the overall system. In general, the RBD is a representation of the reliability interaction between
the components in the system. Parallel paths in the diagram are redundant i.e., the system fails
once when all the parallel paths in the RBD fail. Contrary, if series paths are considered, the system
fails when one of the components in a series path fails. With respect to that, in order to move
from the component-level reliability (i.e., reliability of a single IGBT) to converter-level reliability
(i.e., reliability of a single converter unit consisting of IGBTs), the RBD for each of the components in
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the system is created. For both configuration types, the series connection of all studied components is
considered. The system unreliability is then calculated as:

Fsystem(x) = 1 −
n

∏
i=1

(1 − Fi(x)) (11)

where Fi is the unreliability function of the i-th component of the system and n is the number of
components. The flow chart of the aforementioned process is shown in Figure 10.
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Figure 10. Flow diagram of the mission profile-based reliability evaluation of PV-battery system.

5. Case Study

A case study for the PV-battery system with the installation site in Germany is carried out in order
to compare the reliability of the DC- and AC-coupled configurations. Firstly, a system description is
provided, then a mission profile including real, on-site measurement data is presented. For the given
one-year mission profile, reliability evaluation is performed by following the procedure presented
in Section 4.

5.1. System Description

The system under study consist of a 6 kW PV system with a 3 kW/7.5 kWh battery system.
The system sizes and relevant parameters are provided in Table 3 and correspond to the configurations
outlined in Figures 3 and 4. As indicated, all the converter units are rated at 3 kW. A higher power
rating is achieved with a modular structure, where e.g., 6 kW can be achieved by a parallel connection
of two 3 kW units. The power devices in each of the converters are chosen to be the same, in order to
ensure a fair comparison.

5.2. Mission Profile

A one-year mission profile from the installation site in Germany is chosen for the case study,
as it is shown in Figure 11. It consists of a solar irradiance and ambient temperature profiles with a
sampling rate of 5 min per sample [12]. The mission profile consists of the strong seasonal variations,
e.g., mean solar irradiance during winter months is 34.98 W/m2 which is 72% lower than the average
value during summer months.The load profile is presenting a typical household load with the average
of 4.8 kWh/year and without strong variations throughout the year [22].
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Table 3. Parameters of the Single-Phase PV-Battery System.

Parameter
Value

DC Coupled Configuration AC Coupled Configuration

PV array rated power (at STC) 6 kW
Battery energy capacity 7.5 kWh
PV converter rated power 6 kW (3 kW × 2 units)
Battery converter rated power 3 kW
Inverter rated power 6 kW (3 kW × 2 units) -
PV inverter rated power - 6 kW (3 kW × 2 units)
Battery inverter rated power - 3 kW
DC-link capacitor Cdc = 1100 μF
LC-filter Linv = 4.8 mH, Cf = 4.3 μF
Switching frequency DC/DC Converters: fsw = 20 kHz
Switching frequency DC/AC Converters: fsw = 10 kHz
DC-link voltage Vdc = 450 V
Grid nominal voltage (RMS) Vg = 230 V
Grid nominal frequency ω0 = 2π × 50 rad/s
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Figure 11. A one-year mission profile of the installation site in Germany (sampling rate of 5 min per
sample): (a) solar irradiance; (b) ambient temperature; and (c) household load.

5.3. Results

Reliability assessment is carried out for the aforementioned mission profile and results are
shown for both configurations. Firstly, the one-year stress profiles of the power devices are shown.
Then, the unreliability curves of the power devices are given and finally, the reliability of the system
and its components is investigated.
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5.3.1. Reliability of the DC-Coupled Configuration

Stress profiles of the power devices are shown in Figure 12. By following the procedure presented
in Figure 10, the stress profiles are decomposed to the cycles at different cycle depths and cycle
averages, where it is possible to determine the range of Tjm and ΔTj from the thermal stress profile.
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SDC
3 (c) IGBT of inverter SDC

4 .

The highest number of cycles for all IGBTs occurs for the mean junction temperature Tjm of 20 °C.
However, the exact number of cycles differs for each IGBT based on the stress they are exposed to
during the operation. By examining the stress profiles, it can be observed that the smallest cycle
amplitude has IGBT SDC

1 of the PV converter. Additionally, this IGBT experiences the smallest number
of cycles through out the operation. Hence, IGBT SDC

1 is the least stressed power device of all
during one-year operation. This indicates that it will experience the highest lifetime. Stress of the
battery converter is examined by means of IGBTs SDC

2 and SDC
3 junction temperature. In general,

battery operation is more dynamic than one of the PV panels, meaning that electrical loading of the
battery converter changes more often with battery charging and discharging periods. Hence, it is
expected that the power devices of the battery converter will be more stressed than the rest of the
devices of the system. Considering that, it is shown that IGBT SDC

2 , which is stressed by battery
discharging, has the highest number of cycles out of all power devices. IGBT SDC

3 experiences less
number of cycles, which is aligned with the fact that battery spent more time discharging during
a year. Electrical loading of the inverter is based on power generated by PV and battery operation,
as defined in Equation (2). Hence, SDC

4 stress profile is similar to the one of the SDC
1 of PV converter.

However, the additional power provided by the battery operation is causing higher stress for the SDC
4 .
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In order to examine the reliability of the system and its components, the RBD for the DC-coupled
configuration is defined and shown in Figure 13. Corresponding unreliability functions are presented
in Table 4 and the results are shown in Figure 14.
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Figure 13. DC-coupled configuration: Power electronic interface and its reliability block diagram.

Table 4. DC-Coupled Configuration: Unreliability Functions of the System Components.

Component Devices Unreliability Function

C1: PV converter 2 × SDC
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Figure 14. Unreliability curves of the DC-coupled configuration at the: (a) component-level;
(b) converter-level.

On the component-level, the lowest B15 lifetime has IGBT SDC
2 . Contrary, the highest B15

lifetime has IGBT SDC
1 and it accounts for more than 100 years. The obtained reliability results on the

component-level correspond to previously analyzed stress profiles of the IGBTs. On the converter-level,
battery converter experiences lowest operational time with B15 lifetime of 21 years. Hence, it is the most
reliability-critical component of the system. Overall system connected in DC-coupled configuration
has B15 lifetime of 19 years.

5.3.2. Reliability of the AC-Coupled Configuration

For AC-coupled configuration, the stress profiles of the power devices are shown in Figure 15,
together with the associated cycle distribution.
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Figure 15. The resulting stress profiles and their cycling decomposition in the AC-coupled configuration
for the input mission profile: (a) IGBT of PV converter SAC

1 ; (b) IGBTs of battery converterSAC
2 and SAC

3 ;
(c) IGBT of pv inverter SAC

4 ; (d) IGBT of inverter SAC
5 .

Similarly as for the DC-coupled configuration, the highest number of cycles is present for mean
junction temperature of 20 °C for all IGBTs. The lowest cycle amplitude has the IGBT SAC

1 which is
experiencing the lowest stress during operation. The highest number of cycles have IGBTs SAC

4 and
SAC

4 of battery converter and battery inverter respectively. This is mainly due to the battery dynamics.
However, in the case of AC-coupled configuration and its point of connection for the battery unit,
two power electronics units are affected (compared to a single unit in DC coupled configuration).
This will, consequently, influence the reliability of the system which is assessed by the means of the
RBDs shown in Figure 16 and associated unreliability functions given in Table 5.
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Table 5. AC-Coupled Configuration: Unreliability Functions of the System Components.

Component Devices Unreliability Function

C1: PV converter 2 × SAC
1 FCAC

1
= 1 − (1 − FSAC

1
)2

C2: Battery converter SAC
2 , SAC

3 FCAC
2

= 1 − (1 − FSAC
2
)(1 − FSAC

3
)

C3: PV Inverter 2 × 4 × SAC
4 FCAC

3
= 1 − (1 − FSAC

4
)8

C4: Battery Inverter 4 × SAC
5 FCAC

4
= 1 − (1 − FSAC

5
)4

AC configuration C1, C2, C3, C4 FAC = 1 − (1 − FCAC
1
)(1 − FCAC

2
)(1 − FCAC

3
)(1 − FCAC

4
)

The component-level unreliability curves are shown in Figure 17a. The highest unreliability has
the IGBT SAC

5 of the battery inverter and its B15 lifetime accounts for 20 years. Similarly, B15 lifetime
of the IGBT of the battery converter SAC

2 is 23 years. On the converter-level, the most reliability-critical
unit is battery inverter. It means that this unit will develop highest rate of failure over time among
all the units of the system. The overall B15 lifetime of the system connected in the AC-coupled
configuration is 12 years.
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(b) converter-level.

5.3.3. Discussion

From the carried analysis, it is concluded that the PV-battery system connected in the DC-coupled
configuration has a longer lifetime and a higher reliability. The summary of the B15 lifetime for
the components of the both configurations is provided in Table 6. B15 lifetime of the DC-coupled
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configuration accounts for 19 years, which is 7 years longer than the one of the same system connected
in the AC-coupled configuration.

Table 6. Summary of the Reliability Study Results—B15 Lifetime for the Components of the DC- and
AC-Coupled Configurations.

DC-Coupled Configuration AC-Coupled Configuration

PV converter >100 >100
Battery converter 22 21
(PV) inverter 30 22
Battery inverter - 14
System 19 12

The main reasoning can be found in the fact that AC-coupled configuration has an additional
unit—battery inverter. The excess PV power in AC-coupled configuration is transferred at the AC side,
imposing thermal stress to the two units in the system. The same amount of power in DC-coupled
configuration is transferred to the battery unit on the DC side and it is imposing thermal stress to
a single unit. Furthermore, the reliability of the PV inverter in the AC-coupled configuration is not
improved, when compared to the one in the DC-coupled configuration.

The benefit of the battery integration to the PV system in each of the configurations can be
assessed by means of the self-consumption ratio (SCR). In general, SCR represents the ratio of the
self-consumed electricity as a percentage of the total electricity generated by the PV. For the PV-battery
system connected in the DC- and AC-coupled configuration, SCR accounts for 68.38% and 70.15%
respectively. The minor difference in SCR indicate that both configuration types have a similar rate of
the self-consumed power. It can be concluded that the addition of battery unit had the same benefit.
Hence, for the presented case study, DC-coupled configuration is a more favorable option.

6. Conclusions

In this paper, a procedure for the reliability assessment of the PV-battery system is presented.
Two configuration types are evaluated - DC- and AC-coupled configurations. This is done in order
to assess how different point of connection of the battery unit is affecting the electrical loading of
the power electronic units and, consequently, their reliability. Hence, by means of the presented
reliability evaluation, a comparison on the component-, converter- and system-level reliability of
the two configurations is studied. By performing the reliability analysis information on the most
reliability-critical components among power electronic units of the each configuration is obtained.
A mission profile-based reliability evaluation for a case study with the real measurement data from the
installation site in Germany is conducted. The results have shown that the AC-coupled configuration
has lower reliability, where the reliability-critical component of the system is battery inverter.
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Abstract: The Light Emitting Diode (LED) has many advantages compared to traditional lamps,
such as a long lifetime, color rendering and energy saving. It requires good thermal management,
since as the temperature increases, the lifetime decreases. Furthermore, the presence of cracks in the
Solder Joint of an LED (SJL) compromises the correct dispersion of heat and causes the joint fatigue.
This can lead to a decrease in the lifetime of the assembled LED. In this study, we validated that an
SJL can be considered faulty if the Forward Voltage (Vf) acquired before and after thermal cycles
increases by more than 2%. The voltage measurement method was validated by comparing the results
with the techniques commonly used to evaluate the defects of a solder joint as the X-ray analysis
and the metallographic section. The failure analysis results present the probability of failure and the
lifetime of the SJL achieved by analyzing the data using the Norris–Landberg Model. The lifetime
calculated over 1800 SJLs considered in the validation process is greater than 20 years for 95.9% of
the tested LEDs.

Keywords: LED; thermal cycling test; accelerated test; solder joint; cracks

1. Introduction

In the last few decades, the Light Emitting Diode (LED) has become an important competitor
for traditional light sources such as incandescent or fluorescent lamps. LED lighting is currently the
best light source with respect to its impact on the environment and less consumption of energy with
respect to traditional light sources [1,2]. LED technology leads to innovative solutions that traditional
lamps can not achieve. It allows the ability to create complex lighting systems for various scenarios,
such as smart city [3,4] or smart lighting in the cultural heritage field [5]. Long-term analysis of
lighting performance can be conducted by studying lighting parameters, such as luminous flux and
the correlated color temperature, which can be controlled and monitored in real time [6]. Despite the
investment costs, LEDs offer a longer life and the luminous flux is more constant over time compared
to other technologies. In fact, LEDs represent the best solution in interior lighting applications such
as homes and offices, and in the automotive sector for high brightness signals such as lights and
traffic lights.

In general, different approaches can be used to predict the lifetime of electronic components [7,8].
In lighting, thermal management is the fundamental aspect to guarantee constant yields over time
and a high performance of the LED. When temperature increases, several aspects are affected: the
light color emitted changes, intensity decreases, and lifetime reduces [9]. Durability and reliability
tests, such as thermal and power tests, are generally very expensive, therefore accelerated tests are
widely used [10]. Accelerated tests reduce test and response times by accelerating the identification of
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design and fatigue defects. Among standard tests proposed to characterize the solder joint fatigue,
the Thermal Cycling Test (TCT) is the most widely used by the scientific community [11].

One of the most relevant problems of LED behavior in lighting systems is the solder joint fatigue
between Printed Circuit Board (PCB) and the LED [12]. In literature, many works deal with the Solder
Joint of LED (SJL) reliability. The main methods of analyzing the solder joint lifetime are based on
strain density [13], on junction temperature measurement [14], or on the effect of voids [15].

One of the main challenges in studying the solder joints fatigue is to detect cracks and monitor
their propagation [16]. The SJL strongly depends on the different components of the device such as the
LED type, the soldering paste, the substrate, and the finish. In particular, cracks develop due to the
large variation of the Coefficient of Thermal Expansion (CTE) between LED and PCB. The presence of
cracks is quite complicated to characterize as they are difficult to identify through a non-destructive
method [17,18]. Scanning Electron Microscopy (SEM), cross scanning, and dye-and-pry cannot be used
for in situ monitoring of the cracks because they all are destructive methods [17].

In the study of Zhao et al. [19] a model enables the analysis of the thermal–mechanical
performance of solder interconnects. The experiment was conducted under cyclic temperature,
taking into account that time and temperature depend on the creep behavior of the interconnected
material. They assessed that the fatigue resistance is sensitive for changes in the thickness and meniscus
of solder interconnects.

Elger et al. use the transient thermal analysis for the detection of cracks. They developed a
method based on thermal analysis. The increase of the thermal resistance between the initial signal and
the signal after cycles is correlated with the presence of cracks in the solder joint by cross sections [20].
Other researchers have so far relied on the detection of resistance variation to estimate the presence
of cracks. In literature there are different criteria to define the resistance variation, for example the
resistance change of 5 ohm [21], an increase of the resistance of 10 ohm [22], and a resistance threshold
of 450 ohm [23]. The resistance variation defined in the JESD22-B111 standard is a 1000 ohm resistance
threshold lasting 1 μs, or a 100 ohm resistance threshold, if the initial resistance value is less than
85. The solder joint failure described in the IPC/JEDEC-9702 standard is given by a 20% increase in
resistance. In the study of Henshall et al. [24] three different electrical fault criteria are compared:
500 ohm threshold, 20% increase in resistance, and infinite resistance. In this study, we conclude that
the use of the IPC-9701A standard failure criterion for 20% increase in resistance provides the most
sensitive failure measure. Other studies assert that solder joint cracking can be defined by evaluating
the increase in the differential voltage [10,25]. Osram Spa defines the 2% increase in the Forward
Voltage (Vf), the failure criterion, which corresponds to the 20% increase in resistance [26].

In this paper, we aimed to validate the failure criterion of a 2% increase in the forward voltage as
a method to detect cracks in the SJL. It is easy to implement, repeatable, non-destructive, and requires
common measuring instruments present in many laboratories. The study presents the experimental
protocol, the accelerated test carried out, the failure analysis, and the obtained SJL lifetime.

2. Materials and Methods

The experimental protocol section consists on the description of the circuits, which are subjected
to the TCT and the voltage measurements method. TCT and the oscilloscope test, which is carried out
to validate the voltage measurement method, are described. Finally, we present the traditional methods
used to evaluate solder defects, the X-ray analysis for voids and cracks, and the metallographic section
for a complete analysis of the physical structure of the components.

2.1. Experimental Protocol

Following the IPC-9701A standard and Osram’s directives, an experimental protocol to detect
cracks in SJL subjected to the thermal cycling test is proposed. A total of 42 circuits, of which 40 are
subjected to thermal test, and 2 are used as a reference, were developed. Each circuit consisted of
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45 LEDs arranged in 3 rows by 15 columns as can be seen in Figure 1. In total, 1800 LEDs were used in
this study.

The composition of each circuit is defined below:

• LED Samsung LH181B.
• Senju solder paste.
• Substrate in thermal CEM3.
• Passivated copper finish.

The instrumentation used consisted of a Source Meter Unit (SMU), a thermometer, and a PC.
A software capable of sending commands to the instrument to generate a current pulse and save the
voltage measurement was implemented. The Keithley 2400 SMU [27,28] is the unit that sends the
current impulse and measures the voltage across the Device Under Test (DUT). The advantage of this
instrument is that it allows a simple and compact configuration compared to the use of a separate
Digital Multimeter (DMM) and source, and allows for the 4-terminal measurement configuration.
The fundamental principle of the 4-wire connection is to supply power to the device and perform the
measurement of the Vf through two separate connection lines. Using this configuration, it is possible
to connect the measurement cables directly to the ends of the device to measure voltage, thus avoiding
the influence of resistive drops on the power supply wires. The connection between the SMU and the
DUT consisted of a bed of nails. This is a traditional electronic test fixture made up of 4 spring contacts
(spring-loaded pins), which create the electrical connection between the measuring instrumentation
and the unit. Figure 1 shows the experimental setup used in this study.

Figure 1. Instrumentation used in the experimental protocol. The PC was connected to the Source
Meter Unit (SMU) with General Purpose Interface Bus—Universal Serial Bus (GPIB-USB), the SMU and
bed of nails were linked with a 4-wire connection, and the bed of nails created the electrical connection
with the DUT via 4 spring contacts.

Before subjecting the circuits to TCT, the voltage of each LED was measured at a controlled
temperature (25 ◦C), inside a fixed temperature chamber. In order to monitor the temperature, a Fluke
51 thermometer with a type k thermocouple was used. This first measure was fundamental in the
failure analysis because it represents the reference value.

The Vf was measured by sending a 20 ms current pulse at 10 mA to each LED. The instrument
allowed us to set the integration time of the A/D converter that represents the period of time in which

27



Electronics 2020, 9, 920

the input signal was measured. The integration time affects the usable digits, the amount of reading
noise, and the ultimate reading rate of the instrument. The integration time was divided into three
different speeds: the fastest integration time (fast), which results in increased reading noise and fewer
usable digits, the slowest integration time (high accuracy), which provides the best noise immunity,
and the default setting (normal), which is a compromise between speed and noise. In order to have
both good speed and low noise, normal was used, which resulted in a 20 ms pulse. The current value
was fixed at 10 mA in order to avoid heating the LED, and the consequently variation of Vf.

In total, 1900 thermal cycles were performed and the test, at every 100 cycles, was suspended
to carry out the measurement of Vf [20]. Before measuring, we waited until the circuit temperature
reached 25 ◦C inside the fixed temperature chamber.

The failure criterion was an increase of 2% in the forward voltage. For each 100 cycles, the forward
voltage measured were compared with the reference value measured before the start of the TCT.
A failure was recorded once the following condition was met:

V f (x)− V f (0) > 0.05 (1)

where Vf (x) is the forward voltage measured at each cycle, and the Vf (0) is the reference value.
The threshold value of 0.05 V is determined by calculating the 2% of the reference value, considering
LEDs have an average Vf of 2.57 V.

The MATLAB programming environment was used to control the instrument, and in
data analyzing.

2.2. Thermal Cycling Test

TCT is important because thermo-mechanical stress is one of the main reason for structural
failures, causing the cracking of solder joints between the package and board. LED modules were
exposed to temperature tests between −40 to 120 ◦C [29]. Due to differences in thermo-mechanical
stress under hot and cold conditions, important information can be obtained. TCT is the process of
testing the SJL by subjecting it to temperature conditions in excess of its normal service parameters to
uncover faults in a short amount of time. The TCT was performed in a climatic chamber CST 27/2T
of Angelantoni test technologies s.r.l. visible in Figure 2. It consisted of two chambers and a transfer
carriage, which permits movement of circuits from one chamber to another. Proprietary software
allowed us to start the test, set the specifications, and save the acquisition. Once the software started,
the oven required 10 min to reach the set temperature. After that the test started. As shown in Figure 3,
DUT were kept for 15 min in a cold chamber and 15 min in a hot chamber, the movement occurred
through the transfer carriage with a 5 s transfer time. The test continued by alternating between the
hot and cold chambers for up to 100 cycles.

In each chamber, an offset of 5 ◦C (recommended value of the oven manufacturer) was set, which
guarantees keeping the oven temperature at −40 and 120 ◦C, respectively. This was an important
setting because the movement from one chamber to another involves the variation of the temperature.
It was possible to view the acquisition of the data through the proprietary software during the test.
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(a) (b)

Figure 2. (a) Circuits positioned in the climatic chamber CST 27/2T of Angelantoni test technologies.
(b) A mechanical transfer carriage moves circuits from one chamber to another.

0 10 20 30 40 50 60
Time [min]

-100

-50

0

50

100

150

T
em

p
er

at
u

re
 [

°
C

]

Figure 3. Thermal profile of the Thermal Cycling Test (TCT), which the circuits were subjected to.

2.3. Oscilloscope Test

In order to validate the experimental protocol, current and voltage were measured at the end
of each acquisition to check that they were steady. The instrument used for the measurements is the
Oscilloscope LeCroy waverunner LT322 Series (LeCroy, New York, NY, USA). The test was carried out
by powering each LED at 10 mA in direct current. Typically, the oscilloscope has 2 type of probes: the
voltage probes and the current probes. We connected the voltage probes to the LED and the current
probes to the power cable. The oscilloscope displays electrical signal trends over the time. In order to
obtain a stable signal, the function trigger set to single modality was used, in order to view only one
scan of the signal at a time. The display of the oscilloscope shows in red the trend of the current and in
blue the trend of the voltage. When the LED was powered, both signals increased: the current rises
from 0 mA to 10 mA and the voltage rises from 0 V to 2.57 V. The transient time was 0.08 ms (80 μs).
The delay of SMU between sending the impulse and the voltage measurement response was 1 ms.
This value was bigger than the transitional time, therefore, the signals of current and voltage were in a
steady state when the measurement was acquired.
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2.4. X-ray Analysis

X-ray analysis is widely used in the electronic field to evaluate solder defects. SJL inspection
allows for detecting structural defects of the electronic boards such as missing solder, the presence of
voids, and short circuits. In this study, X-ray analysis was performed to obtain a complete analysis
of the solder joint and to evaluate the presence of cracks. In order to validate the analysis method,
the X-rays of LEDs that have not undergone the TCT were compared with the X-rays of SJL that
reached failure.

2.5. Metallographic Section

The metallography consists in the study of the physical structures of crystals and metal alloys
using a microscope. In this way, it is possible to determine the dimensions and the shape of crystals,
the distribution of the phases, the direction of the slipping lines, the level of purity, and the presence of
contaminations. The metallographic section was divided into six phases:

1. Sample sectioning: the sample was sectioned in order to allow the resin to be incorporated.
Given the LED fragility, this operation was made manually.

2. Sample incorporation: the sample was incorporated into an acrylic resin to allow the smoothing
and grinding phases and to simplify the microscopic observation.

3. Smoothing: this phase consisted of smoothing the sample using diamond grit abrasive paper.
4. Grinding: this phase was performed with diamond abrasive papers.
5. Polish: the samples ground were immersed into a corrosive chemical solution, which highlights

the structures.
6. Microscopic observation: the observation of the sample was carried out with Axioplan

Zeiss microscope.

Metallographic section was used to verify the presence of cracks in the SJL, and to evaluate length
and thickness of the cracks. In order to validate the 2% increase of Vf as a method of estimating cracks
in the SJL, the metallographic section of the unbroken SJL was compared with the metallographic
section of failed SJL.

3. Physics Failure Analysis

3.1. Weibull Analysis

The Weibull distribution is a continuous probability distribution, described by two parameters: the
scale parameter η and the shape parameter β. Weibull analysis is a methodology used for performing
lifetime data analysis. Weibull distribution defines a failure curve, which is normally used in the
industrial environment for all electronic applications.

The Weibull distribution is determined by the following equation:

F(t) = 1 − e[−(t/η)]β (2)

where F(t) is the probability of failure at t number of cycles or hours, β is the shape parameter or
Weibull slope, and η the scale parameter or characteristic Weibull lifetime.

3.2. Norris–Landberg Model

The solder joint fatigue is a low-cycle failure and it originates from the Coffin–Manson model [30].
In fact, almost all lifetime prediction models are derived from Coffin–Manson. The Coffin–Manson
model was used to evaluate the growth of cracks in the solder joint, the mechanical failures, the fatigue
of the material, and the deformation of the material.
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The model is described by the following equation:

N(�εp)
n = C (3)

where N is the number of cycles to failure, �εp is the plastic strain range per cycle, n is an
empirical material constant, and C is a proportionality factor. The number of cycles obtained
with the Coffin–Manson model depends on the plastic deformation, which increases as the cycles
increase. The measurement of this deformation is often difficult to obtain, therefore, other models that
consider temperature variation as a fundamental parameter were developed. The Norris–Landberg
model assumes that the plastic deformation range is proportional to the temperature excursion
range, and introduces two other factors taking into account the cycling frequency and the maximum
temperature of the solder paste. In this way, the Acceleration Factor (AF) can be defined as:

AF =
Nf ield

Ntest
=

( f f ield

ftest

)−m(�Tf ield

�Ttest

)−n
(

e
Ea
K

(
1

Tmax, f ield
− 1

Tmax,test

))
(4)

where field and test indicate the real condition and the test condition, respectively. f is the cycling
frequency expressed by the cycles per day at the field and test condition, m is a cycling frequency
exponent and a typical value is about 0.33. �T is the temperature range during cycles at field and test,
Tmax is the maximum temperature of the joint in field and test condition expressed in Kelvin, n is the
exponent of the temperature range, a typical value is about 1.9. Ea is the activation energy and K is
the Boltzmann constant, Ea

K is 1414 [30]. SJL lifetime represents the period of time during which the
joint guarantees the correct operation. The lifetime can be expressed in different measurement units
depending on the system application. In lighting applications, it is common to express the lifetime
in hours [31]. To simplify the understanding of the data it is advisable to express lifetime in years,
especially in the industrial and commercial environment. The equation below computes the lifetime
starting from Nf ield:

Li f etimeyears =
Nf ield

f f ield
× 1

365
=

AF × Ntest

f f ield
× 1

365
(5)

4. Results

The presence of cracks and the failure of SJL were evaluated considering the 2% increase in Vf
with respect to the reference value. In total, at the end of the 1900 cycles, there are 74 faulty SJLs.

Figure 4 shows the number of SJLs that failed as the thermal cycles increase. The first failure was
at 1400 cycles with one broken SJL. At 1500 cycles one more SJL failed, and at 1600 cycles, another 10
SJLs failed. At 1900 cycles, the amount of broken SJLs increased to 37. In the last cycle, the number of
failure assumed an exponential trend.

Figure 4 was obtained by fitting the data of failed SJLs. The analytical formula, which described
the curve, is presented below:

Nf ailed(x) = 0.00015 × e0.0065x (6)

Coefficients are calculated with 95% confidence bound and the R2 value obtained is 0.94.
In order to evaluate the SJL performance it is necessary to determine the probability of reliability

and the probability of failure. The reliability R(x) indicates the probability that solder joint has a correct
functioning during TCT. The probability of failure determines the probability that solder joint presents
cracks. The reliability and probability of failure are described by Equations (7) and (8):

R(x) =
Ntotal − Nf ailed(x)

Ntotal
(7)

F(x) = 1 − R(x) (8)
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Figure 4. Trend of the failures at each cycle. Markers represent the number of failed determined at
each cycle.

As thermal cycles increase, the percentage of reliability decreases, from 1% to 0.96%. Instead,
the probability of failure F(x) increases when thermal cycles increase. At the end of thermal cycles,
the unreliability increases up to 0.035% . Figure 5 shows the unreliability assessed through the SJLs that
reach the failure during test. This curve is obtained fitting the data of unreliability and the analytical
formula of the curve is represented by:

F(x) = 0.00013 × e3.5x (9)

Coefficients are calculated with 95% confidence bound and the R2 value obtained is 0.99.
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Figure 5. Variation of the probability of failure related to the thermal cycles variation.

As we said in the previous chapter, the Weibull distribution is the most used function in the
electronic environment to represent faults analysis. Figure 6 represents the acquired data using the
Weibull distribution, including Weibull parameters.

32



Electronics 2020, 9, 920

1200 1400 1600 1800 2000 2200 2400
N° cycles

0.005 

0.01  

0.05  

0.1   

0.25  

0.5   

0.75  

0.9   
0.95  
0.99  
0.999 

P
ro

b
ab

ili
ty

Distribution:    Weibull
Log likelihood:  -453.21
Domain:          0 < y < Inf
Mean:            1801.21
Variance:        11995
 
Parameter  Estimate  Std. Err.
Scale          1849.33  11.0167  
Shape          20.3981  2.05728  

Estimated covariance of 
parameter estimates:
              Scale       Shape      
Scale   121.367     6.6
Shape   6.6            4.2

Figure 6. Graphical representation of data using the Weibull distribution. Purple dots represent the
Solder Joints of an LED (SJLs) that reached the failure at every thermal cycle; the red line describes the
distribution curve of the faults.

Results refer to the relationship between real condition and test condition. We have chosen a
frequency cycling of 6 on–off per day on the basis of the data provided by the company according to
the type of LED and the final application of the product. TCT frequency cycling depends on the type
of the accelerated test used. In this case, the frequency cycling is of 48 on–off per day. TCT requires
that devices remain 15 min inside hot chamber and 15 min inside cold chamber. Each cycle ended in
approximately 30 min, therefore, 48 cycles were performed in 24 h corresponding to the number of
daily on–offs. Table 1 shows the results obtained from the TCT.

Table 1. The first column presents the thermal cycles, the second the number of failed SJLs at each cycle,
and the third the total number of failed at each cycle. The fourth column presents the average increase
in Forward Voltage (Vf) and the related standard deviation. Last column reports the SJL lifetime.

N° Cycles SJLs Failed Total SJLs Failed Vf Increase SJL Lifetime (AF = 28.8)

(Samples) (Samples) (Mean ± std) (%) (Years)

100 0 0 0 N/A
200 0 0 0 N/A
300 0 0 0 N/A
400 0 0 0 N/A
500 0 0 0 N/A
600 0 0 0 N/A
700 0 0 0 N/A
800 0 0 0 N/A
900 0 0 0 N/A
1000 0 0 0 N/A
1100 0 0 0 N/A
1200 0 0 0 N/A
1300 0 0 0 N/A
1400 1 1 3.6 ± 0.0 17.1
1500 1 2 3.3 ± 0.6 18.4
1600 10 12 3.6 ± 1.4 19.7
1700 13 25 4.1 ± 1.8 21.1
1800 12 37 4.3 ± 2.1 22.4
1900 37 74 4.5 ± 2.8 23.7
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SJL lifetime represents the estimated number of years in a real installation during which the joint
guarantees the correct operation.

At the ends of TCT, the 4.1% of the SJLs have reached failure still providing a SJL lifetime between
17 and 24 years, the remaining 95.9% of the SJLs present a joint lifetime longer than 24 years.

In order to validate the methodology used to identify cracks, X-ray analysis and metallographic
section were performed. The X-ray analysis permits us to evaluate the presence and the size of voids
inside the solder joint. This type of analysis allows us to visualize the air trapped in the soldering
paste. Voids are observable as they have a different color than the surrounding environment, as we
can see in Figure 7a. This type of visualization also allows us to distinguish the cracks formed inside
the joint [32]. The crack represents a fracture inside the solder paste, which is equivalent to an air
passage, and it is easily distinguishable by X-rays. Cracks cause a malfunction of the SJL as electrical
continuity is compromised. X-ray analysis is a non-destructive method that allows us to detect cracks
which compromise the correct dispersion of heat and cause an increase of Vf. Figure 7a shows the
X-ray analysis of a LED not used in TCT. In this figure, it is possible to notice the presence of voids in
the SJL. It does not lead to malfunction because the percentage of voids is lower than the percentage
defined in the IPC-A-610D standard. Figure 7b, presents the X-ray analysis of a SJL submitted to the
TCT, and that reached the failure. Through analysis of the image, it is possible to identify cracks in the
solder joint.

(a) (b)

Figure 7. (a) X-ray analysis of an LED that has not undergone TCT, red circles underline the voids
present in the joint. (b) X-ray analysis of a failed SJL with voids and cracks pointed out by red circles.

The metallographic section is a complete analysis of the physical structure of all components
in a circuit. This technique is widely used to evaluate the reliability of the solder joint but has the
disadvantage of being a destructive method. In our workn this analysis was used to validate the
results obtained by the voltage measurement method. The analysis was made and analyzed using
the Axioplan Zeiss microscope. The metallographic section shows the solder joint between LED and
PCB. In Figure 8a, a metallographic section of a non-failed SJL is presented. The SJL has no cracks.
It guarantees the correct electrical operation without any increase in forward voltage.

Conversely, in failed SJL, the metallographic section shows cracks formed during TCT [17].
Figure 8b presents an example of a broken SJL. Cracks are along the entire joint.
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(a) (b)

Figure 8. (a) A metallographic section of an unbroken SJL with no cracks. (b) A metallographic section
of a broken SJL with evident transverse cracks.

5. Discussion

The aim of this work was not to characterize the lifetime of the LED but to provide a testing
method usable to furnish significant evaluation in lighting applications. In this paper, a validation of
2% failure criterion proposed by Osram was carried out. Results of our paper check the validity of this
criterion to detect the presence of cracks in the SJL. At 1900 cycles 4.1% of the considered SJL have an
increase of 2% of Vf.

In the analysis of failure, the reliability and the probability of failure were calculated. The analysis
demonstrates that the probability of failure grows exponentially related to the thermal cycles variation.
As can be seen from Table 1, the Vf increase grows at each cycle with the number of thermal cycles.
Results show the correlation between the solder joint fatigue and the number of thermal cycles. The AF
was determined using the Norris–Landberg model by which the SJL lifetime is calculated.

The lifetime variation according to the number of cycles and the number of failed SJLs was
analyzed. The SJL lifetime increases linearly with the number of thermal cycles, as can be deduced
from Equation (5). On the contrary, the trend of the lifetime related to the number of failed SJLs was
approximated with the normal distribution.

6. Conclusions

This paper proposes to validate the criterion of 2% increase in Vf to detect cracks in the SJL.
In order to reduce test and response time, an accelerated test was carried out. TCT was chosen because
it is the most used test in the scientific community. In total, 1900 thermal cycles were performed and
the comparison between Vf and the reference value was calculated. A difference greater than 2%
represents the failure criterion for SJL.

In the experimental protocol, 40 circuits with 1800 LEDs were subjected to the TCT and 4.1% of
the SJLs failed. The probability of failure obtained has an exponential trend. The SJL lifetime was
determined using the Norris–Landberg Model. From obtained results, 95.9% of the considered SJL had
a lifetime greater than 20 years. This method was validated by comparing the results of Vf increase
with the X-ray analysis and the metallographic section. The comparison allows us to conclude that all
the SJLs that showed an increase in Vf actually present cracks.

Obviously, this is not the only parameter to consider in calculating the lifetime of a product, where
the overall duration is given by the component with the shortest lifetime; however, the proposed
parameter represents a validated method that allows companies to estimate the SJL duration in a short
time and to calibrate the guarantees also based on these results.
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Abstract: Condition monitoring (CM) of power semiconductor devices enhances converter reliability
and customer service. Many studies have investigated the semiconductor devices failure modes,
the sensor technologies, and the signal processing techniques to optimize the CM. Furthermore,
the improvement of power devices’ CM thanks to the use of the Internet of Things and artificial
intelligence technologies is rising in smart grids, transportation electrification, and so on. These
technologies will be widespread in the future, where more and more smart techniques and smart
sensors will enable a better estimation of the state of the health (SOH) of the devices. Considering
the increasing use of power converters, CM is essential as the analysis of the data obtained from
multiple sensors enables the prediction of the SOH, which, in turn, enables to properly schedule the
maintenance, i.e., accounting for the trade-off between the maintenance cost and the cost and issues
due to the device failure. From this perspective, this review paper summarizes past developments
and recent advances of the various methods with the aim of describing the current state-of-the-art in
CM research.
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1. Introduction

Nowadays, power electronics is widespread in a huge number of daily applications
that improve services for the collective [1]. Furthermore, power electronics has a key role
in renewable energy systems [2,3], lighting [4,5], electric mobility [6,7], and other systems
that enable sustainable development [8].

A crucial aspect is the reliability and lifetime prediction of the whole power conversion
system. The warrant of the highest robustness level while minimizing the product and
maintenance cost is extremely mandatory. For example, the devices used in avionic
and automotive applications must have a fault rate close to zero that imposes stringent
requirements during the system design. In the same way, wind farms must guarantee
normal operations without interruption, but this is extremely difficult because of the
expensive access to farms for easier maintenance. In this context, many approaches to
forecasting the lifetime of power electronic systems and the single power device have been
intensively studied.

To guarantee a high level of reliability, it is important to comply with several stan-
dards [9–11], and different strategies are usually performed such as the use of the fault-
tolerant topologies with redundant components [12,13], and the advanced reliable design
of power electronic devices using innovative materials [14,15].

Unfortunately, the enhanced system’s robustness does not prevent failure and, indeed,
it is never completely foreseeable. Therefore, a maintenance operation before a failure is
necessary. Considering the costs of maintenance operations, lifetime prediction combined
with condition monitoring approaches [16,17] are very useful tools to choose when a
maintenance operation has to be carried out.
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Some studies have shown that capacitors are fragile with a failure of 30%, whereas
the failure of the PCB and connectors is around 36% [18–20]. The remaining part is related
to the semiconductor and soldering failures in device modules that consist of the most
important area of concern for converter system failures. In this context, countless condition
monitoring (CM) methods for the evaluation of the semiconductor state of health have
been widely explored in the literature.

The target of this work is to provide an overview of various CM methods that have
been used to evaluate the state of the health of power devices. More specifically, the first
part of the proposed review was focused on the impact of the Internet of Things (IoT) and
artificial intelligence (AI) technologies used for CM of power devices, with a chronological
overview of the main CM methods over the last two decades. Then, it a first CM method
based on acoustic emission was presented and used to detect any physical damage in a
power module packaging. It is worth underlining that it enables one to estimate the state
of aging of a power module.

Then, CM methods based on the optical properties of the semiconductor power
devices were presented, including temperature estimation. These methods are usually
based on an optical beam that is reflected or scattered back from the semiconductor lattice.
There is an inherent dependence between the temperature and the energy related to the
photoemission. More specifically, such energy is a function of the junction temperature (JT);
hence, in turn, the energy variation can be used to estimate the temperature of the chip.
After that, a depth-analysis of the several approaches to extract the junction temperature in
the semiconductor devices based on the physical or electrical properties was performed.
The early works using a physical CM method for the JT measurement were done by directly
contacting the chip surface with a thermo-sensitive material such as a point contact system
(such as thermocouples and liquid crystal). On the other hand, electrical methods for
the junction temperature measurement are often the preferred choice for CM of power
devices because the temperature estimation can be carried out through the measurement
of electrical quantities. Among various electrical CM methods, thermal test chips (TTCs)
are directly fabricated on the die surface of the device, and the voltage drop can be used to
estimate the temperature variations. On the other hand, the temperature sensitive electrical
parameters (TSEPs) are based on the measurement of the voltage drop during the converter
operations. Generally, the measurement of the voltage drop can be carried out using some
voltage probes connected to the device terminals.

Although the measurement of the power devices’ junction temperature was widely
treated in many ways, it is still an active relevant topic owing to the current trade-off
between the advantages and limitations of the methods proposed so far. Therefore, all
these methods have been compared in terms of their main aspects such as sensitivity,
linearity, cost, and online monitoring operations.

2. Conditioning Monitoring Methods and Their Future Application

In the literature, the research topic based on CM methods has been gaining interest
as the various maintenance strategies allow to increase the lifetime of the overall power
conversion system. In many applications, it is becoming crucial to monitor the state of the
health (SOH) of power devices to prevent a failure, that is, the possibility for the operators
to obtain a lifetime estimation, thus properly scheduling any maintenance operations.

Figure 1 depicts a timeline of the various CM methods for power devices that have
been widely studied in the literature and used by the industry in the last two decades. The
first use of CM methods for power devices dates back to the 2000s, where the measure
of on-state voltage of the devices was used as a well-known parameter to monitor the
device condition. Later, the measure of the threshold voltage or the gate turn-off voltage
of a device was used to estimate the temperature dependence of the power devices by
measuring a low voltage; then, the acquisition system was developed to be more simple
and less bulky. In the last 5 years, the estimation of the SOH has been carried out using
contactless approach such as the acoustic method or the photodiode approach, where the
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acoustic emission or the light emission, respectively, of a particular device have been taken
into account.

Figure 1. Timeline of the main condition monitoring (CM) methods in the last two decades. IR, infrared; NTC, negative
temperature coefficient.

The thermal stresses such as the increasing of the mean temperature and abrupt tem-
perature fluctuations are the main failure mechanisms. Consequentially, the temperature is
an index of the power device SOH. Other CM methods focus on other quantities. Table 1
summarizes the physical or electrical quantities measured for each CM method and, in
the following subsections, a brief overview is presented. It is worth noting that, among
the various CM methods in the literature, the acoustic one is used to detect the state of the
aging of the power device without any estimation of the working temperature, while all the
other strategies are focused on the estimation of the junction temperature (JT). More specif-
ically, some CM methods perform such estimation by directly measuring the temperature,
such as the infrared (IR) camera, a negative temperature coefficient (NTC) resistor, fiber
optic cable, and photodiodes sensors. Other methods provide an indirect estimation by
mapping electrical quantities in a temperature value, such as the thermo-sensitive electrical
parameters (TSEPs).

Table 1. Measured quantities for the different condition monitoring (CM) methods. IR, infrared; NTC,
negative temperature coefficient; TTC, thermal test chip; TSEP, thermo-sensitive electrical parameter.

Method Measured Quantity

Acoustic Acoustic waves
OPTICAL—Fiber optic Light wavelength

OPTICAL—Photodiode sensor—internal Light intensity
OPTICAL—Photodiode sensor—external Light intensity

OPTICAL—IR camera print Light wavelength
OPTICAL—IR camera Light wavelength

Physical Resistance
TTCs—NTC Resistance

TTCs—Diode Voltage
TSEP—On-state voltage, low current Vce, Vds
TSEP—On-state voltage, high current Device current, Vce, Vds

TSEP—Saturation current Vce–Vds
TSEP—Gate threshold voltage Vge—Vgs
TSEP—Gate turn OFF voltage Vge–Vce, Vgs–Vds, Gate resistance
TSEP—Turn on-off delay time Device current, Vce–Vds

TSEP—Voltage–current change rate di/dt Device current, Vce–Vds
TSEP—Peak gate current Vge–Vgs

According to recent research, the emerging trend of IoT and AI technologies are gain-
ing more and more interest and they are expanding rapidly in the field of CM methods [21].
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AI aims to assist electronic systems with intelligence that is capable of human-like
learning and reasoning. This technology possesses countless advantages and has been
widely applied in numerous industrial and research areas such as maximum power point
tracking (MPPT) control for Photovoltaic (PV) plants, anomaly operation detection for
inverter, and prediction of the SOH of a power converter.

The use of enabling AI technologies allows the power converter systems to be em-
bedded with capabilities of self-awareness and self-adaptability, thus system autonomy
can be enhanced. Similarly, the development of data science, including sensor technology,
IoT, and big data analytics, provides a wide variety of data for power electronic systems
throughout different stages of its life-cycle. Furthermore, AI technology can exploit data to
estimate the system health status with high sensitivity in condition monitoring for aging
detection of power devices. Only in a few works [22–25] has the condition monitoring and
fault detection in power electronics AI-based fault detection been presented.

Figure 2 shows a proof-of-concept of the integration between IA and IoT technologies
for CM of power devices. More specifically, Figure 2a depicts an example of a user (red
box), which consists of a specific power converter and its power devices that have to
be monitored, and an example of a provider of CM services (PS) (yellow block). More
specifically, the devices of a single-user power application are connected with several
sensors that enable the monitoring of the SOH of each device (such as the measurement of
the TJ or the state of aging of a device). Then, the controller system interface (CSI) manages
the sensors and collects all the measured data. The CSI block plays an important role for the
CM of the power system because it is able to provide control signals and it may exchange
data with different users in the IoT framework (see Figure 2b).

The PS (sometimes also the CSI) uses AI technologies that act as “intelligent agents”,
exploiting sensors able at perceiving the environment of the power converter. Indeed,
during some power converter operations, the JT can be dangerously increased over a
threshold maximum value, hence the AI is able to suddenly shut down the power system.
Moreover, the AI-integrated system may enable a power derating in order to avoid any
failure of the converter and, hence, the power devices. On the other hand, AI should
perform more complex tasks, such as detecting any change in the device behavior that
could lead to future malfunctioning; interacting with the CSI “to propose” solutions,
i.e., fault preventing strategies, to current anomalies or potential future ones; and so on.
Regardless of whether AI is located in the PS, in the CSI, or both, a local backup control
system is necessary. The local controller should be simple (without complex hardware
and control strategies) and highly reliable. The local controller should have less stringent
limits than the AI, thus the local controller intervenes only when the system is close to
a dangerous situation. For example, the local converter shuts down the converter when
the JT passes over a preset limit and this situation occurs owing to the lack of a smarter
command (load reduction, switching frequency variation, and so on) from the AI of the
PS because of different causes (e.g., temporary lack of connection, unexpected AI actions
or reasoning).

It is worth noting that the PSs are able to contribute to the decision making in both
offline and real-time analysis using data acquired in the past and saved into a dedicated
database (green silos). From this perspective, all the collected data can be used to enhance
the predictive model of the SOH of the power devices.

Moreover, the PS may interact with enterprises, authorities, public companies, and so
on. For example, real-time use of CM occurs when a PS notices a critical functioning of the
converters of a large PV system. The PS informs the PV owner as well as interacts with the
PV management system to enable them to promptly and properly operate. On the other
hand, the PS also informs the electric network operator (ENO) of the smart grid where the
PV is installed about a potential disconnection of the PV system. This information enables
the ENO to adopt countermeasures that mitigate the impact of such a disconnection. In
turn, the ENO informs sensitive customers, e.g., hospitals, of a potential lack of service or
asks them to turn on a backup system in order to reduce the absorbed power.
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Figure 2. (a) User and provider of CM services (PS). (b) Proof of concept of Internet of Things (IoT) and artificial intelligence
(AI) technologies for CM of power devices.

Furthermore, the measurements of the JT and other parameters of the power devices
can be used by some public institutions such as universities or research centers (blue pale
and red dashed lines) for an off-line analysis of the data to carry out some models of the
SOH of the power devices. Moreover, the PS may be connected to a security organization
(grey dashed lines) that may collect data and it should be able to interrupt an electrical
service in the case of failure.

It is worth underlining that the PSs could provide data to the power device manufac-
turers with the aim to share information related to the state of aging of the power devices.
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The manufacturers can use the data to improve their power devices as well as to obtain
more accurate power device models. Indeed, manufacturers can act as PSs.

3. Acoustic Methods

Acoustic emission has been widely investigated in the literature as a CM quantity
useful in different application fields such as pumps, industrial electrical machines, and so
on. Moreover, in the field of power electronics, acoustic monitoring has been extensively
used to detect any defects or damage in transformers and capacitors [25–27]. Only in
the last decade, a few works have been focused on the acoustic phenomenon such as a
measurement method for monitoring the SOH of the power semiconductor devices [28–33].

Acoustic emission has been used to detect any physical damage in a power module
packaging using an acoustic microscope. Furthermore, from the experimental evidence, it
has been proven that acoustic emissions are related to the switching operations of power
devices. In the case of fast switching operation (tens of nanoseconds), a certain amount
of current is switched, which causes a large di/dt, which involves magnetic interaction
within the module packaging. This means that the magnetic force could be the source
of the acoustic emission, such as the mechanical breaking of the structure inside the
component package. However, the physical phenomena causing the acoustic emission are
not definitively understood.

Thereby, the device under test (DUT) is monitored contactless with an acoustic sensor
that is usually placed in the proximity of the package. It intrinsically eliminates the issues
related to contact directly with the voltage probes.

A correlation between the SOH of the power module and the analysis of its acoustic
emission during the switching process has been analyzed [28–30]. It has been demonstrated
that the acoustic peak in an aged device is smaller in comparison with a new one. However,
in these works, only the acoustic emission of an Insulated Gate Bipolar Transistor (IGBT)
connected into short-circuit has been investigated. Meanwhile, the authors of [32] present
an early experimental setup used to prove that acoustic emission is related to the switching
of power semiconductor components. Furthermore, the authors have proposed an analysis
based on propagation delays to assess the source of the acoustic emission. The authors
in [33] have investigated the acoustic emission as a CM method to measure the fatigue
mechanisms in the power module. More specifically, they have investigated the physical
degradation, observing the aging process of the whole power module by measuring the
frequency spectrum of acoustic emission. The authors in [34] have measured the acoustic
emission during converter operations to estimate the aging of a power semiconductor
module due to power cycling. However, a spectrum analysis has been conducted to process
the acquired data. The experimental results have shown a correlation between acoustic
emission and the drain-source voltage, which is a common indicator of degradation of the
bond wires of the power module.

As for disadvantages, the acoustic method needs an expensive and complex sensing
circuit to correctly decode the acoustic emission. Furthermore, the system has to be shielded
against Electromagnetic interference (EMI) and the superposition of noise contributions.

4. Optical Methods

Temperature variation, especially the sudden increase of the JT, plays a significant role
in terms of power device reliability [34,35]. CM methods performing on-line JT monitoring
raise great interest in terms of planning maintenance operations because the working
conditions of a power converter are extremely unpredictable. From this perspective, the
CM methods based on the optical properties of the semiconductor power devices were
studied in depth because they are useful for temperature estimation. These methods are
usually based on an optical beam that is reflected or scattered back from the semiconductor
lattice. There is an inherent dependence between temperature and the energy related
to the photoemission. More specifically, such energy is a function of the JT, hence, in
turn, the energy variation can be used to estimate the temperature of the chip. It is worth
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remembering that these solutions based on optical quantities have some other drawbacks,
such as the high cost and the impracticality in high-voltage converters.

There are various techniques for thermal mapping based on the use of an IR sensor [36–40],
IR microscope [41], 2D radiometry [41,42], and the laser deflection technique [43–45],
while fiber optic [46–48] and the IR camera [49–54] can both be used to obtain a thermal
mapping or the JT value. In the following, the aforementioned optical techniques are
briefly discussed.

4.1. Infra-Red/Visible Emission

An IR sensor is able to detect changes in the amount of infrared radiation of an object,
which may vary depending on the temperature and surface characteristics of the objects in
front of the sensor. The use of the IR sensors as a CM method for the measurement of the
JT in a power device [36–39] is almost inexpensive as well as not very intrusive. However,
these sensors have a low response time and, furthermore, the IR sensors average out the
junction temperature value of the power device, and hence the accuracy is very low.

On the other hand, the emerging trend of the Wide-bandgap (WBG) power devices,
such as the SiC power MOSFETs, are more and more diffusing devices as they concurrently
enable high switching frequency, high voltage, and high-temperature operations. Therefore,
the study of the electroluminescence proprieties of the SiC material for on-line CM has
started to attract wide interest. For different reasons, the electroluminescence proprieties
have already been studied back in 1907 [55], while, in the last three years, the inadvertent
light emission phenomenon in the intrinsic body diode has drawn attention. While the
body diode is in forward conduction mode, the chip glows a visible blue light [56]. The
light brightness of the SiC body diode strongly depends on both the injected current
magnitude and the JT. Hence, the measurement of light brightness can be used as a novel
CM method for temperature detection, where only a few works have already focused on
this topic [56–58]. The first proof of concept of the SiC light emission in a commercial
power module has already proven the potentiality of this CM method [57]. An inexpensive
passive sensing circuit, such as a silicon photodiode and a resistor, was adopted and the
photodiode output voltage was correlated to the light emission intensity as a function
of the temperature. It is worth noting that the system is small enough such that it can
be easily embedded in the package. Another approach considers a light circuit sensing
using two commercial photodiodes with an active signal conditioning circuit [58]. This
approach has been adopted for JT estimation in a real application such as a pulse-width
modulation (PWM) driven converter. The temperature-dependent changes in the spectrum
of the light emission from the body diode of a SiC module have also been investigated [59].
The method has been proven through static characterization and dynamic double pulse
measurement using two silicon photomultipliers, which can detect the peak intensity and,
consequentially, the temperature dependence. Different from the previous CM methods,
the last one, based on the light intensity of the SiC body diode, enables high-voltage
operations and, even more importantly, the JT can be estimated during on-line operations.

4.2. Optical Fibers

The use of optical fiber as a CM method for the power modules has been discussed in
very few works [46–48]. It is worth underlining that this CM method can be used without
removing the dielectric gel on the power module surface, and the JT can be measured by
placing the fiber optic cable in direct contact with the power chip. On the other hand, the
measure is able to give only a local temperature; further, for almost all fiber optic methods,
the measurement response time is generally high. Furthermore, it requires an external
conditioning circuit unit that may be bulky for a specific application.

As an example, in [49], an optical fiber sensor has been used to measure the die
temperature of an IGBT power module to estimate the thermal impedance (see Figure 3).
The module top lid has been removed because the optical system has to be placed close to
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the die. Printing the die and bond-wires to increase the emissivity of the chip is usually
preferable, but causes a cost increment and severely limits the on-line use of the method.

Figure 3. Example of a power module with optical fiber thermal sensors (Based on [49]).

4.3. IR-Detection Apparatuses

IR-detection apparatuses are not really used as a CM method for power devices,
but are extremely useful in laboratory testing (e.g., under power cycling) [49–53]. More
specifically, the use of an IR camera allows to display the thermal map of the whole surface
of the power module under test, as shown in Figure 4. As expected, the module temperature
is not uniformly distributed; the temperature gradient between the center and the edge of
the module can be greater than 40 ◦C. Usually, an IR camera is used to carry out a spatial
thermal mapping on the device surface, but it is not able to provide an accurate measure of
the device JT. It is worth remembering that some temperature measurement errors can be
done using an IR camera because of the surface degradation of materials and the intrinsic
low emissivity of aluminum. Even in this case, the IR temperature measurements are
usually conducted by varnishing the surface of the DUT with a particular solution that
increases the thermal emissivity on the surface.

4.4. Other Techniques

The IR microscope [40], 2D radiometry [41,42], and the laser deflection technique [43–45]
have also been used as CM methods for power devices. All the aforementioned methods
are able to provide a very precise JT estimation of a semiconductor device, but, on the other
hand, the devices under test are to be driven with a specific testing sequence, not matching
with the real operation in a power converter. They are also very expensive solutions and
are not easily embedded in a real application.

Among the various sensors that use the 2D radiometry and laser deflection technique,
it is worth remembering the InSb photovoltaic detector, which is a high-speed, low-noise
infrared detector that delivers high sensitivity, and with an optical microsensor whose
operating principle is based on detecting the absorption, deflection, and phase shift of an
optical beam.

46



Electronics 2021, 10, 683

 

Figure 4. Thermal map of a SiC power module in the case of a current injection in the body diode.

5. Physical Methods

The early works treating CM methods for the JT measurement have been done by
directly contacting the chip surface with a thermo-sensitive material such as a point
contact system. In this case, direct access to the semiconductor chip is necessary and,
consequentially, the package must be removed.

Various equipment has been used for the physical contact measurement, including
thermocouples, thermistors, scanning thermal probes, and multiple contact or blanket
coatings such as liquid crystals and thermographic phosphors [59–65]. The aforementioned
equipment relies on the transfer of thermal energy from the DUT to the thermal sensors. In
this case, the spatial resolution related to the contact measurements strictly depends on
the size and the thermal capacitance of thermo-sensible materials. The ability to provide
a temperature map utilizing a matrix of sensors and a wide spatial resolution (can reach
less than 100 nm) are the main advantages. In the following, the aforementioned physical
techniques have been briefly discussed.

5.1. Thermocouples

The physical contact methods that rely on the use of thermocouples are not widespread
in practical applications as the chip of the power module must be accessible to the thermal
probe and, from this perspective, the on-line measurements and high voltage operations
are strongly limited. Furthermore, the measurement of the thermal variation of the power
module strictly depends on the time response of the probe, which may be considerably
slower (few seconds) than the variation of the module JT.

Nowadays, only in a few cases [60,61], the JT of an IGBT module has been experimentally
measured during on-line converter operation. More specifically, the temperature has been
determined using several thermocouples physically connected to the chip (see Figure 5). On
the other hand, several works use the measurement of some thermocouples as target values
to prove the accuracy and effectiveness of new on-line junction temperature estimation
models [62–65]. For example, the effectiveness of a model carried out for a three-phase
power module IGBT by considering the transient thermal impedance has been proven
using several thermocouples [63]. An experimental setup and an on-line control system
that includes a microcontroller and a matrix of K-type thermocouples have been built up
to verify a numerical thermal model for IGBT devices [64]. In [65], an electrical-thermal
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model has been carried out in terms of both the transient and steady-state responses. To
validate the model, an array of thermocouple has been installed on the chip surface. A
thermal model based on the Fourier series solution of heat conduction equations has also
been validated using several thermocouples placed on the surface of the silicon die, on
the base plate, and on the heat sink, in order to characterize the transient electrothermal
behavior of an IGBT module [66].

Figure 5. Measurement of the junction temperature (JT) of a device under test (DUT) with a thermo-
couple probe on the die surface (Based on [62]).

5.2. Liquid Crystals

The earliest physical CM methods for the measurement of the JT in a power device
have been obtained by using the scanning thermal probes, as well as multiple contact or
blanket coatings, such as liquid crystals and thermographic phosphors [60].

More specifically, the thermochromic liquid crystals consist of a thermal imaging
tool for mapping surface and spatial temperature distributions. It is worth remembering
that the molecular structure and optical properties of the liquid crystals vary with the
temperature. Hence, the JT measurement of a power device can be done by measuring the
wavelength of the reflected light. These CM methods have a very good spatial resolution,
but on the other hand, they are extremely highly invasive and cannot be used in a real
power converter application owing to the bulky sensing circuits.

6. Electrical Methods

Electrical methods for JT measurement are often the preferred choice for CM of power
devices because the temperature estimation can be carried out through the measurement of
electrical quantities. More specifically, it is worth remembering that the proprieties of the
semiconductor materials are temperature dependent and, hence, the measurement of the
voltage drop or the current that flows into the device can be used as a valid temperature
estimator. Among the various electrical CM methods, thermal test chips (TTCs) are directly
fabricated on the die surface of the device, and the voltage drop can be used to estimate
the temperature variations. On the other hand, the TSEPs are based on the measurement of
the voltage drop (or current) during the converter operations. Generally, the measurement
of the voltage drop can be carried out using some voltage probes that are connected to
the device terminals. The TSEPs are usually the preferred choice for CM because of their
user-friendliness, fast response time to the temperature transients, and good accuracy.
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6.1. Thermal Test Chips

TTCs were originally developed for the thermal characterization of device pack-
ages [67], and since then have also been used in IGBT power modules. TTCs act as thermal
sensors to monitor the JT and they are fabricated on the proximity of the silicon chip.

TTCs can be suitable for on-line temperature measurements. Various types of TTCs
have been realized, such as integrated diodes and resistance temperature detectors
(RTDs) [67–75]. As the forward voltage of the diodes strongly depends on the temperature
variation, the measure of the voltage drop can be used for temperature estimation. It
is worth remembering that the temperature presents an exponential dependence on the
forward voltage. Likewise, RTDs are also used as the temperature-sensitive parameter
because the voltage drop is related to the resistance variations. The variable resistance, Rt,
can be expressed as follows:

Rt = R0(1 + α0ΔT) (1)

where R0 is the value of the resistance at 0 ◦C, α0 is the resistance temperature coefficient
that strictly depends on the material, and ΔT is the temperature variation.

To use TTCs, a modified IGBT power module layout with an accessible on-chip
temperature terminal has been proposed in [68]. A string of diodes on the top of the chip
has been fabricated and the measurement of the JT has been performed by measuring
the forward voltage drop. Instead, in [69] a thin-film RTD placed on the top of the IGBT
chip has been realized to measure the average temperature of the die. A similar solution
where an NTC thermistor has been embedded in the IGBT power module has been also
investigated [70]. Innovative use of a kelvin-emitter resistor, placed directly on the IGBT
die surface, as a junction temperature sensor has been also adopted [71]. It provides only a
local temperature measurement. Meanwhile, in [72], a chain of integrated diodes has been
fabricated on the die surface to investigate the JT variations during a power cycling test.

The widespread nature of SiC power modules in different power electronics applica-
tions has also driven forward the research of innovative control techniques that require
real-time monitoring or estimation of the module’s JT. From this perspective, several
works [72–75] have been focused on the development of electrical models of the devices
in which several NTC thermistors have been integrated on the die surface. The mea-
surement of the temperature variation enables the estimation of aging of a device and,
consequentially, the device model can be continuously updated.

The main drawbacks of the TTCs are the production cost and manufacturing complex-
ity of the embedded sensors. Indeed, such layout modification complexity of the power
module packaging can considerably increase and also requires additional terminals for the
temperature measurements. Furthermore, it is worth remembering that the diodes and
RTDs can be affected by degradations along the lifetime of the device that may affect the
accuracy of the measurement. These issues have limited the spread of TTCs in commercial
power devices.

6.2. Methods Using the Thermo-Sensitive Electrical Parameters (TSEPs)

The CM methods outlined so far require visual or physical access to the chip. To
overcome this limitation, the temperature measurement by thermo-sensitive electrical pa-
rameters (TSEPs) has been used as a valid alternative for the estimation of the JT of a power
device. The key point consists of correlating the temperature of the semiconductor material
with the electrical quantities during the normal operation of the converter. More specifically,
the semiconductor devices have an intrinsic dependence on the temperature related to
different parameters, such as the mobility of the carriers μ(T), intrinsic concentration ni(T),
and the bandgap energy Eg(T). It is worth remembering that the Eg(T) and ni(T) increase
at higher temperatures, while μ(T) has a complex dependence with the temperature that
is related to the doping concentration and traps in the gate oxide and silicon interface.
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Therefore, the temperature dependence on the aforementioned parameters may be written
as follows [76–78]:

Eg(T) = Eg(T0)− α1
T2

T + β1
(2)

ni(T) = Nα2 e
−γ
T (3)

μ(T) = μ0

β2

(
T
T0

)α3

1 + β2

(
T
T0

)α4
(4)

where α1, α2, α3, β1, β2, and γ are empirical coefficients; N is the number per unit volume
of effectively available levels states; and T0 is the room temperature.

Consequentially, the measurement of the electrical quantities measured at the device
terminal can be used as a temperature estimator.

Therefore, TSEPs methods use passive voltage or current probes that measure the
electrical quantities at the device electrodes, without direct access to the chip device, then
the JT is estimated from these measurements. Furthermore, the TSEPs are the preferred
approaches to easily obtain JT measurements on packaged devices with a fast time response
(less than 100 microseconds). On the other hand, the TSEPs methods do not provide a
thermal map of the DUT and, hence, the JT peak is often hard to evaluate [79]. Such an
issue is more severe in multichip devices where the voltage or current measurements only
provide a rough temperature of the whole device, without the possibility to know the
effective temperature distribution among several paralleled chips [80]. In the following
subsection, the main TSEPs methods are briefly discussed.

6.2.1. On-State Voltage Measurement

Among the different TSEPs methods, on-state voltage measurement under low current
injection has been the most used in many industrial and academic applications. In this case,
the TSEP is the voltage drop across the device. The advantage of using this CM method
lies in the easy calibration procedure and the negligible self-heating of the DUT.

This CM method is widely employed when the devices have a PN junction in their
structure. More specifically, bearing in mind a vertical diffusion MOSFET power device,
the temperature variation can be evaluated as the on-resistance Rds,on fluctuations during
the converter operations. For the sake of simplicity, the Rds,on can be approximated as
follows (see Figure 6):

Rds,on ≈ Rch + Rd + Rsub + Rcs + Rcd + Rs + Ra + Rj f et (5)

where Rch is the channel resistance, Rd is the drift region resistance, Rsub is the substrate
resistance, Rcs and Rds are the source and drain contact resistance, Rs is the source resistance,
Rjfet is the JFET resistance, and Ra is the accumulation resistance. Furthermore, the Rch and
Rd can be evaluated as follows [78]:

Rch =
Lch

WchμchCox
(
Vgs − Vth

) (6)

Rd =
Ld

qμdNd Ad
(7)

where Lch and Wch are the channel length and width, respectively; Cox is the gate ca-
pacitance; Ld and Ad are the drift region length and area, respectively; Nd is the doping
concentration of the drift region; and μch and μd are the channel and drift region mobility,
respectively. It is worth noting that Rch decreases at higher temperatures because both
μch and Vth decrease at higher temperatures. On the other hand, Rd acts as a positive
temperature coefficient thermistor owing to the temperature dependence of μd, which
decreases at higher temperatures.
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Figure 6. Power vertical diffused MOSFET structure with its internal resistances.

It is worth underlining that the temperature coefficient of Rds,on may differ for the
power devices from different vendors, which is mainly caused by the different design of
the device. Therefore, notwithstanding an easier calibration procedure, the CM method
must be calibrated when a different device is adopted.

Firstly, the calibration procedure is mandatory, which is used to find the relationship
between the JT and the TSEP. Typically, the calibration step consists of the use of a current
source ICal, in a range from 1 mA to tens of A. It is worth noting that, during the calibration
procedure, the device temperature can usually be fixed by a temperature-controlled heat
sink. Then, the temperature measurement can be carried out during the dissipation stage,
where the TSEP is measured in a typical converter application. In this case, a current source,
Id, feeds the DUT to increase its temperature by means of power dissipations. Therefore,
the voltage drop across the device, under known electrical conditions, is measured as a
function of the temperature.

A simplified schematic of the circuits for the measurement of the voltage under low
current is depicted in Figure 7 for an IGBT (Figure 7a) and a MOSFET (Figure 7b). The
measurement can be carried out for both the on-state and off-state voltage. A voltmeter
is usually connected in parallel to the DUT for the measurement of the voltage drop.
It is worth noting that the current Ical must be at least hundreds of mA to guarantee a
linear relationship between the voltage drop and the temperature [80,81]. In the literature,
many works [80–96] have focused on voltage measurement under low current injection
in power diodes during forward polarization [84–87], in IGBT power modules [90–95], as
well as in power BJTs. Some works [94,95] have focused on the JT estimation in an IGBT
power module whose on-state voltage (i.e., collector-emitter voltage, VCEon) has a negative
temperature coefficient. The main drawback of this method is the high dependence on
the collector current during the measurement of VCE,on. Hence, the load current should be
diverted during the measurement and this momentary interruption limits the use of this
method in real-time applications.
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(a) 

 
(b) 

Figure 7. Electrical circuits for the static measurement of the voltage under a low current: (a) IGBT and (b) MOSFET.

The principle of operation of the CM methods based on the on-state voltage measure-
ment at high current injection is almost similar to that of the low current injection methods.
The measurement of the VCE,on (or Vds,on) voltage drop across the device is used as a TSEP,
as described for the low current injection mode. The main difference with respect to the
previous CM method lies in the calibration procedure. More specifically, a higher current is
used for the calibration procedure and it produces a non-negligible self-heating. From this
perspective, the relation between the voltage drop on the DUT and the temperature also
depends on the value of the injected current.

The experimental setup for the temperature measurement is depicted in Figure 8.
A high current generator feeds the DUT with a pulsed current, IH, and a voltmeter is
connected in parallel to the DUT. It is important to point out that the measurement of the
JT can be obtained during the heating process.

Figure 8. Electrical circuits of a DUT for the static measurement of the voltage under high current.

The TSEPs are usually the MOSFET on-state drain-source voltage [97], the power
diodes forward voltage [91], and the IGBT on-state emitter-collector voltage [91,97]. The
sensitivity of the aforementioned TSEP is strictly related to the on-state current value,
regardless of the specific device. The JT estimation is only practicable for current values
greater than tens of Ampere [98]. Hence, this method appears to be very useful, especially
for on-line JT measurement during the normal converter operation. Several circuit solutions
to measure the VCEon of the power device have been devised [81,90,96–99].

This approach also presents some limitations owing to the voltage swing between the
on-state and off-state of the device. This implies the use of advanced electronic sensing
circuits, thus increasing the complexity of the system. Innovative and compact sensing
circuits to face these issues have been proposed [97,98].

Another issue is the contact resistances of the voltage probes, which cause an undesired
voltage drop that may produce an overestimation of the JT measurement [99]. This issue
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has been partially mitigated with a correction factor based on the layout of the power
module [98,99]. Unfortunately, the introduced correction factor has to be calibrated as the
device aging progresses.

6.2.2. Saturation Current

The measurement of the saturation current, Isat, has also been used as a TSEP [88,93,100,101]
in power modules with IGBTs or MOSFETs. This current can be measured using a current
probe or a voltage probe (by adding a shunt resistor). The electrical quantities measured
provide a JT estimation due to the dependence on the chip temperature of the channel
electron mobility, μch; of the threshold, Vth; and of the PNP transistor current gain β for
the IGBT [101]. It is worth remembering that the current Isat shows a complex temperature
dependence, but under the assumption that all the devices are at the same temperature
and by neglecting the self-heating, the current Isat in a device can be simply approximated
as follows:

Isat =
1
2

μch(T)WchCox

Lch
(VGS − Vth(T))

2 (8)

The measurement setup consists of a voltage source, VGT, connected between the
gate-emitter (or gate-source) terminals of the DUT and a DC source voltage, VD, connected
between the drain-source or collector-emitter terminals of the DUT. Figure 9 shows the
setup of an IGBT device. The voltage value of VGT is usually higher than the threshold
voltage Vth of the device and a pulsed current is injected into the DUT by controlling
the switch T1. The saturation current can be measured through the voltage drop on the
Rshunt. The setup demonstrates that the thermal characterization of the device cannot be
performed during the on-line converter operation.

 
Figure 9. Electrical circuits for the measurement of the saturation current in an IGBT device.

The first procedure is the calibration step, where the DUT is usually placed in a
controlled hot plate that overheats the device and, hence, the Isat is measured at varying
plate temperatures. Then, the measurement procedure (see Figure 9) consists of performing
a non-destructive short-circuit to produce a significant channel temperature variation over
a short period of time. From this perspective, the measurement variation of the current Isat
can be associated with a specific temperature value. Moreover, the temperature calibration
may not be performed without power losses that influence the device self-heating [100–102].
Furthermore, it has been demonstrated that JT measurement is more accurate only for
high temperatures.

6.2.3. Gate Threshold Voltage

The threshold voltage Vth is defined as the voltage to be applied to the gate-source
terminals to have a given current, which is the minimum current that must flow into the
device channel to assume the device is turned on. Instead, from the standpoint of power

53



Electronics 2021, 10, 683

electronic devices, Vth is defined as the level of gate bias needed to observe a transition
from weak inversion to strong inversion. For a MOS transistor structure, the Vth can be
approximated as follows [103]:

Vth ≈ 2ϕF(T)− QSS
CO

+ ϕms(T) +

√
2εqNA

CO

√
2ϕF(T) (9)

where ϕF is the Fermi potential, QSS is the extrinsic change due to surface states, CO is the
gate oxide capacitance, ϕms is the metal-semiconductor work function difference, ε is the
oxide dielectric constant, q is the elementary charge unit, and NA is the body doping.

By referring to (9), it can be demonstrated that the voltage VTH decreases with the
increasing temperature [103], and it is a TSEP useful for temperature monitoring of MOS-
FETs [90,103] and IGBTs [93,94,104,105]. A potential measurement setup for the calibration
procedure and the measurement of the Vth as TSEP in the case of an IGBT device is depicted
in Figure 10.

 

Figure 10. Circuit for the calibration step of the threshold voltage method.

The gate and drain (collector) terminals are short-circuited and a current source, Ical,
feeds the DUT, while a voltmeter measures the Vth. It is worth noting that the calibration
step is based on the low current injection method and, thereby, the self-heating is negligible.

Some works [93,94] have focused on the temperature dependence of the Vth measured
by varying the collector-emitter voltage and the current collector value for an IGBT device.
The Ical value has to be higher than 5 mA to have a correct calibration step for high
temperatures and high sensitivity [93,94]. Other works [104,105] have focused on the
temperature measurements after the power dissipation of the device. More specifically, a
current source with two different current levels, one for dissipation (high current injection)
and the other for JT measurement (low current injection), has been proposed. This CM
method is not suitable for on-line condition monitoring [106,107].

6.2.4. Gate-Source or Gate-Emitter Voltage Turn ON-OFF

The gate-emitter (source) voltage, Vge (or Vgs), is used as a TSEP during the turn-on
and turn-off of the switch [108,109]. The high sensitivity and the linear dependence of Vge
(or Vgs) with the temperature are the strengths of this method. Similarly to the threshold
voltage method, the Vge (or Vgs) TSEP method cannot be used for on-line JT estimation
in a power converter application, because the gate and collector (drain) terminal has to
be shorted. The experimental setup of the gate-source or gate-emitter voltage as the CM
method is very similar to that of the threshold voltage (see Figure 10). In this case, the
current injected into the DUT is higher than the current used in the threshold voltage
method and, consequentially, the self-heating is not negligible.

Figure 11 depicts the simulation of the gate-emitter voltage Vge of an IGBT during
the turn-off while varying the device temperature. It is worth noting that the following
analysis can be done by considering the turn-on of a device. The Miller plateau becomes
wider as the temperature increases. In other terms, the time shift Δt in the figure is strictly
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related to the temperature of the chip and can be detected using a time counter that triggers
from the first falling edge to the second one after the Miller plateau.

 

Figure 11. Simulated Vge waveform during the turn off of an IGBT by varying the temperature working operations (figure
based on [110]).

The Miller plateau width td can be approximated as follows [109]:

td =
RGint(T)·Crss(T)·(VDD − VON)(

Iload(T)
gm(T) + Vth(T)

) (10)

where RGint is the internal gate resistance, Crss is the Miller capacitance, VDD is the DC-link
voltage, VON is the on-state voltage, Iload is the load current, and gm is the transconductance.
Equation (10) shows that td is directly proportional to Crss and RGint. It is worth noting
that the impact of temperature variation on VON and VDD is negligible, while the tempera-
ture variations of the terms (Iload/gm) and VTH partly neutralize each other. The internal
gate resistance depends on the temperature as the electron mobility decreases at higher
temperatures. Therefore, td increases at higher temperatures owing to the temperature
dependence of Crss and RGint. Therefore, the time interval td of the Miller plateau in the Vge
(or Vgs) voltage can be used as a TSEP to estimate the JT of IGBTs (or MOSFETs).

The authors in [109] have proved the temperature independence of the collector-
emitter voltage. Instead, the calibration step measurement has been improved in [53],
where an auxiliary sensing circuit has been added to the gate driver to reduce undesirable
oscillations during the turn off of the device. Meanwhile, in [110], the linear dependence of
td with respect to the temperature of the chip has been demonstrated, and a parametric
analysis by varying the JT, Iload, and DC-link voltage has been performed.

6.2.5. Turn On-Off Delay Time

The switching behavior of the power devices has been also adopted as a CM
method [110–116]. In this case, the TSEPs are the voltage and current waveforms during
the turn-on and turn-off of the DUT. This method is quite similar to the Vge (or Vgs) TSEP
method, but the JT monitoring can be performed on-line during the converter operations.
More specifically, the delay, ΔD, at turn-on, between the collector current ic and the gate-
emitter voltage Vge for an IGBT device (see Figure 11), is used as a TSEP [110–112], as well
as the delay between the drain current id and the gate-source voltage Vgs for a MOSFET
device. Bearing in mind the IGBT devices, the turn-on delay is of great interest because ΔD
increases linearly with the temperature [113], it only depends on the dc-link voltage, and it
is not influenced by the value of ic. More specifically, during the switching on time interval
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ton, the gate current charges the gate-emitter capacitance CGE that is connected in series
with the gate resistance RGint.

Therefore, the zero state waveform of the vge(t) can be written as follows [109]:

vge(t) = VG·
(

1 − e
t
τ

)
τ ≈ RGint (T)·CGE(T) tON ≈ τ(T)· ln

(
1 − Vth(T)

VG

)
(11)

where VG is the driver gate-emitter voltage.
The dependence on the temperature of the turn-on delay ΔD can be analyzed by

combining both (9) and (11). Vth decreases as the temperature increases and the value of
the time constant τ depends on the temperature variations too. It is worth underlining that
the gate charge (the intrinsic gate capacitances) has a weak dependence on temperature,
while the internal gate-resistance RGint has a stronger dependence on temperature owing
to the channel mobility μ, which decreases at higher temperatures.

Figure 12 depicts the simulation of an ideal IGBT device during the turn-on at varying
working operation temperatures (40 ◦C, 70 ◦C, and 100 ◦C). The shift on the right of the
waveforms is strictly related to the aforementioned temperature dependence. The previous
method is also valid for MOSFETs.

Figure 12. Simplified ic–Vge turn ON waveforms of an IGBT at different temperature working operations.

An advanced sensing circuit (voltage probes, Field Programmable Gate Array (FPGA),
Analog to Digital Converter (ADC)) that records the transient evolutions of both Vge and ic
waveforms has been proposed in [112]. The delay is calculated as the time interval between
the time instant the rising edge of the Vge is detected, and the rising edge of the current ic
(Figure 12). This method allows a sensitivity close to 2 ns/◦C. Moreover, because a gate
resistor with a large resistance improves the accuracy of the temperature measurements
during the switching behavior of the converter, but worsens the efficiency, a variable gate
resistor has been proposed to set a higher value exclusively when the JT is measured [113].

Similarly, the turn-off delay can also be used as a TSEP, reaching a sensitivity level
close to the one obtained with the turn-on delay method [114]. Other works have proposed
an alternative sensing circuit for the JT estimation during the turn OFF [115]. However, the
turn-off delay method does not attract interest because it is not linear at high-temperature
operations, and the time delay depends greatly on both the ic current and the DC link
voltage [115,116].

In general, the turn-on and turn-off TSEPs methods require high bandwidth sensors
and an advanced sampling circuit for temperature measurement, which considerably
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increase the cost of the overall system. Furthermore, these methods usually require an
external circuit to trigger a counter for the estimation of the turn-on and turn-off delay time.

6.2.6. Current and Voltage Change Rate

In the last decade, the research has moved from the study of the electrical quan-
tities (such as the voltage and current waveforms) to their derivative functions, which
are observed during the device commutation, called dynamic thermo-sensitive electrical
parameter (DTSEP) methods. More specifically, the collector-emitter voltage change rate
(dvce/dt) and the collector current change rate (dic/dt) have been used as temperature
estimators [117–121]. The temperature dependence of both dvce/dt and dic/dt has been
explored theoretically as well as confirmed experimentally [119–121].

As an example, the dVce/dt in an IGBT device can be approximated as follows [121]:

dvce

dt
≈ 1

τgc(T)

⎛
⎝VGE,ON − VGE,OFF

1 +
(

CO
gm(T)τgc(T)

)
⎞
⎠ τgc ≈ RGint (T)·CGC(T) (12)

where CO is the charge extraction capacitance and VGE,ON and VGE,OFF are the on-off gate
driver voltages, respectively.

It is worth noting that the term dVce/dt depends on the physical parameters of the
IGBT device and the temperature dependence is not easy to obtain. More specifically,
the JT affects the dVce/dt through the MOS channel parameters such as the Lch, Wch,
emitter recombination parameter, channel mobility, and so on. A detailed discussion of
all the temperature parameter dependencies is given in [121]. The dependence of many
parameters influencing the derivative quantities on the temperature strongly limits the use
of this CM method for on-line JT measurement in practical power converter applications.
A wide investigation of the IGBT maximum dvce/dt for the JT estimation has revealed the
severe limits owing to the influence of the control method, the DC link voltage, and the
load current [121]. Likewise, the maximum dic/dt during turn-off as a TSEP has been also
investigated in [122]. Even in this case, the measurement of the current change rate has
been performed using an additional circuit able to capture the current and voltage transient
dynamics, which require both high bandwidth sensors and the use of voltage probes and
Rogowski coil probes. Furthermore, this sensing circuit should be designed to avoid any
disturbance, and it has to be insensitive to the temperature variation of the system.

In the recent generations of IGBT and SiC high power modules, the Kelvin emitter
pin has been introduced. Such an additional pin involves in the package an integrated
inherent parasitic inductance LeE between the Kelvin pin and power emitters pin [122–124],
as shown in Figure 13. The transient collector current characteristic during the turn OFF
process has been introduced as a potential DTSEP, called the maximum collector current
falling rate −dIC/dtmax [125]: the collector current IC flows in the inductance LeE and the
resulting voltage drop enables an easier investigation of the JT measurement.

Moreover, in [122], both the static and dynamic behaviors of the stored carriers in
the IGBT collector current during the falling rate have been analyzed. Furthermore, the
influences of the physical parameters of the device on the temperature sensitivity of
−dIC/dtmax have been fully investigated. However, several drawbacks of these methods
are related to the strong dependence of the applied voltage and the gate resistance, and the
thermal characterization can only be done off-line.
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Figure 13. IGBT module equivalent circuit.

6.2.7. Peak Gate Current

An innovative method for JT measurement in IGBTs and MOSFETs, based on the
temperature dependence of the internal gate resistance, has been studied in the last years.
Firstly, the measure of RGint in a power module has already been investigated using a
standard RLC meter [126], where a common approach is to consider the equivalent series
resistance (ESR) of both the gate-emitter and gate-collector capacitance (see Figure 14a).
Another method to estimate the RGint variation has been related to the measurement of the
gate charge during the turn-on of the DUT [127]. Therefore, the peak gate current during
the turn-on switching behavior has been assumed as a valid TSEP.

 
(a) 

 
(b) 

Figure 14. Gate driver RLC network. (a) Peak detector schematic to detect peak voltage over the external gate resistor (b).

JT measurement via the peak gate current can be studied during the standard charging
cycles of the gate terminal. Considering an IGBT device, the turn-on process starts when
the gate driver output voltage changes from a negative value to a positive one. Therefore,
the gate current can be computed as the step response of a second-order RLC circuit [128]
(see Figure 14a). The parasitic inductance LG can be neglected and the peak current can be
estimated by simply using the Ohm’s law, provided that the RLC circuit is overdamped. It is
worth noting that the external gate resistance RGext does not have a significant temperature
dependence. Therefore, the temperature variation of RGint can be carried out by the
measurement of the peak current variation. In other words, the maximum value of the gate
current provides a suitable strategy for the measurement of the chip JT. The measurement
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circuit is shown in Figure 14b. The peak voltage on the external gate resistor during turn-on
is measured with a peak detector circuit (a differential amplifier and a peak detector). Then,
the acquired data are processed by an analog to digital converter to the microcontroller.
This measurement circuit can be integrated into the gate driver, and the JT monitoring can
be operated during the on-line operation of the converter. This method does not require
calibration steps and, more importantly, the voltage peak has a linear relationship with
the temperature.

Only a few works have focused on the peak gate current as a TSEPs method. More
specifically, the sensing circuit depicted in Figure 14b has been proposed in [129–131],
where the JT has been esteemed in an IGBT power module. The authors have asserted
that the proposed method has better accuracy for JT measurement compared with other
TSEP methods in the literature. However, this method requires additional complex trigger
circuits for the measurement of JT, which may introduce additional disturbance into the
system. It is worth remembering that the aging of the power module may affect the internal
gate resistances. Hence, a correction factor should be introduced for calibration with the
aging of the device.

7. Comparison of the CM Methods

Table 2 summarizes all the CM methods discussed previously. A comparison between
the advantages and disadvantages of each approach is outlined.

Among the aforementioned optical CM methods, the use of fiber optic shows the
highest accuracy and sensitivity. On the other hand, the device package has to be removed
to carry out the temperature measurement. The optical methods based on the photodiode
sensors and the use of the IR camera are able to operate contactless, without the lift-off of
the device package. It is worth underlying that all the optical methods can be used during
the on-line converter operations.

The acoustic method has been studied as a CM method for power devices in recent
years. The strength of the proposed solution is owing to the ability to estimate the state of
aging a power module and prevent any mechanics fatigue. It is worth remembering that it
may be used during the on-line converter operations. In the literature, only a few papers
have been focused on this CM method. Thus, the technology is not yet well mature to be
widespread in commercial solutions.

It is worth highlighting that the physical and TTCs–NTC methods can be adopted
for on-line JT measurements in a real power converter application. Furthermore, both
CM methods show a strong linear dependence with the voltage and the temperature.
As a drawback, method is almost obsolete and requires a device package modification.
Meanwhile, the use of method needs a layout modification and it is strongly aging sensitive,
hence the measurement setup has to be frequently calibrated. Moreover, the method based
on the TTCs diode requires device layout modifications and shows poor linearity owing to
a nonlinear dependence between the voltage drop of the diode and the temperature.

Finally, TSEPs methods have been widely used as CM methods for the estimation of
the JT of the power devices, where the key point consists of correlating the temperature of
the semiconductor material with the electrical quantities during the switching operation of
the power device. More specifically, the TSEPs CM methods such as the on-state voltage
under high current injection, the gate turn–off voltage, the turn on-off delay time, and the
peak gate current enable the estimation of the JT during the on-line converter operations.
Furthermore, the aforementioned CM methods exhibit high linearity between the voltage
measurement and the temperature of the device.

On the other hand, the on-state voltage under high-level current injection, the gate
threshold voltage, the saturation current, the gate turn-off voltage, and the voltage-current
change rate require to switch off the power converter for the JT estimation. On the other
hand, the aforementioned CM methods highlight the highest accuracy among the various
TSEPs in the literature.
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Table 2. Summary of different CM methods.

Method Advantages Disadvantages

OPTICAL—Fiber optic [46–48] On-line measurements
High sensitivity and accuracy

Package modification
High cost

OPTICAL—Photodiode sensor—internal On-line measurements
Contactless

Technology not mature
Package modification

OPTICAL—Photodiode sensor—external [56–58] On-line measurements
Contactless Package modification

OPTICAL—IR camera [48–53] Spatial resolution
Contactless

Package modification
Poor response time

Poor accuracy

OPTICAL—IR camera print [49] Spatial resolution
Contactless

Poor response time
Poor accuracy

Acoustic [28–33] On-line measurements
Contactless

Technology not mature
Noise sensitive

Physical [59–65] On-line measurements
High linearity and sensitivity

Package modification
Poor response time

TTCs—NTC [67,69,70,72,75] On-line measurements
High linearity

Layout modification
Aging sensitive

TTCs—Diode [68,71] On-line measurements
High sensitivity

Layout modification
Poor linearity

TSEP—On-state voltage, low current [80–95] High sensitivity, linearity
Easy calibration

High-cost sensing
Off-line measurements

TSEP—Gate threshold voltage [89,93,94,103–105] High sensitivity and linearity Off-line measurements
Unplug DUT

TSEP—On-state voltage, high current [96–99] On-line measurements
High linearity

High-cost sensing
Aging sensitive

TSEP—Saturation current [87,93,100,101] High sensitivity Off-line measurements
Poor linearity

TSEP—Gate turn OFF voltage [108,109] High linearity Off-line measurements
High-cost sensing

TSEP—Turn on-off delay time [110–116] On-line measurements
High linearity

Aging sensitive
High-cost sensing

TSEP—Peak gate current [129,130] On-line measurements
High linearity

Aging sensitive
High-cost sensing

TSEP—Voltage-current change rate [117–121] High sensitivity and linearity Off-line measurements
Gate resistance dependence

8. Conclusions

In this work, the main CM methods used to estimate the SOH of the semiconductor
power devices were discussed and compared. The analysis has highlighted that the method
based on the TSEP on-state voltage, measured under low currents injection, is the best one
both for silicon and WBG power devices. Indeed, this CM method can involve a significant
reduction of the experimental time duration of the calibration steps in comparison with
other solutions. Furthermore, the experimental setup does not impact the device under
test, i.e., the measurement does not degrade the electrical connections, the metallization,
and the wire bonding. On the other hand, this method is not able to measure the junction
temperature during the on-line converter operations. From this perspective, the TSEP
methods based on the threshold voltage can be used during the on-line converter operations
with comparable sensitivity and accuracy of the junction temperature estimation.
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Finally, from the analysis of the literature arose the lack of studies of CM intrusiveness.
Many CM methods have been presented so far, but only in a few cases do they discuss
the intrusiveness of the proposed method, and very rarely do these works compare the
intrusiveness of the proposed CM method with others. CM methods requiring the removal
of the device package for temperature monitoring are intrusive for the device and this
intrusiveness could make these CM methods impracticable in dusty or moist environments
or in applications where atmospheric agents could damage the device. CM methods
that need to shut down the converter are very intrusive for the converter operations and
cannot be used in any application where the converter cannot shut down. Finally, a CM
method adopting tools for the measurement, conditioning, elaboration, and so on is more
of an encumbrance on the conversion system. This intrusiveness impedes their use in
applications requiring high power density or, more in general, where the weight and
encumbrance of the conversion system must be minimized. Therefore, accurate studies
focusing on the CM intrusiveness, which also provide some figure of merits based on the
previous aspects as well as the specific application, are strongly recommended.
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Abstract: The reliability of photovoltaic (PV) generators is strongly affected by the performance
of Direct Current/Alternating Current (DC/AC) converters, being the major source of PV under-
performance. However, generally, their reliability is not investigated at component level: thus,
the present work presents a reliability analysis and the repair activity for the components of full
bridge DC/AC converters. In the first part of the paper, a reliability analysis using failure rates from
literature is carried out for 132 inverters (AC rated power of 350 kW each) with global AC power of
46 MW in a large scale grid-connected PV plant. Then, in the second part of the work, results from
literature are compared with data obtained by analyzing industrial maintenance reports in the years
2015–2017. In conclusion, the yearly energy losses involved in the downtime are quantified, as well
as their availability.

Keywords: photovoltaic systems; DC/AC converter; reliability; maintenance; power system faults; availability

1. Introduction

In the last decade, energy generation using renewable energy sources (RES) has rapidly
grown, also at local level in nearly zero-energy buildings [1,2], to fulfil an increasing amount
of electricity demand and, thus, their self-sufficiency. Among RES, solar photovoltaic (PV)
is the most important technology because it is clean, inexhaustible, worldwide distributed,
and has low installation costs [3]. Moreover, PV technology does not include rotating
machinery or components likely to fail easily [4]. Indeed, compared to other RES plants, e.g.,
wind turbines, PV systems are more reliable, requiring lower operation and maintenance
costs [5]. The coupling between PV generators and Direct Current/Alternating Current
(DC/AC) converters can be investigated using proper energy models. As well known,
it is recommended to remain within the voltage range of the maximum power point
(MPP) tracker. According to the max/min temperature variations during the lifetime of
the system, the range of DC voltage at the MPP can be predicted using advanced PV
models, like the single diode model [6]. Moreover, the reliability of PV systems is strongly
affected by the DC/AC converters. In fact, the inverters have very high performance
(with DC/AC conversion efficiencies higher than 98%, easily simulated by models for
energy balances between RES generation and load [7]), but they are the most subject to
failures [8,9]. The failure of a single inverter in a PV plant, actually, may determine a
significant loss of power production [10].

In this context, a reliability analysis (RA) is fundamental for operators in order to
identify the components most likely to fail. In fact, a correct RA permits to schedule in
advance the preventive and corrective maintenance, reducing the energy losses and, thus,
optimizing the generation of the PV plant. However, the RA commonly presented in
literature analyzes the converters at system level, not investigating the performance of
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their components. In this context, in [11], a model is proposed to evaluate the reliability
of a PV system, whose subsystems are the PV modules and the Insulated Gate Bipolar
Transistors (IGBTs). The paper [12] performs a reliability analysis of seven grid-connected
PV plants with rated power from 100 kW to 2.5 MW: the components of the inverters are
not investigated. The article [13] proposes an approach based on reliability block diagrams
to evaluate PV system reliability for several inverter configurations. The RA performed
in these works cannot identify the converters’ components most likely to fail. Only in a
few papers [14,15] their performance is partially investigated. In particular, the article [14]
proposes a reliability model to analyze several inverter designs. In this context, the paper
groups the devices in subcomponents: however, these subsystems correspond to the
main failure modes of the converters rather than to their physical components. On the
contrary, in [15], a reliability analysis of converters is performed at component level.
However, the analyses presented in [14,15] are performed using data from literature:
mainly, failure rates from the standards MIL-HDBK-217F [16]. Generally, these values
are average quantities from large experimental datasets, which may be outdated or not
representative for the case studies under analysis.

This paper performs a reliability analysis and the repair activity of full bridge DC/AC
converters at component level. In particular, a fault tree analysis (FTA) is carried out to
identify the most critical components of the converters using data from literature. Moreover,
a second reliability analysis is performed using data from industrial maintenance reports.
The results of the two analyses are compared in order to investigate the agreement of the
model from literature with respect to the reports. The analysis is divided in two parts:
in the first part of the work, a reliability analysis using failure rates from literature is
carried out for 132 inverters (AC rated power = 350 kW each) with total AC power of
46 MW. In the second part of the paper, industrial maintenance reports of the converters
in the years 2015–2017 are analyzed. These reports collect the main data regarding the
maintenance operations performed for each converter: the start/end date of maintenance
activities, their duration and typology (corrective, preventive maintenance, or monitoring),
the involved components and a short description of the operation. Starting from these
data, the number of failures corresponding to each subcomponent of the inverters and their
average repair time are estimated. Finally, the energy losses consequent to the absence of
availability are calculated for the components of the converters.

The paper is organized as follows. Section 2 presents the models performing the relia-
bility analysis using data from literature. In Section 3, the main components of full bridge
DC/AC converters and the assumed failure rates are presented. Section 4 presents the
converters under analysis and the fault tree used to describe their performance. Section 5
presents the results of the reliability analysis and the repair activity, along with the en-
ergy losses and the availability of the inverters under study. Finally, Section 6 contains
the conclusions.

2. Reliability and Availability Models Applied to PV Plants

The reliability analysis is a method quantifying the probability of success of an object
(component, subsystem or system), i.e., its ability to carry out its functions for a time period
Δt under specific environmental and operational conditions [17]. However, this analysis
requires the knowledge of some parameters, which are shortly described below.

The failure rate λ represents the probability that an object fails in the time unit [18].
Thus, it provides quantitative information regarding the failure frequency of a device,
which is expressed in number of failures per time unit [19]. Moreover, the failure rate is
not constant with time because it varies according to the life stage of the component [20].
Generally, the life cycle of a device is divided into three periods: the burn-in, the useful life
and the wear-out. A typical profile of the failure rate as a function of time, named “bathtub
curve”, is presented in Figure 1 [21]. In the first stage, the failure is high and rapidly
decreasing: after their manufacturing, a component is subject to validation tests but unde-
sirable failure, named “early failures”, may occur due to manufacturing defects or design
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issues, not detected in the test phase. If early failures do not occur, the component operates
in its useful life period: in this stage, its failure probability reaches the minimum value,
and random failures may occur only. In this stage, the failure rate may be assumed constant.
In the wear-out period, the probability of failure rapidly increases due to degradation and
usage [22]. In the present work, components are assumed to work in their useful life with a
constant failure rate. Under this assumption, the exponential model used to estimate the
reliability function R at any time t is the following:

R(t) = e−λt (1)

Time

Fa
ilu

re
 ra

te

Burn-in Useful Life Wear-out

Figure 1. Bathtub curve of a generic component during time.

According to this model, the reliability function is unitary at the beginning of the
component life, i.e., R(t = 0) = 1.

The mean time to failure (MTTF) is a parameter provided for not repairable compo-
nents, i.e., devices that are not repaired after their failure because their total replacement
is more cost-effective and requires less time with respect to their repair. In particular,
the MTTF is the expected time before a component fails. On the contrary, in case of re-
pairable components, their repair is preferred to their complete replacement. For these
devices, the mean time between failure (MTBF) quantifies the expected time between
two consecutive failures.

These parameters permit to compare the reliability of systems consisting of different
components. During their useful life, if repairable components fail with the same failure
mode, they can be assumed to recover their total functionality after being repaired (reliabil-
ity function equal to 1): in this condition, their MTBF can be assumed equivalent to their
MTTF. The MTTF can be estimated with the following equation:

MTTF =
∫ ∞

0
R(t)dt =

∫ ∞

0
e−λtdt (2)

Under the assumption of components operating in their useful life, the MTTF can be
assumed equivalent to 1/λ. The information provided by the MTTF permits to schedule the
preventive maintenance of components in order to minimize their risk of failure and, thus,
to improve their reliability. In case of a complex system with many identical components,
the reliability for each group of identical components Ri can be calculated starting from the
reliability of a single device in the following way:

Ri(t) = e−mi ·λi ·t (3)

where mi is the number of identical devices for each type of component and λi is the
corresponding failure rate of a single device.

In case of failures, the mean time to repair (MTTR) and the mean down time (MDT)
provide information regarding the rapidity of maintenance operations. In particular,
the MTTR is the average time required to restore a component to its full functionality,
while the MDT is the average time between a failure of a device and its restoration to
normal operation [23]. Thus, in addition to MTTR, MDT includes delays due to failure
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detection, diagnosis, logistic, or administrative issues [24]. Figure 2 shows the difference
between the MTTR and the MDT. Under correct maintenance activities, these quantities can
be assumed equivalent. In order to minimize the repair time, the availability of replacement
components in stock may be increased, while effective actions reducing the MDT may
consist of scheduling a frequent check of devices with the highest failure rate.

MDT

MTTR

Repair Time

Testing
Return to
Normal

Operation

DiagnosisFailure 
Notification

Failure 
occurs

Repair
starts

Resume of 
Operation

Figure 2. Mean down time and mean time to repair of a generic component.

The availability function A represents the percentage of operation time in which the
component is fully functional, i.e., the component is able to carry out its function under
request. The availability of a component ranges between 0% and 100%, being the ratio
between its uptime and its lifetime. In particular, the second term is the total operation time
of the component, while the numerator does not include the down time due to maintenance
and other sources of underperformance. The availability can be calculated starting from
the MTTF and the MDT in the following way [25]:

A =
MTTF

MTTF + MDT
(4)

This equation is valid if the operation time of the system is at least 4 or 5 times larger
than its MDT. In this paper, the MDT and the MTTR are supposed equivalent.

3. Description of the Main Components of Full Bridge DC/AC Converters and Their
Failure Rates

In the present work, the performance of three-phase full bridge DC/AC converters
(voltage source inverters, VSI) is investigated [26]. They consist of the following compo-
nents (in descending order of importance):

• Insulated gate bipolar transistors (IGBTs) are semiconductor switching devices with
three terminals (a gate, a collector and an emitter) [27]. IGBTs permit the unidirectional
current flow from the collector to the emitter (power terminals) if the voltage applied
between the gate and the emitter (signal terminals to send the command) is larger
than a threshold value. These devices are used for fast switching with high efficiency
(switching frequency up to 50 kHz [28]) in applications like converters and power sup-
plies. In power electronic applications, they are required to work with high currents
and high voltages: in such conditions, IGBTs are preferred to bipolar junction transis-
tors (BJTs) and metal-oxide-semiconductor field-effect transistors (MOSFETs). Indeed,
high-current and high-voltage BJTs have low switching speed, while the switching
frequency of MOSFETs is higher, but high-voltage and high-current MOSFETs are
expensive and hard to achieve. The failure rate of IGBTs is assumed ≈0.9 × 10−6

failures per hour [20].
• Diodes, usually incorporated in the transistors as bulk components, are two-terminal

semiconductor devices that permit a unidirectional flow of current [29]. In particular,
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they have very low resistance (obviously not constant) in the conduction direction,
while their resistance is high in the other direction, in which the current cannot flow.
In converter circuits, diodes are antiparallel-connected to IGBTs, in order to permit
the flow of reactive power when the load is inductive. The failure rate of diodes is
assumed ≈0.8 × 10−6 failures per hour [20].

• The gate driver circuit connects the power transistors with the microcontroller, regu-
lating the switching frequency of IGBTs. Usually, the commands to the H-bridge are
generated according to pulse width modulation (PWM). Its failure rate is assumed
≈1.36 × 10−6 failures per hour [15].

• Snubbers are electric circuits used to limit the voltage transients and, thus, to avoid
voltage spikes. They mainly consist of capacitors, resistors and diodes, and their
failure rate is ≈1 × 10−9 failures per hour [20].

• DC capacitors are two-terminal components capable of storing energy between
two conducting plates, separated by a dielectric layer. In converters’ circuits, they are
connected in parallel to DC source in order to stabilize and smooth their DC input
voltage. This task may be achieved by connecting large electrolytic capacitors [30];
however, large capacitors increase the volume of the system and reduce its reliability.
Thus, an optimal compromise between low volume of the converters and high filtering
of DC voltage needs to be identified. The failure rate of DC capacitors is assumed
≈3 × 10−6 failures per hour [20].

• The DC breaker protects the converters from overcurrent phenomena. If an overload
or a short circuit occur, this device interrupts the circuit, preventing possible damages
to the electrical circuits. Its failure rate is assumed ≈3.3 × 10−6 failures per hour [15].

• An inductor generates an electromagnetic field when current flows through it. Gen-
erally, in power converters, an AC inductor is coupled with an AC capacitor: in this
condition, they constitute a L-C filter, reducing the harmonic content of output voltage
and limiting the high frequency fluctuation of current waveform. The failure rates of
AC inductors and AC capacitors are assumed ≈3.8 × 10−8 failures per hour [20] and
≈8.7 × 10−7 failures per hour [15], respectively.

• Current and voltage (I-V) sensors permit to measure and store the instantaneous cur-
rent and voltage. Their failure rates are, respectively, ≈5 × 10−7 and ≈5.6 × 10−7 fail-
ures per hour [20].

• The cooling circuit consists of fans that absorb heat when the operating temperature
of the system exceeds the nominal value. The failure rate of the cooling fans is
≈1 × 10−6 failures per hour [20].

Figure 3 shows the components of DC/AC converters and the related power fluxes.

Figure 3. Main components and corresponding power fluxes of Direct Current/Alternating Current (DC/AC) converters.
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4. Description of the Case Study under Analysis

The fault tree analysis (FTA) is a diagrammatic method commonly used to improve
the reliability of a system by reducing its risk of failure. This technique selects the top
event of the analysis, i.e., the undesired event to avoid during operation [31]. Then,
the possible combinations between the failures determining the top event are identified [32].
The top event of the FTA may consist of the failure or the breakage of a component: in the
present work, the top event is the loss of output power on the AC side of the converters.
Under this assumption, the system under analysis is the group of inverters (132) in the PV
plant. In particular, the fault tree has a single level including the failures for the different
components, i.e., the fault of any converter component determines the top event (Figure 4).

Figure 4. Fault tree for the components of the DC/AC converters under analysis.

In this analysis, each failure is assumed independent of the others and the events are
supposed not mutually exclusive, i.e., the failure of a component cannot exclude other
faults. The failures are elementary events: the fault of a component does not cause another
component to fail. This work does not take into account faults due to design/installation
errors: each device is supposed to be properly designed and installed. Furthermore, this pa-
per does not consider losses of PV production due to electrical mismatch, which lowers
the performance of the plant and generates harmonic distortion phenomena [33]. Finally,
the components of the converters are assumed repairable: in such condition, the MTTF
coincides with the MTBF [34].

In the first part of this work, the reliability for the subcomponents of full bridge
DC/AC converters is evaluated. In particular, 132 inverters with a total AC rated power
of 46 MW in Northern Italy were analyzed using their technical datasheets and failure
rates from literature. The designer of this PV system decided to undersize the converters
with respect to their own PV generators (rated power = 48 MW). The ratio between the
DC rated power (peak power at standard test conditions) of the PV modules and the total
AC nominal power of the converters is 104%. This ratio can affect the reliability of the
system. In the second part of the paper, the reliability of the components is calculated using
maintenance reports and monitoring data in the years 2015–2017. Finally, the energy losses
involved in the downtime and the availability are estimated for each group of components.

The converters belong to centralized configuration [35], having a rated power of
350 kW each, and they are placed in concrete cabins. The list of their specifications is
presented in Table 1, and the number of components is reported for a single converter in
Table 2. In particular, the number of some components (DC capacitors, diodes, snubbers,
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DC and AC inductors, and I-V sensors) is unknown. According to maintenance reports,
they are assumed to be operating for an average time of 11 h per day.

Table 1. Specifications of the converters.

DC 1 power 360 kW
DC 1 voltage 450–830 V

Maximum DC 1 current 856 A
AC 2 power 350 kW
AC 2 voltage 502 V
AC 2 current 697 A

Efficiency 98%
Total harmonic distortion of current waveform <3%

1 Direct Current (DC); 2 Alternating Current (AC).

Table 2. Number of components for a single converter.

AC capacitors 5
AC inductors Unknown
Cooling fans 7
DC breakers 1

DC capacitors Unknown
Diodes Unknown

Gate drivers 1
I-V 1 sensors Unknown

IGBTs 2 6
Snubbers Unknown

1 Current-Voltage (I-V); 2 Insulated Gate Bipolar Transistors (IGBTs).

5. Results

In this section, the results of the reliability analysis and the repair activity, as well as
the energy losses and the availability are presented. As previously written, the number of
some components (DC capacitors, diodes, snubbers, DC and AC inductors, and I-V sensors)
is unknown, but the maintenance reports did not detect any failure related to these devices.
Moreover, according to data from literature, they are expected to work without failures for a
much longer period than the years under analysis. Among these components, according to
literature, electrolytic capacitors have the lowest MTTF: however, in this case, this quantity
may assume values in a wide range, up to ≈15,000 h [36]. Therefore, DC capacitors may
work without failing for more than 3 years (as stated in the maintenance reports).

5.1. Results Using Data from Literature

Figure 5 presents the results of the reliability analysis using data from literature: the
MTTF refers to the global number of identical components in the PV plant. In particular,
the IGBTs have the highest MTTF (≈1400 h), while the components with the worst perfor-
mance are the gate driver circuits (MTTF ≈ 310 h). Obviously, the MTTF of the DC/AC
converter (≈140 h) is lower than the single MTTF of the components, because the inverter
fails if any of its components fail.

In Figure 6, the profiles of the reliability function are presented.
After 1 year, the IGBTs, the cooling fans, the DC breakers, and the AC capacitors have

a non-null reliability, i.e., their probability of being healthy after 1 year is not zero. Indeed,
their reliability ranges between ≈1% (DC breakers and AC capacitors) and ≈6% (IGBTs).
On the contrary, the reliability of the gate drivers is zero after a couple of months, i.e.,
they are very likely to require maintenance actions after that period. The reliability of the
converters is zero after about 1 month.
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Figure 5. Mean Time To Failure (MTTF) of the DC/AC converter components evaluated using data
from literature.
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Figure 6. Reliability function of the DC/AC converter components using data from literature (first year of operation).

5.2. Results Using Experimental Data from Industrial Maintenance Reports

In this section, the results of the reliability analysis using data from industrial mainte-
nance reports are presented. Table 3 quantifies the failures of the components according
to the reports: the MTTF of each group of components is obtained as the ratio between
the total operation time and the corresponding number of failures recorded. In Figure 7,
the MTTFs using data from maintenance reports (red bars) are compared with the results
of previous subsection (yellow bars). Regarding AC capacitors, IGBTs and DC breakers,
results from literature overestimate the MTTF, i.e., these components fail more frequently
than expected, having real MTTF equal to ≈265, ≈415, and ≈485 h, respectively. On the
contrary, the gate drivers and the cooling fans perform better than expected (MTTF ≈670
and ≈865 h, respectively); as expected, the inverter has the lowest MTTF (≈80 h).
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Table 3. Number of failures per year of the components for the 132 inverters in the PhotoVoltaic (PV) plant.

AC
Capacitors

IGBTs DC Breakers Gate Drivers
Cooling

Fans

2015 9 9 7 5 4
2016 16 9 3 7 6
2017 21 11 15 6 4

2015–2017 46 29 25 18 14
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Data from literature
Data from maintenance reports

Figure 7. MTTF obtained using data from literature (yellow) and from maintenance reports (red).

The deviations between the results using failure rates from literature and data from
maintenance reports may be very high, up to several thousand hours. However, the failure
rates from literature are average values taken from experimental datasets at international
level. Obviously, these data may refer to very different PV plants from the system under
analysis. In such condition, high deviations around the mean value may occur, and it is
preferred to compare the results using another parameter rather than the MTTF. This new
quantity can be evaluated for the components and the DC/AC converters as well, being the
ratio between two terms. The numerator consists of the MTTF deviations (in terms of hours)
between values from literature and from maintenance reports, while the denominator is the
number of operation hours. In the present paper, this parameter is reasonably low (≈8%)
for the components with the lowest MTTF from the reports (IGBTs): thus, the agreement
of the model used to estimate the reliability of the system starting from literature data
with the reports is confirmed. For the other groups of components, this parameter is much
lower, being ≈0.6% for the cooling fans and ≈0.5% for the converters.

The MTTR of each component group is evaluated from maintenance reports as the
ratio between the total repair time and the number of maintenance activities for each
group. The components requiring the lowest time to be repaired are the cooling fans (≈2 h)
and the DC breakers (≈3 h). On the contrary, the highest MTTR is related to the IGBTs
(≈95 h), which is more than four times higher than the other components (the highest
value is ≈19 h for gate drivers). For this reason, the maintenance operations regarding
IGBTs were analyzed in detail, and many delays in the supply of spare components, up to
40 days, were identified. This issue occurred mainly in the first 2 years of the analysis (2015
and 2016), determining a MTTR of 175 and 90 h, respectively. On the contrary, in 2017,
these problems were solved, and the IGBTs were repaired without delays in a much lower
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average time (MTTR≈16 h). Therefore, the data of the years 2015–2016 regarding the repair
of IGBTs were excluded from this analysis; the MTTR values are reported in Figure 8.
The MTTR of the DC/AC converters amounts to ≈9 h.

0 20 40 60 80 100

IGBTs

Gate Drivers

AC Capacitors

DC Breakers

Cooling Fans

MTTR (h)

2017

Years 2015 2017

Figure 8. Mean Time To Repair (MTTR) of the groups of components.

The energy losses involved in the downtime durations confirm this behavior. In par-
ticular, they were estimated starting from the information provided in the reports (the AC
energy generated by the single inverters in time intervals of 15 min). In case of failures,
the associated energy losses, for each faulty DC/AC converter, were estimated as the
difference between the energy produced by another converter in normal operation and the
energy generated by the faulty device in the reports. The converters of the 48 MW system
are identical, and the connected PV generators have the same orientation and inclination,
without shadowing phenomena. Therefore, in case of faults, the first quantity was assumed
as the average energy generated by the other inverters, working properly. The total energy
losses in the years 2015–2017 are ≈−0.2%.

However, huge differences occur in the 3 years: in fact, the energy losses in 2015
(≈−0.3%) and 2016 (≈−0.2%) are more than four times higher than the corresponding
quantity in 2017 (≈−0.06%). This is due to the delayed maintenance that occurred in 2015
and 2016 regarding IGBTs. Finally, the availability ranges between ≈96% (IGBTs) and 100%
(cooling fans), determining a converter availability of ≈90% (Table 4).

Table 4. Availability for the components of the DC/AC converters.

Components Availability

AC capacitors 97.6%
Gate drivers 97.2%
DC breakers 99.3%

IGBTs 96.3%
Cooling fans 99.8%
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6. Conclusions

The present work performed a reliability analysis and the repair activity for the
components of 132 full bridge inverters with rated power of 350 kW each. Moreover,
a second reliability analysis was performed using data from industrial maintenance reports.
The results of the two analyses were compared in order to investigate the agreement of the
model from literature with respect to the reports. In the first part of the work, reliability
results were obtained using failure rates from literature, while in the second part, industrial
maintenance reports were analyzed to evaluate the MTTF and the MTTR for the global
number of components in the PV plant. According to the reports, the components with
the highest MTTF (≈865 h) are the cooling fans, while the AC capacitors have the worst
performance (MTTF≈265 h). The MTTF of the IGBTs is ≈415 h, and the overall MTTF of
DC/AC converters is ≈80 h.

According to the results using failure rates from literature, the components with the
worst performance are the gate drivers (MTTF≈310 h). However, the industrial reports
show that these components perform better than expected (MTTF≈670 h). As a conse-
quence, operators may schedule a less restrictive maintenance on gate drivers. On the
contrary, designers should invest mainly on improving the reliability of other components.
Actually, according to the reports, the MTTF of AC capacitors, IGBTs and DC breakers
is less than 40% of the corresponding MTTF estimated using data from literature. Thus,
improving the reliability of these components is crucial to increase the reliability and
availability of the entire converter.

In addition, the reliability of the converters may be affected by the ratio between
the DC and AC rated powers of the PV system. This ratio is, generally, higher than
100% [37] for PV plants actually in operation in order to maximize their power generation
at low/intermediate irradiance. In this case, converters may work more frequently close to
their rated power: however, this condition increases the thermal stress of their components,
which may become more subject to failures. In this work, the ratio between the rated
power of PV generators and the AC nominal powers of the 132 converters is ≈104%. Thus,
the converters are slightly undersized with respect to PV generators, but to improve the
reliability of the system, it may be advisable to equalize the two parameters, especially in
sunny and windy sites (as in the Mediterranean area). Nevertheless, values lower than
100% are favorable for the reliability but increase the installation costs.

Regarding the MTTR, the highest value is for the IGBTs, while the cooling fans have
the best performance, being repaired within an average time of 2 h. However, the MTTR of
IGBTs is more than four times higher than the other components: thus, the maintenance
performance of IGBTs was further investigated by analyzing the reports in detail. Indeed,
many delays in the supply of spare parts for these components (up to 40 days) are identified
for the first 2 years of the analysis (2015 and 2016). These issues are not detected in 2017:
the IGBTs are repaired within an average time of 16 h. Thus, the data of the years 2015–2016
regarding the repair of IGBTs were excluded from this analysis, and the MTTR of the
DC/AC converters is ≈9h. The energy losses due to the absence of operation during the
downtime confirm this behavior, being more than four times higher in 2015 (≈−0.3%) and
in 2016 (≈−0.2%) with respect to 2017 (≈−0.06%). Finally, the availability for the different
groups of components is higher than 97%, with an overall value of 90% for the inverters.

Author Contributions: Conceptualization, F.S.; methodology, F.S., G.C., G.M.; writing—original draft
preparation, A.A., G.C., G.M.; writing—review and editing, F.S., A.A., G.C., A.C., G.M.; visualization,
F.S., A.A., G.C., A.C., G.M.; supervision, F.S.. All authors have read and agreed to the published
version of the manuscript.

Funding: This research received no external funding.

Data Availability Statement: Data are not available on a publicly accessible repository and they
cannot be shared under request.

Conflicts of Interest: The authors declare no conflict of interest.

77



Electronics 2021, 10, 564

References

1. Spertino, F.; Fichera, S.; Ciocia, A.; Malgaroli, G.; Di Leo, P.; Ratclif, A. Toward the complete self-sufficiency of an NZEBS
microgrid by photovoltaic generators and heat pumps: Methods and applications. IEEE Trans. Ind. Appl. 2019, 55, 7028–7040.
[CrossRef]

2. Di Leo, P.; Spertino, F.; Fichera, S.; Malgaroli, G.; Ratclif, A. Improvement of self-sufficiency for an innovative nearly zero energy
building by photovoltaic generators. In Proceedings of the 2019 IEEE Milan PowerTech, Milan, Italy, 23–27 June 2019; pp. 1–6.
[CrossRef]

3. Ciocia, A.; Di Leo, P.; Fichera, S.; Giordano, F.; Malgaroli, G.; Spertino, F. A novel procedure to adjust the equivalent circuit
parameters of photovoltaic modules under shading. In Proceedings of the 2020 International Symposium on Power Electronics,
Electrical Drives, Automation and Motion (SPEEDAM), Sorrento, Italy, 24–26 June 2020; pp. 711–715. [CrossRef]

4. Spertino, F.; Chiodo, E.; Ciocia, A.; Malgaroli, G.; Ratclif, A. Maintenance Activity, Reliability Analysis and Related Energy Losses
in Five Operating Photovoltaic Plants. In Proceedings of the 2019 IEEE International Conference on Environment and Electrical
Engineering and 2019 IEEE Industrial and Commercial Power Systems Europe (EEEIC/I&CPS Europe), Genova, Italy, 11–14 June
2019; pp. 1–6. [CrossRef]

5. Spertino, F.; Chiodo, E.; Ciocia, A.; Malgaroli, G.; Ratclif, A. Maintenance Activity, Reliability, Availability, and Related Energy
Losses in Ten Operating Photovoltaic Systems up to 1.8 MW. IEEE Trans. Ind. Appl. 2021, 57, 83–93. [CrossRef]

6. Humada, A.M.; Darweesh, S.Y.; Mohammed, K.G.; Kamil, M.; Mohammed, S.F.; Kasim, N.K.; Tahseen, T.A.; Awad, O.I.;
Mekhilef, S. Modeling of PV system and parameter extraction based on experimental data: Review and investigation. Sol. Energy
2020, 199, 742–760. [CrossRef]

7. Spertino, F.; Ahmad, J.; Chicco, G.; Ciocia, A.; Di Leo, P. Matching between electric generation and load: Hybrid PV-wind system
and tertiary-sector users. In Proceedings of the 2015 50th International Universities Power Engineering Conference (UPEC),
Stoke on Trent, UK, 1–4 September 2015; pp. 1–6. [CrossRef]

8. El-Metwally, M.; EL-Shimy, M.; Elshahed, M.; Sayed, A. Detailed Analyses of the Failure and Repair Rates of Wind and Solar- PV
Systems for RAM Assessment. In Proceedings of the 11th International Conference on Electrical Engineering (ICEENG), Cairo,
Egypt, 3–5 April 2018; Volume 11, pp. 1–16. [CrossRef]

9. Yang, Y.; Wang, H.; Sangwongwanich, A.; Blaabjerg, F. 45-Design for Reliability of Power Electronic Systems. In Power Electronics
Handbook; Elsevier Science & Technology: Amsterdam, The Netherlands, 2018; pp. 1423–1440.

10. Koutroulis, E.; Blaabjerg, F. Design optimization of transformerless grid-connected PV inverters including reliability. IEEE Trans.
Power Electron. 2013, 28, 325–335. [CrossRef]

11. Umarani, D.; Seyezhai, R. Investigation of Reliability Aspects of Photovoltaic Quasi Z-Source Inverter. In Proceedings of the 2018
IEEE International Conference on Power Electronics, Drives and Energy Systems (PEDES), Chennai, India, 18–21 December 2018;
pp. 1–5. [CrossRef]

12. Ahadi, A.; Ghadimi, N.; Mirabbasi, D. Reliability assessment for components of large scale photovoltaic systems. J. Power Sources
2014, 264, 211–219. [CrossRef]

13. Shi, X.; Bazzi, A.M. Solar photovoltaic power electronic systems: Design for reliability approach. In Proceedings of the 2015 17th
European Conference on Power Electronics and Applications (EPE’15 ECCE-Europe), Geneva, Switzerland, 8–10 September 2015;
pp. 1–8. [CrossRef]
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Abstract: This paper aims at refining an experimentally based reliability model for the insulation
of power components subjected to the randomly varying harmonics generated by power electronic
converters. Compared to previous papers of the same authors and to the existing literature, here the
model is re-formulated from the theoretical viewpoint focusing on the foremost role played by low
percentiles of time to failure—in particular by the 1st percentile—selected as the rated life in the
framework of modern probabilistic design of components. This is not only more correct from the
viewpoint of component design, but also on the safe side as for the reliability of devices. Moreover,
the application of the model is broadened to treat the whole sequence of odd voltage harmonics from
the 5th to the 25th, i.e., those taken as the most significant in power systems according to international
standards. The limits to voltage distortion set in Standard EN50160 are the reference for establishing
parametrically a series of typical distorted voltage waveshape analyzed in the applicative part,
which account for the possible phase-shift angles between voltage harmonics. The effect of current
harmonics is also considered, from both the theoretical and applicative viewpoint. As a last, but not
least novelty, the reliability model is used here for life and reliability estimates not only of Medium
Voltage (MV)/Low Voltage (LV) capacitors and cables—already studied in the previous stages of this
investigation—but also of induction motors and transformers in the presence of harmonics from
power converters.

Keywords: current harmonics; voltage harmonics; power electronic converters; reliability;
cables; capacitors

1. Introduction

The worldwide diffusion of electric transportation systems and of smart grid technologies
call for better performance of power electronic converters and components. However, in turn
power electronic devices are well known to act as distorting loads, which inject voltage and current
harmonics into the alternating current (AC) grid. These harmonics may hamper the reliability of
power components—such as cables, capacitors, transformers, electrical motors—connected to the
grid, because of the potential increase of thermal and electrical stress associated with current and
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voltage harmonics. Such a situation raises the reliability challenges to power components in electric
transportation systems and smart grid installations. For this reason, in the last three decades some
international standards have set distortion limits. IEEE 519 in 1993 [1] established limits to voltage
and current harmonics, but later on IEC 61000-2-2 [2], IEC 61000-2-4 [3], EN 50160 [4] set limits to
voltage distortion only, by fixing the maximum values of low-order voltage harmonics in LV/MV grids
in unperturbed conditions.

Forecasting the reliability of the components in the presence of current and voltage harmonics is
not an easy task. Traditional approaches rely on accelerated life testing (ALT) and on historical failure
databases, but the fast technological development-leading to highly reliable devices-and the difficulty
of performing sound testing campaigns under harmonic distortion make these data hardly available.
The estimation of reliability in distorted conditions is made more difficult by the random nature of
harmonic distortion brought about by power electronic devices. This requires proper statistical models
and methods capable of correlating the electric and thermal stress, associated with voltage and current
harmonics, to life and the reliability of components.

To overcome all these difficulties, a probabilistic electro-thermal life model—that can also be
referred to as “electro-thermal reliability model” [5]—has been developed and proved to be capable
of forecasting the life and reliability of components subjected to randomly time-varying harmonics
generated by power electronic converters [6–9]. This model is based on a broad and innovative
experimental campaign of testing insulating specimens (flat samples, mini-cables, twisted pairs)
for power components (cables, capacitors, transformers, rotating machines) subjected to a big deal
of combinations of voltage harmonics, as shown in [10–13]. Other tests of this kind are described
e.g., in [14–18], but with particular emphasis on water tree growth in cross-linked polyethylene (XLPE)
insulation for power cables in a wet environment. However, results of aging tests of insulation
under distorted voltage are rare in the literature, due to the experimental difficulties in arranging test
set-ups for aging of insulation in the presence of distorted voltage. For this reason, attention in the
literature of reliability models under harmonic distortion is mainly concentrated on the thermal effect
of current harmonics [19–23] although applications relevant to the electrical aging can also be found
e.g., in [24–30].

Following the streamline of this investigation over the years, in the very first application of this
electro-thermal reliability model for insulation under harmonic distortion the level of distortion was
either set parametrically [6] or derived experimentally for a particular case [7]. Then, the model
was used to estimate the reliability of MV/LV components affected by voltage harmonics matching
exactly the limits established in [4] (which are numerically the same as those in [2,3]); the study was
broadened from the 11th, 13th voltage harmonics treated in [8], to the combination of the 5th, 7th,
11th, 13th treated in [9], showing that—notwithstanding the compliance with [4]—the reliability of
components decreased significantly with respect to rated sinusoidal conditions.

Here, as the ultimate stage of the investigation specifically conceived for this Special Issue,
the reliability model is refined and better formulated from the theoretical viewpoint. Furthermore,
its application is significantly broadened in this paper, since here many new case studies are examined
and two more power system components (induction motors and transformers) are treated in addition
to those (cables and capacitors) already studied in the previous stages of this investigation. The main
novelties in this paper compared to previous papers devoted to the same topic [8,9] are as follows.

From the theoretical viewpoint, in our previous papers and in the existing literature the theory
of life and reliability estimation of the insulation of components in distorted conditions relied on
the 63.2th percentile of failure time and on the mean time to failure (MTTF). Here, in the theoretical
treatment the 63.2th percentile is replaced with design life, LD, given at design failure probability,
PD. As a consequence, the theory is focused on a conservatively-low percentile of times to failure
(in particular on the 1st, see below): this is both more correct from the viewpoint of modern probabilistic
design of power components and on the safe side as for power component reliability [5]. Furthermore,
the whole theory is formalized more extensively and carefully, with a more detailed treatment of the
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effect of current harmonics and of a possible increase of thermal and electric stress associated with the
sinusoidal components of voltage and current.

From the applicative viewpoint, a first novelty compared to previous papers is the treatment
of both the 5th, 7th, 11th, 13th voltage harmonics already studied in [9], and of the 17th, 19th, 23rd,
25th, tackled here for the first time. Such harmonics are characteristic of 6-pulse—some of them of
12-pulse—alternating/direct current (AC/DC) converters; they play a major role, since are not only the
highest in the spectra of voltage and current harmonics typically measured at the bus-bars of MV/LV
grids [31,32], but also those for which Standards IEC 61000 and EN50160 set limits [2–4].

Another applicative novelty is that in our previous papers and in the existing literature the
calculations were concentrated on the MTTF (design life itself was given as the design value of the
MTTF) and only a spot estimation of reliability was carried out at a service time equal to design
life [8,9]; moreover, the amplitudes of voltage harmonics were selected so as to match the limits in [4]
exactly, only. Here, on the contrary—consistently with what is said above—the calculation is focused
on the 100× PDth percentile of times to failure, and for failure probability a conservatively-low value
PD = 0.01 = 1% is chosen to be on the safe side as for power component reliability. One more novelty is
that, pragmatically, design life LD of power components is the typical service life of power systems
affected by harmonics where the components are located. In addition, as for reliability estimation,
reliability is evaluated throughout the service life of power components. Regarding the selected
amplitude of voltage harmonics, beside the case where the amplitudes of voltage harmonics match the
limits after EN 50160 exactly, two more cases are considered where voltage harmonics are 25% above
and 25% below the limits in [4], so as to illustrate respectively the problems that may arise if these
limits are overcome and the problems which may still remain even if these limits are matched with an
apparently-broad safety margin—e.g., resorting to passive and/or active filters [31].

As a last, but not least applicative novelty-as hinted at above—two more components of power
systems, i.e., induction motors and MV/LV transformers, are studied here in the presence of harmonics
from power electronic converters in addition to cables and capacitors, already studied in the previous
stages of this investigation.

On the whole, it is worth emphasizing that the calculations in this paper are completely new
compared with those in previous ones [8,9], that have intentionally been cited here to allow a direct
comparison. As highlighted hereafter at Section 3 in comprehensive tables for the cable and the
capacitor, as well as for the motor and the transformer, such a comparison shows that all results
and figures in this paper—although being intentionally homologous to those in previous papers for
enabling a straightforward comparison—are not only different as for the values obtained and the
curves plotted, but also on the safe side with respect to those in [8,9]. This highlights the need for the
more accurate analysis performed for the first time in this paper vs. the simpler one carried out in
previous papers. This overall comparison is also opportune in a Special Issue paper, which can take
the chance for reviewing and completing previous investigations so as to outline the state of the art
and the ultimate achievements in this field.

Last but not least, an aspect to mention as a closure of this Introduction is that—as hinted at
above—similar models were also used focusing on the effect of either current harmonics on thermal
aging as in [33,34], or voltage harmonics on electrical aging as in [35,36], with results which agree
with those found in this investigation. However, the full application to electrical and thermal aging of
insulation in under current and voltage harmonics has been carried out only in the streamline of the
development and refinement of the electro-thermal reliability model used here, which finds in this
paper its conclusive application.

2. Theoretical Background of Insulation Aging in the Presence of Voltage and Current Harmonics

The weakest part of a power system component is mostly its insulation [37]. In the presence of
the harmonic distortion generated by a power electronic device, a reduction of insulation life at a given
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failure probability—or, conversely, of insulation reliability at a given service time—may be observed
vs. rated sinusoidal life and/or reliability due to a possible rise of [6,7]:

1. temperature, which involves an increase of the thermal stress. Indeed, current harmonics in the
conducting parts and voltage harmonics in the dielectrics may warm up the insulation. In the
following, only the increase of temperature due to harmonic currents is considered, while the
warming-up effect of voltage harmonics is neglected. Indeed, the main applications here are
conceived for MV and LV systems (see Section 3), where dielectric losses are negligible;

2. electric stress, associated with the non-sinusoidal voltage waveshape.

Let us now treat cases 1 and 2 separately (Sections 2.1 and 2.2), then combine them (Section 2.3)
and later on recast them into a probabilistic time-varying framework (Sections 2.4 and 2.5).

2.1. The Role Played by Current Harmonics

Treating case 1 of Section 2 first, let us assume that a power electronic device generates M current
harmonics (of root mean square (rms) value Ih, h = 1, . . . , M), and that such current harmonics lead to
a non-negligible increase (current harmonics superimposed to fundamental current can only increase
the losses in conducting parts, thus the temperature of the component. Of course, such an increase
might be negligible, i.e., non-measurable.) ΔTarm of the temperature (herein, all temperatures T
are meant in K, while the corresponding temperatures in degrees Celsius are indicated as θ) of the
insulation of a nearby power component. Let us further hypothesize that the temperature of the
insulation of the affected component increases from the nominal–design–sinusoidal temperature TS to
a “non-sinusoidal” temperature TNS equal to:

TNS = Ts + ΔTarm (1)

Then, the following thermal life model can be used for the estimation of the time to failure of the
insulation of the power component in the presence of the M current harmonics generated by the power
electronic device and affecting the component [6–9]:

LNS,I = LSexp(−BΔT′harm) (2)

where:

• LNS,I = insulation time-to-failure (life) in the presence of non-sinusoidal current INS, thus of
non-sinusoidal temperature TNS;

• LS = life at nominal–design–sinusoidal current (of rms value IS) and voltage (of rms value VS),
thus in the presence of design values of temperature TS and electric field ES (a trivial geometrical
proportionality factor relates design electric field ES to design voltage VS, as well as non-sinusoidal
electric field ENS to non-sinusoidal voltage VNS (see Section 2.2.));

• B = ΔW/kB is the well-known parameter typical of the Arrhenius thermal life model, being ΔW the
activation energy of the main thermal degradation reaction and kB the Boltzmann constant [38,39];

• ΔT′harm = a quantity depending on ΔTarm and equal to (see Equation (1)):

ΔT′harm =
1

TS
− 1

TNS
=

1
TS
− 1
(TS + ΔTarm)

(3)

From (3) it is readily seen that the greater the increase ΔTarm—if any—of the temperature of the
insulation, the shorter is life in the presence of current harmonics.

Of course, the use of model (2) requires that the relationship between the M current harmonics
and the relevant variation ΔTarm of the temperature of the insulation is known.

84



Electronics 2020, 9, 1266

2.2. The Role Played by Voltage Harmonics

Coming now to case 2 of Section 2, let us assume that a power electronic device generates N voltage
harmonics (of rms value Vh, h = 1, . . . , N), and that such voltage harmonics distort non-negligibly
the nominal–design–sinusoidal voltage waveshape at power frequency applied to the insulation of a
nearby component connected to the AC power grid. The distortion is said to be “non-negligible” if at
least one of the three following quantities associated with the distorted voltage waveshape change
sensibly (i.e., in a measurable way) from their nominal sinusoidal value:

1. the rms value of voltage, which changes from the nominal sinusoidal rms value VS = V1,n
(rms nominal sinusoidal voltage of harmonic order h = 1 or rms fundamental voltage at power
frequency (For components connected directly to the AC power grid, the frequency of the
fundamental harmonic f 1 coincides with the power frequency, f 0 = 50/60 Hz.)) to VNS, the rms
value of distorted voltage. Then, the rms value of distorted voltage in p.u. of the rms value of
rated sinusoidal voltage, vNS, can be written as follows:

vNS =
VNS
VS

=
VNS
V1,n

(4)

2. the peak value of voltage, which changes from the peak value of the nominal sinusoidal voltage
VS,p = V1,n,p to VNS,p, the rms value of distorted voltage. Then, the peak value of distorted voltage
in p.u. of the peak value of rated sinusoidal voltage, vNS,p, can be written as follows:

vNS,p =
VNS,p

VS,p
=

VNS,p

V1,n,p
(5)

3. the rms value of the derivative of voltage, which changes from the rms value of the derivative of
nominal sinusoidal voltage hV1,n = V1,n to the rms value of the derivative of distorted voltage,
where N different voltage harmonics of order h are now present. Then, by defining the ratio
“rms value of the hth voltage harmonics” over “rms fundamental voltage at power frequency”
αh = Vh/V1,n, the rms value of the derivative of each of these voltage harmonics in p.u. of the
rms value of nominal sinusoidal voltage can be written as follows:

hVh/V1,n = hαh (6)

The distortion of the voltage waveshape, in turn, may result in an increase of the electric stress
acting on the insulation of the power component. Such increase—if any—is due to the distorted electric
field (of rms value ENS) within the insulation caused by the non-sinusoidal voltage (of rms value VNS).
The increase of the electric stress in distorted regime is quantified by the so-called “voltage waveshape
factors”, which can be defined from Equations (4)–(6) as follows [6–10]: peak factor:

Kp = vNS,p (7)

waveshape factor (or slew rate) (If—differently from here—one wants to study the reliability of
the insulation of a component not directly connected to the AC power grid—e.g., a PWM inverter
controlling a three-phase motor whose working frequency f 1 is different from power frequency f 0,
then the frequency of the fundamental harmonic is f 1 and the ratio f 1/f 0 should appear as a multiplying
factor of the right-hand side of Equation (8)):

Kw =

√√√ N∑
h=1

h2α2
h (8)
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rms factor:
Kr = v (9)

Equations (7)–(9) clearly demonstrate that, when nominal sinusoidal voltage is applied, the three
voltage waveshape factors are equal to unity, namely Kp = Kw = Kr = 1. By contrast, when N voltage
harmonics are superimposed onto nominal sinusoidal voltage, it is observed that:

(a) Kp can be either greater or lower than 1, depending on the phase-shift angle φh between the
voltage harmonics Vh and the fundamental V1. Typically, the peak factor affects insulation life at
most among the voltage waveshape factors, as made clear in Section 3 [8,9,35].

(b) Kw and Kr are always greater than 1, being definite positive quantities with lower value equal to
1, but the higher are the values of N and Vh, the higher are the values of Kw and Kr, and the more
distorted is the voltage waveshape. This observation is consistent with the definition of the total
harmonic distortion factor of the voltage, THDV, related to Kw as follows [2–4]:

THDv =

√√√ N∑
h=2

h2α2
h =

√
Kw2 − 1 (10)

Then, the following electrical life model can be used for the estimation of the time to failure of the
insulation of a power component in the presence of the N voltage harmonics generated by the power
electronic device [6–10]:

LNS,V = LSK
−np
p K−nw

w K−nr
r (11)

where:

• LNS,V = insulation time-to-failure (life) under non-sinusoidal voltage/field, VNS/ENS, but at
nominal—design—sinusoidal current IS, thus in the presence of design temperature TS;

• LS = same as in Equation (2), namely life at nominal sinusoidal current IS and voltage VS, thus in
the presence of design values of temperature TS and electric field ES;

• np = exponent that accounts for the aging acceleration effect of Kp, if any [35];
• nw = exponent that accounts for the aging acceleration effect of Kw;
• nr = exponent that accounts for the aging acceleration effect of Kr.

From Equation (11) it is readily seen that the greater the values of Kp, Kw, Kr with respect to
unity, the shorter is life in the presence of voltage harmonics. However, it must be highlighted
that—as pointed out above and in [36]—it is not granted that a distorted voltage waveshape necessarily
leads to a value of Kp > 1, as clearly shown in Section 3.

2.3. The Combination of Current and Voltage Harmonics

When a power system component is subjected to both current and voltage harmonics generated
by a power electronic device, then a combination of the life models (2) and (11) is required for a
thorough and complete evaluation of the effect of distorted current and voltage on the life of the
component. By combining these models, the following electro-thermal life model for distorted
conditions is obtained:

LNS = LSexp(−BΔT′harm)K
−np
p K−nw

w K−nr
r (12a)

where LNS is insulation life in the presence of non-sinusoidal voltage, VNS, and non-sinusoidal
temperature TNS.

A careful analysis of Equations (4)–(11) emphasizes that voltage waveshape factors Kp, Kw, Kr are
defined with respect to nominal sinusoidal voltage, hence life models (11) and (12) implicitly assume
that the fundamental component of the distorted voltage waveshape (of rms value V1) is equal to the
rated sinusoidal voltage (of rms value VS = V1,n). However, it might happen that the fundamental
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component of distorted voltage has rms value VH higher-than-rated sinusoidal voltage VS, for instance
because a highly capacitive load—e.g., a capacitor bank—is also supplied by the voltage source (only an
increase of sinusoidal voltage is considered, since a lower than rated sinusoidal voltage is not common in
unperturbed conditions, even under full inductive load; moreover considering a decrease of sinusoidal
voltage is not on the safe side as for the estimation of life and reliability of power components).
This situation tends to reduce the life of the insulation of power components with respect to nominal
sinusoidal life, too: not because of voltage harmonics, but because a higher-than-rated sinusoidal
electric field, EH, is applied to the insulation. Such an effect has to be accounted for, resorting to the
well-known Inverse Power Law electrical life model (IPM), that can be written as follows:

LH = LS(EH/ES)
−nS (12b)

where:

• LH = insulation life in the presence of higher-than-rated non-sinusoidal voltage/field, VH/EH,
and sinusoidal temperature TS;

• nS = the so-called life exponent or voltage endurance coefficient, that rules the life variation due
to a change of sinusoidal voltage/field compared to design sinusoidal voltage/field [38,39].

Thereafter, by combining Equations (12a) and (12b), one obtains the following comprehensive
life model:

LNS = LS(EH/ES)
−nS exp(−BΔT′harm)K

−np
p K−nw

w K−nr
r (13)

In addition, when looking carefully at Equations (1)–(3) it can be argued that non-sinusoidal
temperature TNS is defined with respect to nominal sinusoidal temperature TS, hence life models (2),
(12) and (13) implicitly assume that the fundamental component of the distorted current waveshape
(of rms value I1)—let us call it “sinusoidal current”—is equal to the rated sinusoidal current
(of rms value IS = I1,n). However, it might happen that the fundamental component of distorted
current has rms value IHL higher/lower than rated sinusoidal current IS, for instance due to a
temporary overload/underload—e.g., because linear loads demand a higher/lower-than-rated current.
This situation tends to reduce/increase the life of the insulation of the power component with respect to
nominal sinusoidal life, too: not because of current harmonics, but because a higher/lower-than-rated
“sinusoidal” temperature, THL, is applied to the insulation. If this is the case, let us write THL as follows:

THL = TS + ΔTHL (14a)

where ΔTHL is higher/lower than zero depending on whether linear loads demand a
higher/lower-than-rated current. Moreover, let us introduce the overall temperature variation ΔTtot

with respect to nominal sinusoidal temperature TS resulting from:

• the temperature variation caused by harmonic currents, ΔTarm;
• the temperature variation caused by a change of sinusoidal current with respect to rated sinusoidal

current, ΔTHL.

Thus ΔTtot can be written as follows:

ΔTtot = TS + ΔTarm + ΔTHL (14b)

and a quantity ΔT′tot—analogous to ΔT′trm defined in Equation (3)—can be introduced, as follows:

T′tot = 1/TS − 1/(TS + ΔTarm + ΔTHL) = 1/TS − 1/(TS + ΔTtot) (15)
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Therefore, by combining Equation (13) with Equations (14)–(15) one obtains the following
electro-thermal life model holding in the presence of voltage and current harmonics, as well as of
higher-than-rated sinusoidal voltage and current [9]:

LNS = LS(EH/ES)
−nSexp(−BΔT′tot)K

−np
p K−nw

w K−nr
r (16)

Model (16) is a comprehensive relationship which accounts for:

• a possible higher-than-rated sinusoidal electric field/voltage, EH > ES/VH > VS;
• a possible higher/lower than rated sinusoidal temperature, THL > TS/THL < TS, caused by a

higher/lower than rated sinusoidal current, IHL > IS/IHL< IS;
• a distorted current due to M voltage harmonics, which causes an increase ΔTarm of temperature

with respect to rated sinusoidal temperature;
• a distorted voltage due to N voltage harmonics, which causes a change of voltage waveshape

with respect to rated sinusoidal voltage.

2.4. Reliability Model in the Presence of Current and Voltage Harmonics

The electro-thermal breakdown of the insulation of a power component is an inherently random
phenomenon. This is due first and foremost to the non-uniform composition of the dielectric material
which constitutes the insulation, as well as to the randomly distributed defects within the insulation
itself. A further reason for the random behavior of insulation breakdown is the uncertainty of the
values of applied electrical and thermal stress [40,41]. For these reasons, all the above models—and in
particular the general electro-thermal life model (16) holding in the presence of voltage and current
harmonics—have to be recast into a probabilistic framework, whereby life (time to failure) of insulation
is a random variable associated with a certain failure probability. This requires the introduction of
a proper probability distribution of failure times. As is well known, failure statistics in polymeric
insulation fit well the Weibull probability distribution [5,42], whereby insulation time to failure tF can
be represented by means of a 2-parameter Weibull cumulative probability distribution function (cdf) of
failure times, given in the following equation:

P(tF) = P = 1− exp[−(tF/αt)]
βt (17)

where P is cumulative failure probability corresponding to time to failure tF, αt is the scale parameter
(the 63.2th percentile of the life) and βt is the shape parameter of the Weibull probability distribution
function. This means that insulation time to failure tF is a random variable associated with a certain
value of failure probability P, or—conversely—of reliability R = 1 − P. Equation (17) can be easily
recast in terms of αt as follows:

αt = tF/[−ln(1− P)]1/βt (18)

As a consequence, the reliability of a power component subjected to current and voltage harmonics
can be estimated from the general model (16) by assuming that component life is Weibull-distributed
according to (17). In this respect, it is worth pointing out that here—contrary to previous papers [6–9]
based on the 63.2th percentile of time to failure, αNS, and on the expected value of time to failure,
μNS—the theory and the calculations for distorted conditions are focused on noteworthy 100 × Pth
percentiles of the Weibull distribution of times to failure in distorted conditions, tP,NS, which are
compared in the applicative section with design life in sinusoidal conditions, LD, given at a certain
cumulative failure probability, PD: this is consistent with the modern probabilistic approach to the
design of power component insulation. Therefore, in order to recast model (16) in terms of tP,NS,
LD and PD, the following procedure is required.

Let us first write Equation (18) twice:
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1. a first time for tP,NS, namely insulation life in non-sinusoidal conditions at a generic failure
probability P, as follows:

P(tP,NS) = P = 1− exp[−(tP,NS/αNS)]
βt (19)

where αNS indicates the 63.2th percentile (or scale parameter) of non-sinusoidal life distribution;
2. a second time for LD, namely insulation life in nominal sinusoidal conditions at design failure

probability PD—indeed life is now a random variable, hence also design life LD is associated with
a certain fixed and known design failure probability, PD, see above—as follows:

P(LD) = PD = 1− exp[−(LD/αS)]
βt (20)

where αS indicates the 63.2th percentile (or scale parameter) of sinusoidal life distribution.

Thereafter, using Equation (18) let us explain (19) and (20) in terms of the scale parameter,
as follows:

αNS = tP,NS/[−ln(1− P)]1/βt (21)

αS = LD/[−ln(1− PD)]
1/βt (22)

Considering now model (16), it is readily seen that this model has to be written for a given failure
probability as well, in such a way that life in the presence of current and voltage harmonics, LNS (at the
left-hand side) and sinusoidal life LS at the right-hand side are relevant to the same failure probability:
indeed, LNS at the left-hand side and LS at the right-hand side are so far the only random variables
in model (16) (for the moment, Kp, Kw and Kr are assumed as deterministic and known, since the
N voltage harmonics are assumed as deterministic and known so far. In the following, also the typical
random variation of harmonics is accounted for). Therefore, model (16) can be written, e.g., for 63.2%
failure probability, so that LNS = αNS and LS = αS. In this way, one obtains:

αNS = αS(EH/ES)
−nS exp(−BΔT′tot)K

−np
p K−nw

w K−nr
r (23)

Then, by expressing αNS via (21) and αS via (22), relationship (23) becomes:

tP,NS

[−ln(1− P)]1/βt
=

LD

[−ln(1− PD)]
1/βt

(EH/ES)
−nS exp(−BΔT′tot)K

−np
p K−nw

w K−nr
r (24)

which can be eventually recast in the following form—reported here for the first time:

tP,NS = LD
[−ln(R)]1/βt

[−ln(1− PD)]
1/βt

(EH/ES)
−nS exp(−BΔT′tot)K

−np
p K−nw

w K−nr
r (25)

Relationship (25) is the so-called electro-thermal “probabilistic life model”—or “reliability
model”—for the insulation of a power component affected by current and voltage harmonics. It is
a quite powerful tool that, for given values of design life LD and design failure probability PD,
relates the 100 × Pth percentile of insulation time-to-failure (life) in non-sinusoidal regime, tP,NS,

to reliability R = 1 − P and applied stresses, i.e., temperature associated with linear and no linear
loads, sinusoidal voltage and voltage waveshape factors. Therefore, this relationship yields the main
functions and parameters needed for a thorough reliability analysis of power system components,
namely [8]:

Reliability function

R(tP,NS) = exp

⎧⎪⎪⎪⎪⎨⎪⎪⎪⎪⎩−
⎧⎪⎪⎪⎨⎪⎪⎪⎩

[−ln(1− PD)]
1/βt tP,NS

LD(EH/ES)
−nS exp

(
−BΔT′tot

)
K
−np
p K−nw

w K−nr
r

⎫⎪⎪⎪⎬⎪⎪⎪⎭
βt
⎫⎪⎪⎪⎪⎬⎪⎪⎪⎪⎭ (26)
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Failure probability
P(tP,NS) = 1−R(tP,NS) (27)

Hazard function

h(tP,NS) =
[−ln(1− PD)]

1/βt βt(tP,NS)
βt−1{

LD(EH/ES)
−nS exp

(
−BΔT′tot

)
K
−np
p K−nw

w K−nr
r

}βt
(28)

Mean Time To Failure (MTTF)

MTTF =
LD

[−ln(1− PD)]
1/βt

(EH/ES)
−nS exp

(
−BΔT′tot

)
K
−np
p K−nw

w K−nr
r Γ(1 + 1/βt) (29)

where Γ is the Euler Gamma function.

2.5. Reliability Model in the Case of Randomly Time-Varying Distortion

Voltage and current harmonics have amplitude and phase-angle that are stochastically varying
with time. Therefore, they have to be regarded as random variables (RVs), in line with [4] and as done
hereafter from both the theoretical and the applicative viewpoint.

If the probability density functions (pdfs) of voltage and current harmonics at a certain node of
the grid are known, life and reliability of power components at that node can be inferred by applying
the cumulative damage law of Miner [43] to the reliability model (25). Then, the following probabilistic
electrothermal life model for randomly time-varying distortion is obtained:

tP,NS =
[−ln(R)]1/βt∫ I1,max

0 . . .
∫ IM,max

0

∫ V1,max
0 . . .

∫ VN,max
0 . . .

f (I1,...,IN ;V1,...,VN)
∏N

h=1 dVh
∏M

h=1 dIh
LD

[−ln(1−PD)]
1/βt

(
EH
ES

)−nS
exp(−BΔT′tot)K

−np
p K−nw

w K−nr
r

(30)

where: f (I1, . . . , IM; V1, . . . , VN) is the multivariate pdf of rms current harmonics (I1,..,IM) and rms
voltage harmonics (V1, . . . , VN); I1,max,..IM,max and V1,max,..VN,max are, respectively, the maximum
values reached with time by rms harmonic currents and voltages. It must be emphasized that in LV
and MV systems ΔTarm—thus ΔT′tot, see Equation (15)—depends directly on the amplitudes of current
harmonics only (Dielectric losses are practically negligible in LV and MV systems.), while Kp, Kw and
Kr depend directly on the amplitude and phase of voltage harmonics (the dependence on the phases of
voltage harmonic is omitted in (30) for the sake of simplicity).

Let us now assume that the temperature variation caused by harmonic currents, ΔTarm, and the
temperature variation caused by a change of sinusoidal current with respect to rated sinusoidal current,
ΔTHL, can be regarded as constant with time, since temperature exhibits moderate fluctuations of a few
K around a mean value 〈Ttot〉which is essentially constant in the rms sense [2,3]. Then 〈Ttot〉 can be
essentially regarded as a deterministic quantity, constant with time in the rms sense as well; this means
that the thermal effects of currents can be also essentially regarded as deterministic. As a consequence,
(30) can be made much simpler, as follows:

tP,NS =

LD[−ln(R)]1/βt

[−ln(1−PD)]
1/βt

(EH
ES

)−nSexp(−B〈ΔT′tot〉)∫ Kp,max

0

∫ Kw,max

0

∫ Kr,max

0
f(Kp,Kw,Kr)dKpdKwdKr

K
−np
p K−nw

w K−nr
r

(31)

where:

• f (Kp, Kw, Kr) is the multivariate pdf of Kp, Kw and Kr, correlated in turn with f (V1,..,VN; φ1,
. . . , φN), the multivariate pdf of rms values, V1,..,VN, and phase-shift angles φ1, . . . , φN of
voltage harmonics;
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• 〈ΔT′tot〉 is defined as follows (see Equation (15)):

〈ΔT′tot〉 = 1/TS − 1/(TS + 〈ΔTarm + ΔTHL〉) = 1/TS − 1/(TS + 〈ΔTtot〉) (32)

Equation (31) can be rewritten in a more compact form as follows:

tP,NS =
LD[−ln(R)]1/βt(EH/ES)

−nSexp(−B〈ΔT′tot〉)
[−ln(1− PD)]

1/βt E
[
K

np
p Knw

w Knr
r

] (33)

where E
[
K

np
p Knw

w Knr
r

]
indicates the expected value of K

np
p Knw

w Knr
r .

The above hypothesis that ΔTarm and ΔTHL can be regarded as constant with time is meaningful,
particularly as far as ΔTarm is concerned [2,3]. Indeed, load current does vary with time, but the
associated variation of Joule losses is more or less compensated by the thermal inertia of the insulation
of the component and of the surrounding environment, which have a much longer thermal time
constant than the typical variation period of harmonic currents—and sometimes even of sinusoidal
current. Therefore, the overall thermal effect of load current can be well approximated as a steady
variation of the temperature of the component, proportional to rms load current (the use of rms current
is due to the dependence of Joule losses in conducting parts on the rms value of current).

Then, from Equation (33) it follows that life and reliability of the insulation of the component
affected by harmonic distortion can be estimated in two steps:

1. evaluation of the 100 × Pth failure time percentile based on the effect of voltage harmonics only,
tP,NS,V, resorting to the following equation (derived from Equation (33) by setting 〈ΔT′tot〉 = 0,
which implies exp(−B〈ΔT′tot〉) = 1):

tP,NS,V =
LD[−ln(R)]1/βt(EH/ES)

−nS

[−ln(1− PD)]
1/βt E

[
K

np
p Knw

w Knr
r

] (34)

2. evaluation of the further possible variation of the 100 × Pth failure time percentile due to the
effect of the mean value of ΔT′tot, 〈ΔT′tot〉—guessed in turn through rms load current—resorting to
the following equation, derived comparing Equation (33) with Equation (34):

tP,NS = tP,NS,V exp(−B〈ΔT′tot〉) (35)

Focusing on the 1st step, a proper application of Equation (34) requires an appropriate description
of the time variation of voltage harmonics. This variation is inherently stochastic, but two typical
situations can occur at a certain node of a grid where a component of interest is located:

(I) a monitoring survey has provided m values of the amplitudes and phases of voltage harmonics
measured throughout a time interval tm, which on the one hand should be as long as possible to
well describe component duty service, but on the other hand is restricted by practical constraints,
e.g., 1 h, 1 day, 1 week [4]. Monitored data like these are rarely found [7,32,35,36], but if they
are available they enable the straightforward computation of the values of Kp, Kw, Kr through
Equations (7)–(9) and derivation of the relevant sampling distribution, which is the numerical
reproduction of the multivariate pdf f (Kp,Kw,Kr)—see [7].

(II) the pdfs of voltage harmonics can be guessed analytically according to a parametric approach.
Then, f (V1,..,VN; φ1, . . . , φN) is readily available, whereby in turn f (Kp,Kw,Kr) can be derived.

In both cases, once the multivariate pdf f (Kp,Kw,Kr) has been obtained, the life and reliability of
the power component subjected to randomly time-varying voltage harmonics can be evaluated by
means of Equation (34) by computing the expected value E

[
K

np
p Knw

w Knr
r

]
.
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Coming to the 2nd step, the further effect of time-varying current harmonics—involving in turn a
constant (in the rms sense) variation of insulation temperature 〈ΔT′tot〉—can be assessed by means of
Equation (35).

Since the focus in this paper is on the 1st percentile of times to failure in the presence of
harmonic distortion, t1%,NS, its calculation requires rewriting Equation (33) for R = RD = 0.99
(i.e., PD = 0.01), namely:

t1%,NS =
LDexp(−B〈ΔT′tot〉)(EH/ES)

−nS

E
[
K

np
p Knw

w Knr
r

] (36)

Moreover, reliability is calculated as a function of time elapsed in service, tE, by explaining
Equation (33) as a function of R with RD set to 0.99, as follows:

R(tE) = exp

⎧⎪⎪⎪⎨⎪⎪⎪⎩−
⎧⎪⎪⎨⎪⎪⎩
[−ln(0.99)]1/βt tE E

[
K

np
p Knw

w Knr
r

]
LD(EH/ES)

−nS exp
(
−B〈ΔT′tot〉

)
⎫⎪⎪⎬⎪⎪⎭
βt
⎫⎪⎪⎪⎬⎪⎪⎪⎭ (37)

By setting 〈ΔT′tot〉 = 0 in (36), (37), homologous relationships valid in the presence of voltage
harmonics only are obtained, i.e.,:

t1%,NS = LD(EH/ES)
−nS /E

[
K

np
p Knw

w Knr
r

]
(38)

R(tE) = exp
{
−
{
[−ln(0.99)]1/βt tE E

[
K

np
p Knw

w Knr
r

]
/
[
LD(EH/ES)

−nS
]}βt

}
(39)

The reliability model for time-varying distortion as newly formulated here relies on Equations (38)
and (39) or (36) and (37)—depending on whether 〈ΔT′tot〉 = 0 or � 0, respectively—which differ from
those used in [8,9], since these latter are based on the 63.2th percentile of failure time. For the sake of
simplicity, hereafter the sinusoidal component of electric field at power frequency is taken equal to
rated sinusoidal electric field, namely EH = ES.

3. Application of the Reliability Model for Randomly Time-Varying Distortion

3.1. Selected Case Studies

In previous papers [8,9] the reliability model for randomly time-varying distortion was applied to
power system components affected by voltage harmonics whose amplitudes matched the limits after
EN 50160 [4] exactly. The calculations were concentrated on the 63.2th percentile of time to failure,
αNS, and on the mean time to failure (MTTF), μNS; design life itself was given as the design value of
the MTTF in sinusoidal conditions set to 40 and 30 years for the cable and the capacitor, the two treated
components. Reliability was estimated at a service time equal to design life only.

Here, the calculations are focused on the 100 × PDth percentile of times to failure, which is
consistently compared with design life in sinusoidal conditions, LD, given at design failure probability
PD = 0.01 = 1%. This is in line with the modern probabilistic design of the insulation of power
components, which requires high reliability [5]. Moreover, the design life of power components is set
pragmatically to LD = 20 years, i.e., the typical order of magnitude of the service life (based on the
duration of the mortgages and the amortization times) of industrial plants, traction systems for railways
or subways and renewable power plants for photovoltaic (PV) and wind energy generation [44–46].
Grid-connected three-phase power electronic converters are found to connect these plants with the
AC power grid and they generate voltage and current harmonics which affect nearby components.
This has the first and foremost effect that all estimates obtained here for failure time percentiles and
reliability are different from those in previous papers.

In addition, in place of the “spot” reliability estimate at design life in [8,9], reliability is evaluated
here in terms of design life of power components—and even beyond it, although results are omitted
for brevity. Indeed, as service time tE goes by, maintenance and/or repair and/or replacement actions
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might be required on some components of the plant/grid, if their residual reliability is unsatisfactory;
conversely, other components may remain in service without any action even after a service time tE
equal to—or even longer than—design life LD, if their residual reliability is unsatisfactory. For this
reason, beside proper diagnostic techniques, a sound reliability model can be extremely useful to
provide indications about the residual reliability of components all along their time on duty.

Furthermore, the case studies treated in this paper have been changed and broadened considerably
compared to [8,9], as shown in the next section. First of all, the voltage harmonics treated in [8] were
the 11th, 13th, to which the 5th, 7th were added in [9], while here for the first time the 17th, 19th,
23rd, 25th are included. It is worth emphasizing that the implementation of the new calculations
including the whole set of odd harmonics from the 5th to 25th has required a non-negligible effort for
restructuring and modifying the code: analyzing the whole sequence of odd voltage harmonics from
the 5th to the 25th, as done here for the first time, is all but trivial and inexpensive from the viewpoint of
theoretical and computational efforts. It is also worth outlining that the reliability model (33),(36),(37)
works for all harmonic orders [10], but harmonics of order h > 25 are neglected here since in [4] no
limits are given for voltage harmonics above the 25th, as they are said to be “usually small, but largely
unpredictable due to resonance effects”.

Moreover, three cases differing as for the magnitude (In agreement with [4] let us consider for
each harmonic—in place of the rms value—the “10 min mean rms value”, called “magnitude” from now
on, and indicate it simply as Vh like the rms value.) of voltage harmonics are treated here:

(i) a case similar (remember that only here the 5th, 7th, 11th, 13th, 17th, 19th, 23rd, 25th harmonics
are considered all together) to that in [8,9], where the magnitudes Vh of the treated voltage
harmonics are random variables (see Equation (30)) correlated (this hypothesis is acceptable,
as shown in [7] from a data set of measured voltage harmonics with phase-shift angles [32],
used here as the experimental case. Amplitudes were above the limits after [4]) to each other and
following a Gaussian pdf, with such mean value μh= μ(Vh) and standard deviation σh= σ(Vh)
that the 95th percentile of Vh of each harmonic matches the limits set in Tables 1 and 4 of Standard
EN 50160 [4] exactly. As pointed out in [8,9], the Gaussian pdf was chosen mainly as it is a good
approximation of several other pdfs [47] and it is the most practical to reproduce measured values
of randomly-varying quantities such as harmonic voltages [32].

(ii) a new case, where the Gaussian pdfs of the magnitudes Vh of voltage harmonics have such values
of μh and σh that the limits in EN 50160 are exceeded by 25%, so as to illustrate the problems that
may arise if these limits are overcome (e.g., in a plant without passive or active filters);

(iii) another new case, where the Gaussian pdfs of Vh have such values of μh and σh that the limits in
EN 50160 are matched with a 25%-safety margin, so as to show that problems may still remain
even if limits are matched with a seemingly-broad safety margin.

Three more applicative novelties compared to previous papers [8,9] of this investigation are:

- in addition to <Δθtot> = 0, the case <Δθtot> = −15 ◦C—a value in between those treated in [8,9],
i.e., −10 and −20 ◦C—is considered in order to account for the effect of current harmonics;

- the chosen value of the shape parameter of Weibull distribution is 2 instead of 3 used in [8,9],
as explained hereafter;

- as hinted at in the Abstract and Introduction, two more components of power systems,
i.e., induction motors and MV/LV transformers, are treated here in addition to cables and
capacitors, already studied in the previous stages of this investigation.

As for the magnitude of voltage harmonics, it can be argued that, anyway, the reference case for
setting the correct values of μh and σh in cases (i)–(iii) above is case (i). Since measurements of harmonic
voltages that match the probabilistic limits set in [4] exactly are rare in the literature, the random
magnitudes of harmonic voltages matching the limits set in [4] exactly are derived here via a heuristic
parametric approach [8,9] based on a priori hypotheses about the Coefficient of Variation CVh = σh/Vh
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of harmonic voltages. Namely, two different values of CVh are hypothesized so as to reproduce a
narrower and a broader spread of Vh:

(1) CVh,1 = 0.1, i.e., 10% of the mean of Vh;
(2) CVh,2 = 0.3, i.e., 30% of the mean of Vh.

These values of CVh were already chosen in [8,9] for the 5th, 7th, 11th, 13th voltage harmonics,
being consistent with those measured in the power supply grid of a subway traction system, where CVh
ranged from ≈10% to ≈27% [32]. They are kept here and extended to the 17th, 19th, 23rd, 25th voltage
harmonics, for the sake of comparison.

As a result of this heuristic parametric approach, the pdfs (the pdfs describing the randomness of
the parameters Vh in Figure 1, as well as the one of other parameters, e.g., Kp and Kw, may be also
considered as the “a priori” pdfs in a Bayesian inference framework, which is outside the scope of
the present paper. The details of this approach are discussed for the problem under study in [48]) of
the 5th, 7th, 11th, 13th, 17th, 19th, 23rd, 25th voltage harmonic magnitudes are obtained, which are
Gaussian with μh and σh such that their magnitudes match exactly the limits set in [4], namely: 6%,
5%, 3.5%, 3%, 2.0%, 1.5%, 1.5%, 1.5% of rms fundamental voltage V1 for the 95th percentiles of V5, V7,
V11, V13, V17, V19, V23, V25, respectively [48]. The cdfs of all voltage harmonics, F(Vh), are shown for
the sake of illustration in Figure 1a,b for the cases CVh,1 = 0.1 and CVh,2 = 0.3, respectively: is readily
seen that the limits after [4] are exactly matched for all voltage harmonics.

Now, life and reliability estimation according to model (36) and (37) requires knowledge of the
expected value E

[
K

np
p Knw

w Knr
r

]
. As it can be argued from Equations (30), (31), (33), this in turn requires

the knowledge of the multivariate pdf of Kp, Kw, Kr, f (Kp, Kw, Kr), correlated with f (V5, V7, V11, V13, V17,
V19, V23, V25; φ5, φ7, φ11, φ13, φ17, φ19, φ23, φ25), the multivariate pdf of magnitudes and phase-shift
angles (with respect to the fundamental V1) of the treated voltage harmonics. The derivation of the
pdfs/cdfs of the magnitude of voltage harmonics (Figure 1) has solved the problem of deriving f (V5, V7,
V11, V13, V17, V19, V23, V25), but the phase-shift angles between voltage harmonics and the fundamental
is also needed to estimate the part of multivariate pdf relevant to phase-shift angles. This problem is
solved—as in [8,9] for the 5th, 7th, 11th, 13th voltage harmonics—by taking phase-shift angles φ5, φ7,
φ11, φ13, φ17, φ19, φ23, φ25 as known deterministic quantities, both to make the treatment easier and
to carry out a parametric sensitivity analysis; thereafter, f (Kp, Kw, Kr) can be readily derived.

Such analysis focuses on three different cases (a), (b), (c) of phase-shift angles, which have quite
different (or even extreme and opposite) effects on the distorted voltage waveshape. These cases are
illustrated in the reference Figure 2, which shows the mean waveform of harmonic voltage pdfs for
phase-shift cases (a), (b), (c) obtained using CVh,1 = 0.1 and μh as the magnitude of the hth harmonic in
the case of exact matching of the limits after [4]. Cases (a), (b), (c) of phase-shift angles are as follows.

(a) The sum of voltage harmonic peaks, shown in Figure 2a [49]. It is called “worst case”, since it
leads to the highest peak of the distorted voltage waveshape, thus to the maximum value of the
peak factor Kp. The worst-case features the following set of phase-shift angles: φ5 = 0, φ7 = 180◦,
φ11 = 180◦, φ13 = 0, φ17 = 0, φ19 = 180◦, φ23 = 180◦, φ25 = 0. In [35] the “worst case” is regarded as
uncommon in a self-judged “indicative but not exhaustive” experimental survey. Hence it is treated
here, as in [8,9], since it might happen and it is on the safe side as for the reliability analysis.

(b) The so-called “best case”, shown in Figure 2b. Indeed, it leads to the flattest distorted voltage
with the lowest peak, thus to the minimum value of the peak factor Kp, namely the less prone to
speed-up the degradation of the insulation. The best case features the following set of phase-shift
angles: φ5 = 180◦, φ7 = 180◦, φ11 = 0, φ13 = 0, φ17 = 180◦, φ19 = 180◦, φ23 = 0, φ25 = 0.

(c) The so-called “experimental case”, shown in Figure 2c. This case is taken from an experimental
data set—hardly found in the literature—of phase-shift angles measured on the supply system of a
subway with large size (3.5 MW) 12-pulse AC/DC converters as main distorting loads, plus lower
size converters and other loads generating 5th and 7th voltage harmonics [32]. The experimental
case features the following set of phase-shift angles: φ5 = 109◦, φ7 = 300◦, φ11 = 317◦, φ13 = −15◦,
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φ13 = 0, φ17 = −16.6◦, φ19 = −17.4◦, φ23 = −19◦, φ25 = 11◦. The values of φ5, φ7, φ11, φ13,
φ23, φ25 are the mean of the measured values for these harmonics, while the values of φ17,
φ19 have been attained through a linear interpolation of the mean values of φ13 and φ23—the 17th
and 19th voltage harmonics are not found in [32]. The experimental case leads to a distorted
voltage waveshape fairly similar to those observed in the field, as obvious when considering its
experimental origin.

(a) 

 
(b) 

Figure 1. Gaussian cumulative distribution functions (cdfs) of the magnitudes of 5th, 7th, 11th, 13th,
17th, 19th, 23rd, 25th voltage harmonics, with μh and σh such as to match the limits in [4] exactly
(6%, 5%, 3.5%, 3%, 2%, 1.5%, 1.5%, 1.5% of V1 for the 95th percentiles): (a) CVh = 0.1; (b) CVh = 0.3.

Coming to the role played by current harmonics, as outlined in Section 2.5 it is assumed that ΔTtot

can be replaced by its mean value (in the rms sense) <ΔTtot>, constant with time and deterministic
value. Two values of <ΔTtot> are considered here, namely:

A. <ΔTtot > = 0 K, i.e., <Δθtot> = 0 ◦C, like in [8,9], so as to emphasize the role played by voltage
harmonics. Setting <ΔTtot > = 0 corresponds to step 1 of the procedure outlined in Section 2.5;
this implies 〈ΔT′tot〉 = 0, thus the reliability model (38) and (39) shall be used, focusing on the
role played by voltage harmonics only. In fact, setting <ΔTtot> = 0 means that in practice the
temperature of component oscillates, with negligible fluctuations, around design temperature;

B. <ΔTtot> = −15 K, i.e., <Δθtot> = −15 ◦C, a value in between those treated in [8,9],
i.e., −10 and −20 ◦C. Setting <ΔTtot> � 0 corresponds to step 2 of the procedure outlined
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in Section 2.5; this implies 〈ΔT′tot〉�0, thus reliability model (36) and (37) shall be used,
including the role played by current harmonics and sinusoidal current. Setting a value
of <ΔTtot> < 0 implies acknowledging that the component—notwithstanding the presence of
current harmonics—works typically at a lower- than-design temperature. This holds in particular
for MV distribution cables—whose design temperature oscillates between 75 ◦C for “vintage”
paper-insulated lead-covered cables to 90 ◦C for extruded cables—which have usually an overall
load well below the rated one [50].

 
(a) 

 
(b) 

 
(c) 

Figure 2. Mean voltage waveshapes for case studies (a–c) obtained using CVh,1 = 0.1 and μh as the
magnitude of the hth harmonic in the case of exact matching of the limits after [4]. Left: positive halfwaves;
right: zoomed-in view showing the phase-shift between harmonics. vdist(t) is total distorted voltage
with all harmonics, while vdist(t) [5,7,32,38] with the 5th, 7th, 11th, 13th only as in [9]. THDv = 8.3%.

By combining above points (i)–(iii), (1)–(2), (a)–(c), A.–B., the case studies of distorted voltage
waveshapes treated here are 36, as summarized in Table 1, where the relevant value of THDv is also
reported; for making the table more compact, the cases corresponding to points (i)–(iii) above (i.e., pdfs of
voltage harmonic magnitude Vh that either match the limits in [4] exactly, or overcome them by 25%,
or are below them by 25%) are quoted on one single row: this implies that any one of case studies
(a)–(l) degenerates in turn into three more case studies depending on the pdfs of Vh. For the sake of
illustration, the mean voltage waveshapes of case studies (a), (b), (c) for the exact matching of the
limits in [4] (obtained by using μh as the magnitude of the hth harmonics) are plotted in Figure 2a–c.
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Other distorted voltage waveshapes than these may exits, but they tend to be in between those
considered here, thus they tend to have intermediate effects on insulation life and reliability.

Table 1. Summary of cases of distorted voltage waveshapes studied here (interestingly, with the whole
set of odd harmonics non-multiple of 3 from the 5th to the 25th, the 8% limit for THDv after [4] is
slightly overcome when CVh = 0.1 even when the amplitudes of each single harmonic voltage strictly
match the limits in [4]. This does not happen when 5th, 7th, 11th, 13th harmonics only are treated [9].
This is another new outcome of this study, which would deserve a deeper investigation).

Case Study Scatter CVh
Mean Magnitude μh Matching of

EN 50160 Limits
Phase-Shift

<THDv> [%] <Δθtot>
[◦C]Exact +25% −25%

(a) 0.1 Exact 25%-above 25%-below worst case 8.3 10.0 6.2 0
(b) 0.1 Exact 25%-above 25%-below best case 8.3 10.0 6.2 0
(c) 0.1 Exact 25%-above 25%-below experimental 8.3 10.0 6.2 0
(d) 0.3 Exact 25%-above 25%-below worst case 6.5 8.1 4.8 0
(e) 0.3 Exact 25%-above 25%-below best case 6.5 8.1 4.8 0
(f) 0.3 Exact 25%-above 25%-below experimental 6.5 8.1 4.8 0
(g) 0.1 Exact 25%-above 25%-below worst case 8.3 10.0 6.2 −15
(h) 0.1 Exact 25%-above 25%-below best case 8.3 10.0 6.2 −15
(i) 0.1 Exact 25%-above 25%-below experimental 8.3 10.0 6.2 −15
(j) 0.3 Exact 25%-above 25%-below worst case 6.5 8.1 4.8 −15
(k) 0.3 Exact 25%-above 25%-below best case 6.5 8.1 4.8 −15
(l) 0.3 Exact 25%-above 25%-below experimental 6.5 8.1 4.8 −15

The reliability model for distorted current and voltage (36)–(39) is applied to these 36 case studies
for estimating the life and reliability of:

- cross-linked polyethylene (XLPE)-insulated cables and all-film polypropylene (PP) insulated
capacitors for MV/LV power systems, already examined in [8,9];

- induction motors and MV/LV transformers, tackled here for the first time in the streamline of
this investigation.

The values of the parameters of Equations (36)–(39) used in the application are quoted in Table 2.
As far as the cable and the capacitor are concerned, the values of np, nw, nr—derived by processing
the results of ALTs performed on insulating samples subjected to various combinations of voltage
harmonics [11,12]—and of B in Table 2 are the same as in [8,9] for the sake of comparison, but here
the analysis is broader and different with respect to that carried out in [8,9]. Indeed here, as partly
explained above:

• the case studies treated here are many more. In particular, the 24 cases with voltage harmonics
25% above and 25% below the limits in [4] are tackled for the first time, as outlined in Table 1;

• the chosen values of design life and probability are now set to 20 years and 1%, respectively, to be
closer to the modern probabilistic design of power plant components on the one side, and to focus
on the typical useful service life of the power plant;

• the chosen value of the shape parameter of Weibull distribution is 2 instead of 3 [8,9], in order to
account for a milder degradation of component insulation during the life of the power plant.

Table 2. Values of the parameters of model (36)–(39) used in the application.

Component βt [adim.] LD [y] PD [%] np [adim.] nw [adim.] nr [adim.] B [K]

XLPE cable 2 20 1 14.80 4.90 1.20 12,430
All-film

capacitor 2 20 1 6.20 0.56 1.80 12,500

induction
motors 2 20 1 9.00 0.88 0.36 12,600

MV/LV
transformers 2 20 1 11.00 0.99 0.44 12,600
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As far as the induction motors and MV/LV transformers are concerned, the values of np, nw, nr and
B in Table 2 have been derived by reprocessing the results in [10,51,52]. In fact, experimental results
relevant to twisted pairs (i.e., twin varnished copper conductors wrapped on each other which
reproduce on a smaller scale the full-size insulation of induction motors) indicate for np a value of
8–10, that can be used also for induction motor insulation. In the case of transformers, the dielectric
performances of both epoxy resin and oil-paper insulation for MV/LV transformers suggest a slightly
higher value, namely np = 10 − 12. For parameter B, a value of the order of those reported in Table 2
for the cable and the capacitor seems reasonable for both the induction motor and the transformer
(from [52] a value of B = 12,600 can be derived for a bisphenolic epoxy resin), even if the thermal
endurance of the epoxy insulation is usually larger than that of XLPE and PP.

A first observation drawn from Table 2 is that for all components the value of np overwhelms
that of nw and nr; hence, Kp should have a foremost effect on the life and reliability of components
subjected to voltage harmonics, if Kp, Kw and Kr have the same order of magnitude.

3.2. Results

For the XLPE cable and the all-film capacitor working in the distorted conditions of case
studies (a)–(f) of Table 1, i.e., those relevant to Δθtot = 0, as well as of case studies (g)−(l) of Table 1,
i.e., those relevant to Δθtot = −15 ◦C, Table 3 reports the estimates of the following quantities:

• the 1st percentile of failure time, t1%,NS, in p.u. of design life LD, computed via Equations (38)
and (36);

• the reliability after a service time tE equal to design life, R(LD), computed via Equations (39)
and (37);

Table 3 also reports the 1st percentile of failure time, t1%,NS,OLD, in p.u. of design life LD,
computed via Equation (38) for Δθtot = 0 with the voltage harmonics treated in [9] only, i.e., the 5th,
7th, 11th, 13th.

It is worth recalling that the cases 25% above and 25% below the limits after EN 50160 are totally
new and treated here for the first time. Moreover, also the values of t1%,NS,OLD in Table 3 differ from
the values of the 1st percentile of failure time in [9]; indeed, the design hypothesis in [9] was to set the
MTTF in sinusoidal conditions to 40 and 30 years for the cable and the capacitor, while here design
life in sinusoidal conditions is set for both components to LD = 20 years at design failure probability
PD = 0.01 = 1%.

Analogously to Table 3, the homologous Table 4 reports for the induction motor and MV/LV
transformer, working in the distorted conditions of case studies (a)–(f) (Δθtot = 0) and (g)–(l)
(Δθtot = −15 ◦C) of Table 1, the estimates of the following quantities:

• the 1st percentile of failure time, t1%,NS, in p.u. of design life LD, computed via Equations (38)
and (36);

• the reliability after a service time tE equal to design life, R(LD), computed via Equations (39)
and (37);

Table 4 also reports the 1st percentile of failure time, t1%,NS,OLD, in p.u. of design life LD, computed
via Equation (38) for Δθtot = 0 with the voltage harmonics treated in [9] only, i.e., the 5th, 7th, 11th, 13th.

It is worth recalling that all cases in Table 4 are totally new and treated here for the first time,
since they refer to the induction motor and the MV/LV transformer, tackled here for the first time in the
streamline of this investigation.
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Table 3. Values of 1st percentile of time to failure, t1%,NS, and reliability at rated life LD, R(LD), estimated
with reliability models (36)–(39) for the XLPE cable and the all-film capacitor subjected to 5th, 7th,
11th, 13th, 17th, 19th, 23rd, 25th voltage harmonics in case studies (a)–(f) (Δθtot = 0), and (g)–(l)
(Δθtot = −15 ◦C), for the various matching of the limits in [4], see Table 1. The values of 1st percentile
of time to failure, t1%,NS,OLD, calculated with the 5th, 7th, 11th, 13th voltage harmonics only as in [9],
are also reported.

Component
↓

Estimated
Quantity ↓ Δθtot[

◦C]
Case Study→
Limit Match ↓ (a) (b) (c) (d) (e) (f)

cable
t1%,NS

[p.u. of LD] 0
Strict 0.015 0.337 0.125 0.026 0.456 0.201

25%-above 4.6 × 10−3 0.213 0.052 7.9 × 10−3 0.311 0.09
25%-below 0.049 0.523 0.283 0.079 0.642 0.409

cable
t1%,NS,OLD

[p.u. of LD] 0
Strict 0.054 0.510 0.203 0.087 0.628 0.200

25%-above 0.023 0.368 0.103 0.039 0.487 0.101
25%-below 0.124 0.681 0.378 0.183 0.775 0.381

cable
R(LD)
[%] 0

Strict 3 × 10−18 91.54 52.28 2.7 × 10−5 95.28 77.90
25%-above <10−18 80.08 2.526 <10−18 90.10 29.21
25%-below 1.505 96.39 88.24 20.21 97.59 94.18

capacitor
t1%,NS

[p.u. of LD] 0
Strict 0.265 0.951 0.635 0.342 0.976 0.739

25%-above 0.192 0.918 0.521 0.259 0.952 0.633
25%-below 0.370 0.982 0.765 0.451 0.996 0.846

capacitor
t1%,NS,OLD

[p.u. of LD] 0
Strict 0.380 0.959 0.658 0.461 0.978 0.654

25%-above 0.297 0.930 0.555 0.376 0.958 0.550
25%-below 0.486 0.983 0.771 0.564 0.993 0.773

capacitor R(LD)
[%] 0

Strict 86.69 98.90 97.54 91.75 98.95 98.17
25%-above 76.05 98.82 96.36 86.07 98.90 97.52
25%-below 92.92 98.96 98.30 95.19 98.99 98.61

Component↓ Estimated
Quantity↓ ΔTtot[

◦C]
Case

study→Limit
match↓

(g) (h) (i) (j) (k) (l)

cable
t1%,NS

[p.u. of LD] −15
Strict 0.065 1.476 0.545 0.113 1.995 0.876

25%-above 0.020 0.931 0.229 0.035 1.359 0.395
25%-below 0.214 2.287 1.240 0.347 2.809 1.792

cable
R(LD)
[%] −15

Strict 9.54 99.54 96.67 45.35 99.75 98.70
25%-above 1.1 × 10−9 98.85 82.52 2.5 × 10−2 99.46 93.77
25%-below 80.32 99.81 99.35 91.99 99.87 99.69

capacitor
t1%,NS

[p.u. of LD] −15
Strict 1.170 4.196 2.801 1.508 4.305 3.259

25%-above 0.838 4.018 2.280 1.133 4.165 2.771
25%-below 1.619 4.297 3.346 1.975 4.360 3.703

capacitor R(LD)
[%] −15

Strict 99.27 99.943 99.87 99.56 99.946 99.90
25%-above 98.58 99.938 99.81 99.22 99.942 99.87
25%-below 99.62 99.946 99.91 99.74 99.947 99.93

Table 4. Values of 1st percentile of time to failure, t1%,NS, and reliability at rated life LD, R(LD), estimated
with reliability models (36)–(39) for the induction motor and MV/LV transformer subjected to 5th,
7th, 11th, 13th, 17th, 19th, 23rd, 25th voltage harmonics in case studies (a)–(f) (Δθtot = 0), and (g)–(l)
(Δθtot = −15 ◦C), for the various matching of the limits in [4], see Table 1. The values of 1st percentile
of time to failure, t1%,NS,OLD, calculated with the 5th, 7th, 11th, 13th voltage harmonics only as in [9],
are also reported.

Component
↓

Estimated
Quantity ↓

Δθtot
[◦C]

Case Study→
Limit Match ↓ (a) (b) (c) (d) (e) (f)

motor
t1%,NS

[p.u. of LD] 0
Strict 0.143 0.920 0.511 0.202 0.957 0.633

25%-above 0.089 0.872 0.382 0.133 0.921 0.502
25%-below 0.234 0.967 0.672 0.308 0.990 0.778

motor
t1%,NS,OLD

[p.u. of LD] 0
Strict 0.244 0.937 0.542 0.319 0.965 0.537

25%-above 0.170 0.896 0.422 0.235 0.936 0.417
25%-below 0.349 0.973 0.684 0.430 0.988 0.686
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Table 4. Cont.

Component
↓

Estimated
Quantity ↓

Δθtot
[◦C]

Case Study→
Limit Match ↓ (a) (b) (c) (d) (e) (f)

motor R(LD)
[%] 0

Strict 61.31 98.82 96.22 78.22 98.91 97.52
25%-above 28.06 98.69 93.34 56.51 98.82 96.08
25%-below 83.20 98.93 97.80 89.94 98.98 98.35

transformer
t1%,NS

[p.u. of LD] 0
Strict 0.095 0.924 0.449 0.141 0.963 0.577

25%-above 0.053 0.872 0.317 0.084 0.924 0.435
25%-below 0.171 0.974 0.624 0.236 0.997 0.741

transformer
t1%,NS,OLD

[p.u. of LD] 0
Strict 0.180 0.936 0.478 0.246 0.966 0.473

25%-above 0.117 0.891 0.354 0.169 0.934 0.349
25%-below 0.278 0.974 0.633 0.356 0.991 0.636

transformer
R(LD)
[%] 0

Strict 32.67 98.83 95.14 60.17 98.92 97.03
25%-above 2.886 98.69 90.49 23.80 98.83 94.83
25%-below 70.96 98.95 97.45 83.47 98.99 98.19

Component↓ Estimated
Quantity↓ ΔTtot[

◦C]
Case

study→Limit
match↓

(g) (h) (i) (j) (k) (l)

motor
t1%,NS

[p.u. of LD] −15
Strict 0.639 4.103 2.277 0.902 4.269 2.823

25%-above 0.397 3.889 1.703 0.592 4.107 2.236
25%-below 1.042 4.313 2.997 1.373 4.413 3.469

motor R(LD)
[%] −15

Strict 97.57 99.940 99.81 98.77 99.945 99.87
25%-above 93.81 99.934 99.65 97.17 99.940 99.80
25%-below 99.08 99.946 99.89 99.47 99.948 99.92

transformer
t1%,NS

[p.u. of LD] −15
Strict 0.423 4.118 2.003 0.627 4.293 2.573

25%-above 0.237 3.890 4.122 0.373 4.122 1.940
25%-below 0.763 4.341 2.781 1.052 4.444 3.305

transformer
R(LD)
[%] −15

Strict 94.53 99.941 99.75 97.48 99.945 99.85
25%-above 83.67 99.934 99.50 93.03 99.941 99.73
25%-below 98.29 99.947 99.87 99.10 99.949 99.91

Figure 3 illustrates the reliability vs. service time (in p.u. of design life) for the XLPE cable with
Δθtot = 0 and voltage harmonics that: (a) exactly match, (b) are 25% above, (c) are 25% below the limits
in [4]. In the legend, RS(t) indicates reliability vs. time in the rated sinusoidal case, while Ra(t), Rb(t),
Rc(t), Rd(t), Re(t), Rf(t), denotes reliability vs. time in distorted case studies (a)–(f).

 
(a) (b) (c) 

Figure 3. Reliability vs. service time (in p.u. of design life) for the XLPE cable with voltage harmonics
that: (a) exactly match, (b) are 25% above, (c) are 25% below the limits in [4]. Δθtot = 0.

Figure 4 shows the same quantities in the same conditions as Figure 3, but for the capacitor.
Similar figures could have been drawn for the induction motor and MV/LV transformer, but they are
omitted here for brevity.
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(a) (b) (c) 

Figure 4. Reliability vs. service time (in p.u. of design life) for the all-film capacitor with voltage
harmonics that: (a) exactly match, (b) are 25% above, (c) are 25% below the limits in [4]. Δθtot = 0.

Figure 5a, reports the pdfs of Kp for case studies (a), (b), (c) with the strict match of the limits
in [4] in the presence of the 5th, 7th, 11th, 13th, 17th, 19th, 23rd, 25th voltage harmonics, as well as
of the 5th, 7th, 11th, 13th only as in [9]. Figure 5b is the same as Figure 5a, but for Kr instead of Kw.
Figure 6 displays the pdfs of Kr for case studies (a), (b), (c), (d) with the 5th, 7th, 11th, 13th, 17th, 19th,
23rd, 25th voltage harmonics, as well as for case studies (a), (b) with 5th, 7th, 11th, 13th only.

 
(a) 

 
(b) 

Figure 5. Probability density functions of: (a) Kp for case studies (a), (b), (c) with the strict match of the
limits in [4] in the presence of the 5th, 7th, 11th, 13th, 17th, 19th, 23rd, 25th voltage harmonics, as well
as of the 5th, 7th, 11th, 13th only; (b) Kw for case studies (a), (b), (c), (d) with the strict match of the
limits in [4] in the presence of the 5th, 7th, 11th, 13th, 17th, 19th, 23rd, 25th voltage harmonics, as well
as for case studies (a), (b) with 5th, 7th, 11th, 13th only.
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Figure 6. Probability density functions of Kr for case studies (a), (b), (c), (d) with the strict match of the
limits in [4] in the presence of the 5th, 7th, 11th, 13th, 17th, 19th, 23rd, 25th voltage harmonics, as well
as for case studies (a), (b) in the presence of the 5th, 7th, 11th, 13th only.

Figure 7 illustrates the reliability vs. service time (in p.u. of design life) for the XLPE cable with
Δθtot = −15 ◦C and voltage harmonics that: (a) exactly match, (b) are 25% above, (c) are 25% below the
limits in [4].

 
(a) (b) (c) 

Figure 7. Reliability vs. service time (in p.u. of design life) for the XLPE cable with voltage harmonics
that: (a) exactly match, (b) are 25% above, (c) are 25% below the limits in [4]. Δθtot = −15 ◦C.

3.3. Discussion

3.3.1. The Effect of Voltage Harmonics Only

Let us discuss the results of case studies (a)–(f) in Table 3 first, so as to deal with the effect of voltage
harmonics only. The 1st percentile of failure time is lower—in most cases far lower—than design life
for all case studies (a)–(f) and for both the cable and the capacitor; correspondingly, the reliability
at design life LD is always lower than design reliability RD = 1 − PD = 0.99 = 99%. Hence, for such
devices a combination of the 5th, 7th, 11th, 13th, 17th, 19th, 23rd, 25th voltage harmonics seems to be
detrimental irrespective of their phase-shift angle.

This is also confirmed by the plots of reliability vs. service time for the cable and the capacitor
reported in Figures 3 and 4, respectively, which show that the reliability in distorted cases (a)–(f)
is always below that in rated sinusoidal conditions (solid red curve). Surprisingly, this holds not
only when the harmonics comply with the limits in [4] exactly—as already found in [8] for the 11th,
13th harmonics and in [9] for the 5th, 7th, 11th, 13th—but also when they are 25% below these limits:
hence, this analysis suggests that the distorted voltage waveshapes of case studies (a)–(f) can reduce
the life and reliability of the insulation of the cable and the capacitor with respect to design life and
reliability even if harmonics have a 25% safety margin compared to the limits in standards [2–4].

Obviously, the lowest values of t1%,NS are found when harmonics are 25% above the limits: thus the
limits in [4] are still a key reference for designing effective filters to limit voltage harmonics [31].

The effect on insulation life and reliability is different among cases (a)–(f): indeed, Table 3 and
Figures 3 and 4 indicate that the reduction of component life and reliability is:
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(1) the greatest for worst cases (a), (d) leading to the highest peak of distorted voltage, see Figure 2a;
(2) the smallest for best cases (b), (e) leading to the lowest peak of distorted voltage, see Figure 2b;
(3) intermediate for experimental cases (c), (f) leading to an intermediate peak of distorted voltage,

see Figure 2c.

From Table 3, case studies (a)–(f), it is also clear that the 1st percentile of failure time and
reliability at design life increase as CVh rises from 0.1 for cases (a), (b), (c) to 0.3 for cases (d), (e),
(f)—i.e., with the scatter of the magnitude of voltage harmonics. This is because the 95th percentiles of
the magnitude of voltage harmonics are fixed—i.e., either equal to, or 25% above, or 25% below the
limits in [4]—and greater dispersion means that the cdfs F(Vh)/pdfs f (Vh) encompass lower values of
Vh, as deduced by comparing Figure 1b with Figure 1a.

Overall, it is worth emphasizing again that the calculations in this paper for the cable and the
capacitor—summarized in Table 3—are completely new compared to those in previous ones [8,9],
that have intentionally been cited here to allow a direct comparison. Such comparison shows that all
results and figures in this paper—although being intentionally homologous to those in previous papers
for enabling a straightforward comparison—are different as for the values obtained and the curves
plotted from those reported in the previous papers. However, although being different, the results
reported in this paper for the cable and the capacitor are in line with those previously obtained,
but is also interesting to observe that—for both the cable and the capacitor—the whole sequence of
odd voltage harmonics from the 5th to the 25th analysed here is more challenging than the simple
combination of the 5th, 7th, 11th, 13th voltage harmonics treated in [9]. Indeed, in Table 3 the values of
t1%,NS, are all lower than the homologous values of t1%,NS,O: thus, it is worth performing the much
more cumbersome analysis carried out here, since it is not only more accurate, but also on the safe side
from the viewpoint of life and reliability estimation of power components.

Another essential comment stemming from the results in Table 3 and Figures 3 and 4 for case studies
(a)–(f) is that the main outcomes hold for both the cable and the capacitor. Therefore, these outcomes
seem to be general and independent of the values of np, nw and nr and of the uncertainty in their
evaluation: indeed, in Table 2 the values of exponents np, nw and nr for the cable are far apart from
those for the capacitor, thus their effect on a same set of values of Kp, Kw, Kr will be different as well.

This comment gives a chance of a deeper understanding of cases (a)–(f), which requires dealing
precisely with the values of Kp, Kw,Kr. In fact, it should be understood that the values of Kp, Kw, Kr are
not the same, either in a given case study, or among different case studies, as outlined in Figures 5 and 6.

Starting from Figure 5a, it is readily seen that the pdfs of Kp in case studies (a)–(c) fully agree with
what previously observed at points (1)–(3) above for the same case studies, i.e., the pdf of Kp is located
in correspondence of:

(i) the highest values of Kp—always >1—for worst case (a). Thus, in this case study the peak value
of distorted voltage fosters a strong reduction of life and reliability, as np>>1 (see Table 2);

(ii) the smallest values of Kp—almost always slightly <1—for best case (b). Thus, in this case study
the peak value of distorted voltage fosters a slight, but non-negligible increase of life;

(iii) intermediate values of Kp—almost always >1—for experimental case (c). Thus, in this case study
the peak value of distorted voltage fosters a reduction of life, but less than in the worst case (a).

Furthermore, Figure 5a shows that the pdfs of cases (a), (b), (c) are located differently when the
5th, 7th, 11th, 13th voltage harmonics only are dealt with: the consideration of all harmonics moves
the pdf of Kp towards higher values in case (a), slightly lower values in cases (b), (c). This agrees
well with Figure 2a–c, since Figure 2a exhibits a higher peak of distorted voltage, while Figure 2b,c
a slightly lower peak of distorted voltage when all harmonics are considered rather than the 5th, 7th,
11th, 13th only. This is due to the more favourable combination of phase-shift angles of cases (b),(c)
when all harmonics than when the 5th, 7th, 11th, 13th only are included, since a better compensation
of the peaks of the various harmonics is achieved in the former than in the latter case.
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Analogous comments hold for the pdfs of Kp in the worst case (d), best case (e) and experimental
case (f)—omitted in Figure 5a for brevity. However, in these case studies the pdfs of Kp are displaced
towards lower values, for the same reasons explained above for the pdfs of Vh: namely cases (d), (e), (f)
have a higher CVh—0.3 vs. 0.1—than cases (a), (b), (c).

Anyway, as pointed out above when commenting on Table 3, the life and reliability of
components is lower when all harmonics are considered. This is mainly because of the effect of
the shape factor Kw, as straightforwardly understood from Figure 5b. Figure 5b—when compared
to Figure 5a—demonstrates that, while Kp depends strongly on phase-shift angles φh, Kw does not,
since it is affected only by the order h and rms value Vh of voltage harmonics, see Equations (7)–(9).
Thus the pdf of Kw is the same for worst case (a) as for best case (b) and experimental case (c) (this latter
omitted in Figure 5b for the sake of graphical clearness)—since these cases differ only as for the values
of φh. Similarly, the pdf of Kw is the same for worst case (d) as for best case (e) and experimental case
(f) (this latter omitted, too). However, when all voltage harmonics are considered the pdf of Kw moves
towards much higher values than with the 5th, 7th, 11th, 13th harmonics only, and since exponent nw

is significantly >1—although being much lower than np—this involves that life and reliability of the
component with all voltage harmonics decrease with respect to the 5th, 7th, 11th, 13th harmonics only.
On the other hand, such a decrease is much more remarkable for the cable than for the capacitor, as nw

is much higher for the former than for the latter.
One could guess the rms factor Kr plays a more significant role than Kw for the capacitor. Indeed, as

shown in Table 2, the capacitor features nr = 1.8> nw = 0.56, while the cable features nr = 1.2 << nw = 4.9.
This is not true, as seen in Figure 6—the same as Figure 5b, but for Kr instead of Kw. In fact, Figure 6
shows that Kr ≈ 1 in all case studies treated here (Experimental cases (c) and (f) are omitted in Figure 6
like in Figure 5b for the sake of graphical clearness, since they yield the same pdfs as cases (a),(b)
and (d),(e), respectively.), hence its effect on life and reliability of power components is negligible in
these cases. This conclusion can be essentially generalized to the most applicable cases, unless the
total harmonic distortion of voltage THDV is really severe, say, above 20% (see Equation (10) for the
relationship between THDV and Kr): here THDV ≤ 10%, see Table 1.

Figures 5 and 6 also confirm that—as stated in Section 2.1 when commenting on
Equations (7)–(9)—Kp can be either <1 or >1, while Kw and Kr are always ≥1. However, Kw can attain
much higher values than:

- Kp, as straightforwardly understood when comparing Figure 5b with Figure 5a;
- Kr in particular, as readily seen by comparing Figure 5b with Figure 6.

Like the pdf of Kp, also the pdfs of Kw and Kr are displaced towards lower values of Kw and Kr for
a higher dispersion: the reason is same as for the pdfs of Vh and Kp, see above.

As for the differences between the cable and the capacitor, all quantities in Table 3 are much greater
for the all-film capacitor than for the XLPE cable in all case studies. This is because the cable features
much greater values of the exponents np and nw (see Table 2), which weigh the role played by Kp and
Kw, the most dominant ageing factors not only in the case studies analysed here, but under distorted
voltage in general [35,36]. On the other hand, unforeseen parallel resonances between the capacitor
and the equivalent impedance of the grid—skipped here for the sake of brevity—might increase a few
voltage harmonics strongly, thereby causing a premature failure of the capacitor.

Another difference between capacitor and cable is that the former is truly placed at a certain node
in the network, where voltage distortion changes only with time, while cable lines actually stretch
from one node to another, experiencing a voltage distortion that typically changes both with time and
along the line. Hence, voltage distortion at a given time is more or less deterministically distributed
along cable lines. Here cables are implicitly regarded as a discrete number of series-connected cable
lengths with a constant—in space—voltage distortion level within each length.

Coming now to the induction motor and the transformer, as done in the case of Table 3 for the
cable and the capacitor, let us discuss the results of case studies (a)–(f) in Table 4 first, so as to deal with
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the effect of voltage harmonics only. Table 4 confirms the following observations already made when
commenting on the homologous case studies (a)–(f) in Table 3 for the cable and the capacitor.

(1) The 1st percentile of failure time is lower—in most cases far lower—than design life for all
case studies (a)–(f) and for both the induction motor and the transformer; correspondingly,
the reliability at design life LD is always lower than design reliability RD = 1−PD = 0.99 = 99%.
Hence, for such devices a combination of the 5th, 7th, 11th, 13th, 17th, 19th, 23rd, 25th voltage
harmonics seems to be detrimental irrespective of their phase-shift angle.

(2) Surprisingly, this holds not only when the harmonics comply with the limits in [4] exactly, but also
when they are 25% below these limits. Hence, this analysis suggests that the distorted voltage
waveshapes of case studies (a)–(f) can reduce the life and reliability of the insulation of the
induction motor and the transformer with respect to design life and reliability even if harmonics
have a 25% safety margin compared to the limits in standards [2–4].

(3) Obviously, the lowest values of t1%,NS are found when harmonics are 25% above the limits.
Thus also for the induction motor and the transformer the limits in [4] are a key reference for
designing effective filters to limit voltage harmonics.

(4) The effect on insulation life and reliability is different among cases (a)–(f). Indeed, Table 4 indicates
that the reduction of component life and reliability is:

(i) the greatest for worst cases (a), (d) leading to the highest peak of distorted voltage,
see Figure 2a;

(ii) the smallest for best cases (b), (e) leading to the lowest peak of distorted voltage,
see Figure 2b;

(iii) intermediate for experimental cases (c), (f) leading to an intermediate peak of distorted
voltage, see Figure 2c.

(5) The 1st percentile of failure time and reliability at design life increase as CVh rises from 0.1 for cases
(a), (b), (c) to 0.3 for cases (d), (e), (f)—i.e., with the scatter of the magnitude of voltage harmonics.

(6) For both the induction motor and the transformer the whole sequence of odd voltage harmonics
from the 5th to the 25th analysed here is more challenging than the simple combination of the 5th,
7th, 11th, 13th voltage harmonics treated in [9]. Indeed, in Table 4 the values of t1%,NS, are all lower
than the homologous values of t1%,NS,O: thus, it is worth performing the much more cumbersome
analysis carried out here, since it is not only more accurate, but also on the safe side from the
viewpoint of life and the reliability estimation of power components subjected to harmonics
generated by power electronic converters (cables, capacitors, induction motors, transformers).

(7) The main outcomes hold for both the induction motor and the transformer, as well as for the cable
and the capacitor before, thus for all treated components. Therefore, these outcomes seem to be
general and independent of the values of np, nw and nr and of the uncertainty in their evaluation.
Indeed, in Table 2 the values of exponents np, nw and nr differ more or less remarkably among the
various components, thus their effect on a same set of values of Kp, Kw, Kr will be different as well.

Other comments stemming from a comparison between Table 3 for the cable and the capacitor and
Table 4 for the transformer and induction motor—as well as from the inspection of Figure 5—is that the
role played by Kw vs. Kp is more noteworthy for the cable, less significant for the other components,
essentially because the capacitor, motor and transformer have all a lower value of nw, as readily seen
in Table 2. In this respect it can be said that the motor and transformer have a closer behavior to the
capacitor than to the cable; this is not surprising, when considering that typically the composite/lapped
structure of the insulation of motors and MV/LV transformers is more similar to the lapped insulation
of the PP capacitor than to the quasi-homogeneous insulation of the XLPE cable.

On the other hand, it is also interesting to point out that the motor and the transformer exhibit
lower values of time to failure and reliability than the capacitor in the same case studies. This is
essentially due to the higher value of np featured by the motor (np = 9) and the transformer (np = 11)
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compared to the capacitor (np = 6.2). For the same reason, in turn, the transformer exhibits lower
values of time to failure and reliability than the motor in the same case studies.

In summary, the hierarchy of the values of failure times and reliability is as follows:
capacitor <motor < transformer < cable. However, it should be pointed out that this hierarchy has to
be taken with great care, since it has been obtained from the values of reliability model parameters
reported in Table 2, which are subjected to all uncertainties related to the relevant experimental
campaigns and failure of data processing. Moreover, these values hold for the particular insulating
specimens considered in those campaigns, which of course cannot be considered as fully representative
of all insulations of existing capacitors, motors, transformers and cables found in MV and LV systems.

3.3.2. The Effect of Current Harmonics and Sinusoidal Current

Coming now to the effect of current harmonics, one could guess that the relevant Joule losses
might cause a further reduction of lifetime and reliability of power components compared to those
quoted for case studies (a)–(f) in Table 3 and in Table 4, as outlined in [6,7]. However, load demand
and common service practices imply that distribution grids and the relevant power components
mostly work at a load substantially lower than the design “sinusoidal” load. In this way, the thermal
effect of harmonic currents is insufficient to let the maximum temperature of components reach the
rated sinusoidal temperature. This is also because some design practices recommended to oversize
conductors to be on the safe side as for possible harmonic currents. This situation, rather common
especially for MV distribution cables [50], might hide the decrease of life and reliability under distorted
voltage found for case studies (a)–(f) in Table 3. To check this effect, Table 3 includes case studies (g)–(l),
identical to case studies (a)–(f) apart that <Δθtot> = <Δθarm> + <ΔθHL> = −15 ◦C (see Table 1).

Case studies (g)–(l) in Tables 3 and 4 show that this effect can really occur. Indeed, for the treated
components all values of failure times and reliability increase significantly in case studies (g)–(l) with
respect to their homologous values in case studies (a)–(f). In particular, the 1st percentile of time to
failure rises by a factor exp(−B〈ΔT′tot〉)—compare Equation (36) with Equation (38)—which is ≈4.4 for
the cable and the capacitor, ≈4.5 for the motor and the transformer: thus this factor is quite similar for
all treated components, since the relevant values of B are quite close (see Table 2). However, being times
to failure at <Δθtot> = 0 ◦C the highest for the capacitor, the least for the cable, intermediate for the
motor and the transformer, the increase involved by <Δθtot> = −15 ◦C leads to:

• values of the 1st percentile of time to failure more or less broadly above design life (thus values of
reliability at design life more or less broadly>99%) in all case studies for the capacitor—apart case (a)
with voltage harmonics 25% above the limits in [4] (see bold numbers in Table 3);

• values of the 1st percentile of time to failure below design life (thus values of reliability at design
life <99%) in worst cases (g) and (j) with voltage harmonics matching exactly or 25% above the
limits in [4] for the motor (see bold numbers in Table 4);

• values of the 1st percentile of time to failure below design life (thus values of reliability at design
life <99%) in the following case studies for the transformer (see bold numbers in Table 4):

- worst case (g) with all matching types of the limits in [4];
- worst case (j) with voltage harmonics matching exactly or 25% above the limits in [4];

• values of the 1st percentile of time to failure below design life (thus values of reliability at design
life <99%) in the following case studies for the cable (see bold numbers in Table 3):

- worst cases (g) and (j) with all matching types of the limits in [4];
- experimental cases (i) and (l) with voltage harmonics matching exactly or 25% above the

limits in [4];

• values of the 1st percentile of time to failure more or less broadly above design life (thus reliability
at design life more or less broadly >99%) in best cases (h) and (k) for the cable.
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Focusing on the cable, these potentially harmful cases are also confirmed by the plots of reliability
vs. service time for the cable with <Δθtot> = −15 ◦C reported in Figure 7, which show the many
previously listed cases where cable reliability in distorted conditions falls below that in rated sinusoidal
conditions (solid red curve). Therefore, as such “pessimistic” cases cannot be fully ruled out for a
cable subjected to voltage and current harmonics generated by power electronic devices, such a cable
faces a risk of premature failure although its average temperature is 15 ◦C below design temperature.
This holds also for potentially harmful cases for the motor and the transformer emphasized with bold
characters in Table 4.

3.3.3. Further Remarks

As a closure of this discussion, it must be emphasized that the analysis carried out here
in the streamline of the present investigation does not have a particular type of converter as a
reference—e.g., the 6-pulse or the 12-pulse, although the 6-pulse and 12-pulse SCR-based converters
are quite often encountered in LV and MV grids. Rather, this analysis aims at reproducing the typical
situation of harmonic distortion level which can be typically found in LV and MV grids, based on the
typical distorting loads found in such grids and on the typical filtering strategies to limit the effects
of such distorting loads. This is the reason why international standards EN50160, IEC 61000-2-2,
IEC 61000-2-4 are taken as a reference here; based on the limitations established by these authoritative
international standards to voltage harmonics—and in particular by the probabilistically-established
limits after EN50160—we have chosen as case-study examples three typical sets of possible voltage
distortion levels, i.e.,:

- exact match of the limits, in order to reproduce situations where the plant is designed so as to
comply with the limits, but with no safety margins (to spare money);

- 25% below the limits, in order to reproduce situations where the plant is designed so as to
comply with the limits with a heuristically found and apparently broad enough safety margin,
thereby spending more money than strictly needed to increase the power quality of the grid;

- 25% above the limits, in order to reproduce situations where the plant is designed carelessly with
respect to the limits (this might happen from time to time in huge industrial plants with their own
MV and LV grids to spare further money).

However, each of these three criteria is only one among infinite possible ways to set the voltage
distortion level. Once the distortion level is set parametrically or known from measurements in a
particular point of common coupling (PCC) in the grid or internal point of coupling (IPC) in a plant,
the method proposed here—namely Equations (31)–(39)—can be applied anyway.

4. Conclusions

This paper has refined the theory and broadened the applications of an electro-thermal probabilistic
life model—also referred to as electro-thermal reliability model—developed in previous studies for
the insulation of power components affected by current and voltage harmonics. In line with previous
papers, the outcomes of this article confirm that the limits to voltage harmonics set in international
standards may be not totally conservative as for the reliability of components subjected to the harmonics
generated by power electronic converters. This holds even if a fairly broad safety margin of 25% is kept
from such limits. This effect is due not only to the peak of the distorted voltage, accounted for by the
peak factor Kp, but also to the shape of the distorted voltage—thus to its time derivative—accounted for
by the shape factor Kw. The effect of voltage harmonics may be compensated for by a lower-than-rated
load current of components. However, only a strong reduction of the load can hide the effect of
distorted voltage totally.

Another important conclusion of this study is that for all treated components (cables, capacitors,
induction motors, transformers) and for all case studies examined, the whole sequence of odd voltage
harmonics from the 5th to the 25th analysed here is more challenging that the simple combination of
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the 5th, 7th, 11th, 13th voltage harmonics treated previously. Thus, it is worth performing the much
more cumbersome analysis carried out here, since it is not only more accurate, but also on the safe side
from the viewpoint of life and reliability estimation of power components.

The results also point out that a wide variety of distorted regimes can be encountered in practice,
each having different effects on component reliability. Therefore, a reliability model like that presented
here is a quite useful tool to be used in each case of interest beside other methods, like careful
experimental measurements and sound diagnostic techniques. All these techniques employed together
may provide a fairly exhaustive picture of the effect of voltage and current harmonics generated by
power electronic devices on the life and reliability of power components.

It is also worth emphasizing that the reliability model is used here for life and reliability estimates
of the MV/LV capacitor and cable, but it can be extended to other insulations, e.g., those of induction
motors and transformers. Indeed, the treated components feature quite different values of the
parameters of the reliability model: since the main results obtained here for all case studies hold for
both the cable and the capacitor, these results appear to be general and independent of the values of
the parameters, as well as of the uncertainty in their evaluation.

Furthermore, the investigations presented in this paper for the international standards EN50160,
IEC 61000-2-2, and IEC 61000-2-4 could be conducted in future works considering also other standards
from the IEC 61000 series that are related to specific equipment and converters.

As a final remark, it has to be pointed out that—due to the simplifying assumptions made and
the “quasi-parametric” approach followed—the results obtained should be always generalized with
care, being indicative but not exhaustive. Indeed, all results reported here have been obtained from
particular values of reliability model parameters, which are subjected to all uncertainties related to the
relevant experimental campaigns and failure of data processing. Moreover, these values hold for the
particular insulating specimens considered in those campaigns, which of course cannot be considered
as fully representative of all insulations of existing capacitors, motors, transformers and cables found
in MV an LV system.
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Abstract: An attractive candidate for space and aeronautic applications is the high-power and
miniaturizing electric propulsion technology device, the gallium nitride high electron mobility
transistor (GaN HEMT), which is representative of wide bandgap power electronic devices. The
cascode AlGaN/GaN HEMT is a common structure typically composed of a high-voltage depletion-
mode AlGaN/GaN HEMT and low-voltage enhancement-mode silicon (Si) MOSFET connected by a
cascode structure to realize its enhancement mode. It is well known that low-voltage Si MOSFET is
insensitive to single event burnout (SEB). Therefore, this paper mainly focuses on the single event
effects of the cascode AlGaN/GaN HEMT using technical computer-aided design (TCAD) simulation
and heavy-ion experiments. The influences of heavy-ion energy, track length, and track position
on the single event effects for the depletion-mode AlGaN/GaN HEMT were studied using TCAD
simulation. The results showed that a leakage channel between the gate electrode and drain electrode
in depletion-mode AlGaN/GaN HEMT was formed after heavy-ion striking. The enhancement
of the ionization mechanism at the edge of the gate might be an important factor for the leakage
channel. To further study the SEB effect in AlGaN/GaN HEMT, the heavy-ion test of a cascode
AlGaN/GaN HEMT was carried out. SEB was observed in the heavy-ion irradiation experiment and
the leakage channel was found between the gate and drain region in the depletion-mode AlGaN/GaN
HEMT. The heavy-ion irradiation experimental results proved reasonable for the SEB simulation for
AlGaN/GaN HEMT with a cascode structure.

Keywords: AlGaN/GaN HEMT; cascode structure; single event effects; technology computer-aided
design simulation; heavy-ion irradiation experiment

1. Introduction

As high-power and miniaturizing electric propulsion technology devises continue to
develop, high-performance and high-reliability wide bandgap power electronic devices
begin to play an important role in air and space vehicles. Gallium nitride high electron
mobility transistors (GaN HEMT) are representative of wide bandgap power electronic
devices and could be an attractive candidate for space and aeronautic applications due to
their excellent electrical characteristics, such as high electron mobility, high breakdown
voltage, and high thermal conductivity. To realize space and aeronautic applications, the
radiation effect should be considered, including the total ionizing dose (TID) effect, single
event effect (SEE), and the displacement damage dose (DDD) effect. Due to the existence
of two-dimensional electron gas (2DEG), AlGaN/GaN HEMT, fabricated on AlGaN/GaN
heterojunction, is in depletion mode. To ensure the reliability of the device in space
applications, enhancement-mode devices can be adopted. The enhanced mode is mainly
realized in AlGaN/GaN HEMT by the following: p-GaN [1,2], F ion implantation [3,4],
MIS HEMT [5,6], and cascode structure [7,8]. The total ionizing dose and displacement
damage effect on GaN HEMT have been studied by many researchers [9–14]. Because there
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is no gate dielectric layer in AlGaN/GaN HEMT, GaN HEMT is less sensitive to the TID
effect. Additionally, some references [12,13] have shown that the DDD effect impacts the
direct-current (DC) characteristics of the AlGaN/GaN HEMTs and the failure mechanisms
have been basically studied. However, as one of the most important effects of space
environment radiation, many studies focused on the enhancement-mode AlGaN/GaN
HEMT based on the p-GaN structure [15–17]. The SEE characteristics and AlGaN/GaN
HEMT failure mechanisms based on the cascode structure are not clear. Therefore, in this
paper, we focused on studying the SEE of the AlGaN/GaN HEMTs and analyzing the
failure mechanism of the single event burnout (SEB) effect.

To study the radiation response and failure mechanism of the SEB effect for GaN
HEMTs, TCAD simulation and heavy-ion irradiation experiments were carried out. The
remainder of the paper is organized as follows.

Firstly, according to the circuit structure shown in Figure 1, the cascode structure
of AlGaN/GaN HEMT, including the depletion-mode AlGaN/GaN HEMT and Si MOS-
FET, were modeled. Because low-voltage Si MOSFET is not sensitive to the SEB effect,
we focused on studying the SEE in the depletion-mode AlGaN/GaN HEMT. The simu-
lation results showed that (1) the SEB effect of the AlGaN/GaN HEMT was influenced
by heavy-ion energy and track position. Further, (2) a leakage channel between the gate
electrode and drain electrode was observed after heavy-ion striking in depletion-mode
AlGaN/GaN HEMT.

Figure 1. The schematic of aluminium gallium nitride /gallium nitride high electron mobility
transistor (AlGaN/GaN HEMT), based on the cascode structure.

Heavy-ion irradiation experiments of the commercial cascode AlGaN/GaN HEMT
were conducted in an off-mode condition. The experimental results showed that (1) the
depletion-mode AlGaN/GaN HEMT was burnt out under Vds = 50 V for Ge ions at LET =
28.5 MeV·cm2/mg (about 0.31 pC/μm). Moreover, it showed (2) a leakage channel between
the gate electrode and the drain electrode in the depletion-mode, where AlGaN/GaN
HEMT was formed after the heavy-ion striking.

Finally, the possible SEE failure mechanism was proposed. We proved that the en-
hancement of the impact ionization mechanism at the edge of the gate might be an impor-
tant factor in the formation of the leakage channel.
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2. Simulation Results and Discussion

As shown in Figure 1, a high voltage depletion-mode AlGaN/GaN HEMT and a
low voltage enhancement-mode silicon (Si) MOSFET were connected to form a high
voltage enhancement-mode AlGaN/GaN HEMT in the cascode structure. For the cascode
AlGaN/GaN HEMT circuit, the drain electrode of GaN HEMT served as the drain port
and the gate electrode of Si MOSFET acted as the gate port. The source port of the device
was formed by connecting the source electrode of Si MOSFET and the gate electrode
of GaN HEMT. It is well known that the low voltage power MOSFETs are robust to
the SEB effect [18–20]. Therefore, to investigate the mechanism of the SEB induced by
heavy ion irradiation on cascode AlGaN/GaN HEMT, we studied the SEB effect of the
depletion-mode AlGaN/GaN HEMT. TCAD simulation was carried out with the Sentaurus
TCAD simulator.

2.1. Modeling

In the simulation, the generic model of the depletion-mode AlGaN/GaN HEMT sup-
ported by the foundry was adopted. According to previous reports [21–23], the architecture
considered in the simulation is shown in Figure 2. The structure consisted of a Si substrate,
a GaN buffer layer, an unintentional doped GaN channel layer, an unintentional doped
AlGaN barrier layer, and a SiN passivation layer. The breakdown voltage of the simulated
device was higher than 900 V. The breakdown, transfer, and output characteristics of the
simulated structure are shown in Figure 3. The threshold voltage (Vth) of the AlGaN/GaN
HEMT was approximately −2.5 V.

Figure 2. The schematic of the depletion-mode AlGaN/GaN HEMT.
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Figure 3. The characteristics of the depletion-mode AlGaN/GaN HEMT: (a) the breakdown characteristic, (b) the transfer
characteristic, and (c) the output characteristics.

In the simulation, we used a heavy-ion model in Sentaurus software. The impact
ionization model and drift-diffusion model were adopted. To simplify the simulation
process, thermal equations (lattice heating) were not considered in this paper. The heavy-
ion was vertical incidence on the device from the front side. The Gaussian track radius was
20 nm spatially.

2.2. Simulation Results and Discussion
2.2.1. SEB Characteristics of HMET

To trigger the device’s SEE effect, we adopted a track length of 10 μm and linear
energy transfers (LET) of 1 pC/μm. The drain, source, and gate port of the depletion-
mode AlGaN/GaN HEMT were biased at 400 V, 10 V, and 0 V, respectively (Vgs = −10 V,
Vds = 390 V), which ensured that the device was in the off state. The transient drain, source,
and gate currents are presented in Figure 4. The currents increased immediately after a
heavy-ion struck the device. The drain current increased to about 2.5 mA, the gate current
increased to about 1.5 mA, and the source current increased to about 1 mA. Approximately
1 ns after striking, the source current returned to 0.1 μA and the drain current and gate
current reached 0.2 mA. The drain current and gate current were about 0.1 mA at 50 ns
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after striking. This indicated that a leakage channel between the gate electrode and the
drain electrode in depletion-mode AlGaN/GaN HEMT was formed.

Figure 4. The transient drain, source, and gate currents after heavy-ion striking.

2.2.2. Influence Factors of SEB

• Heavy-ion energy

Heavy-ion energy, heavy-ion track length, and heavy-ion track position are important
parameters that affect the single event effect of the depletion-mode AlGaN/GaN HEMT.
Heavy-ion energy is related to the electron-hole pairs produced in the device. To study
the influence of heavy-ion energy on the SEE of the depletion-mode AlGaN/GaN HEMT,
simulation experiments with different LETs (10, 5, 1, 0.1, 0.01, 0.005, 0.001 pC/μm) were
carried out. The track length (10 μm) and track position (close to the drain electrode) were
adopted in the simulation. The transient drain currents after heavy ion impacts for different
LETs were shown in Figure 5. The transient drain current increased with the LET increasing
and reached a saturation value until the LET was higher than 0.1 pC/μm. It indicated that
the electron-hole pairs generated in the AlGaN and GaN layers increased with the LET
grew and reached the maximum at 0.1 pC/μm [16].

• Heavy-ion track length

In addition to heavy-ion energy, the heavy-ion track length is also an important
parameter. The impacts of heavy-ion with different track lengths were also studied. In the
simulation, the heavy-ion energy (1 pC/μm) and track position (close to the drain electrode)
were adopted and the track lengths were 2, 5, 10, and 15 μm. The transient drain currents
after heavy ion impacts for different track lengths were shown in Figure 6. The amplitude
of transient drain current almost kept constant under these simulation conditions. In these
simulation conditions, the heavy-ion had passed through the GaN channel layer and
reached the GaN buffer layer or the Si substrate layer. In other words, the heavy-ion had
passed through the active region of the depletion-mode AlGaN/GaN HEMT. Therefore, the
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transient drain currents did not change with heavy-ion track length under these simulation
conditions. These results indicated when the heavy-ion passed through the GaN channel
layer and reached the GaN buffer layer, the heavy-ion track length had little effect on the
SEE of the depletion-mode AlGaN/GaN HEMT.

Figure 5. The transient drain currents after heavy-ion striking with different linear energy trans-
fers (LETs).

Figure 6. The transient drain currents after heavy-ion striking with different track lengths.

118



Electronics 2021, 10, 440

• Sensitive region of SEB

To localize the sensitive region of the depletion-mode AlGaN/GaN HEMT, different
track positions of heavy-ion were studied. The heavy-ion energy (1 pC/μm) and track
length (10 μm) were adopted in the simulation. The schematic of heavy-ion tracks on the
depletion-mode AlGaN/GaN HEMT is revealed in Figure 7. The transient drain currents
after heavy-ion impact on different track positions are shown in Figure 8. The drain currents
were about 0.1 mA at 50 ns after the heavy-ions striking at P7, P8, and P9, while the drain
currents were lower than 10−8 A at 50 ns after the heavy-ions striking at P1 to P6. These
indicated that a SEB current was triggered when the heavy-ion impact on the location of P7,
P8, and P9. Moreover, the closer the track position is to the drain region, the more sensitive
it is to the SEB device.

Figure 7. The cross-section of AlGaN/GaN HEMT with different heavy-ion track positions.

Figure 8. The transient drain currents after heavy-ion striking with different positions.
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2.2.3. The Failure Mechanism of SEB

To understand the SEB mechanism, the cross-sections of the total current density after
the heavy-ion impact on location P5 and P8 are shown in Figures 9 and 10, respectively.
Figures 9a and 10a show the initial states of the total current density before the heavy-ions
striking. Figures 9b and 10b show the total current density after the heavy-ions striking at
P5 and P8 for 0.05 ns. After the heavy-ions striking, the total current density in the GaN
buffer layer increased (from green to orange), indicating that the GaN buffer layer forming
a leakage channel. Figures 9c and 10c show the total current density after the heavy-ions
strike at P5 and P8 for 50 ns. These showed that the leakage channel disappeared at 50 ns
after the heavy-ions striking at P5, while it was still a leakage channel at 50 ns after the
heavy-ions striking at P8.

Figure 9. The cross-sections of the total current density with time after the heavy-ion striking at
P5: (a) before heavy-ion striking, (b) 0.05 ns after heavy-ion striking, and (c) 50 ns after heavy-ion
striking. The white line represented the depletion region.
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Figure 10. The cross-sections of the total current density with time after heavy-ion striking at P8:
(a) before heavy-ion striking, (b) 0.05 ns after heavy-ion striking, and (c) 50 ns after heavy-ion striking.
The white line represented the depletion region.

After the heavy-ions strike the device, the electron-hole pairs were generated. Elec-
trons flowed toward the drain under the high drain voltage and collected by the drain
electrode. Holes were left in the GaN buffer layer, leading to the electrons injection of
the source and gate electrode [16,24]. Thus, the large transient current was generated in
the source, gate, and drain regions. The leakage channel of the GaN buffer layer was
formed. The electron-hole pairs generated by heavy-ions decreased with time, leading to
the leakage current reduced.

In order to further understand the SEB mechanism, the cross-sections of the impact
ionization after the heavy-ion striking at P5 and P8 were studied. Figures 11a and 12a were
the initial value of the impact ionization before the heavy-ions struck. Figure 11b,c and
Figure 12b,c show the impact ionization at 0.05 ns and 50 ns after the heavy-ions striking at
P5 and P8. As shown in Figure 11, after the heavy-ions striking at P5, the impact ionization
at the edge of the gate region decreased at 0.05 ns and the value was still low at 50 ns.
As shown in Figure 12, after the heavy-ions striking at P8, the impact ionization at the
edge of the gate region and the drain region increased at 0.05 ns and the value was still
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high at 50 ns. The electron-hole pairs were generated after the heavy-ion injected to the
AlGaN/GaN HEMT. Then the generated electron-hole pairs drifted under the applied
voltage. Electrons flowed toward the drain under the high drain voltage and collected
by the drain electrode. Holes were left in the GaN buffer layer, leading to the electrons
injection of the source, and gate electrode. The movement of the electron-hole pairs led to
the changing of the potential distribution. When the heavy-ions struck at P5, which was
close to the gate electrode, the electrons were injected from the source and gate electrode
quickly. This process decreased the potential near the drain, which decreased the impact
ionization at the edge of the gate region. When the heavy-ions struck at P8, which was
close to the drain electrode, electrons were quickly collected by the drain and holes left
in the GaN buffer layer accumulated. This process increased the potential near the drain,
which enhanced the impact ionization at the edge of the gate region. The enhancing impact
ionization increased the number of generated carriers, which increased the probability of
electron tunneling of the gate region. This might be attributed to the burnout of the gate
electron of the AlGaN/GaN HEMT after heavy-ion striking at P8.

Figure 11. The cross-sections of the impact ionization after the heavy-ion striking at P5: (a) before heavy-ion striking,
(b) 0.05 ns after heavy-ion striking, and (c) 50 ns after heavy-ion striking.

Figure 12. The cross-sections of the impact ionization after the heavy-ion striking at P8: (a) before heavy-ion striking,
(b) 0.05 ns after heavy-ion striking, and (c) 50 ns after heavy-ion striking.
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3. Heavy-Ion Experimental Results and Discussion

3.1. Experiment Samples and Setup

To further study the phenomenon of the drain current increase obtained in the simu-
lation section, a commercial GaN HEMT with a breakdown voltage of 900 V was chosen.
The devices under test (DUTS) were commercial devices employing a cascode structure
from transform (TP90H180PS). The radiation experiments were carried out on the heavy-
ion accelerator of China Atomic Energy Research Institute, shown in Figure 13. In the
heavy-ion radiation experiments, the device was biased at the off state. The source port
and gate port were grounded (Vgs = 0 V). The drain port was biased at 50 V (Vds = 50 V).
The heavy-ion parameters used in the irradiation experiment are shown in Table 1. For the
heavy-ion irradiation with the flux of about 104 particle/cm2/s, the devices were irradiated
to the fluence of 5 × 106 particle/cm2. The drain currents were monitored by Keithley 2470
during the heavy-ion irradiation. The drain current and gate current were measured by
Keithley 2470 and 2450 after heavy-ion irradiation.

Figure 13. The heavy-ion accelerator of China Atomic Energy Research Institute.

Table 1. Heavy ions used in the experiment.

Heavy-Ion
Energy
(MeV)

LET(GaN)
(MeV·cm2/mg)

Strike in GaN
(μm)

74Ge11,20+ 210 28.5 16.21

3.2. Experiment results and discussion

The transient drain currents during the heavy-ion irradiation are shown in Figure 14.
When the drain port was biased at 50 V, the drain current quickly increased to 10 mA
(current limitation), which took about 45 s at LET = 28.5 MeV·cm2/mg (about 0.31 pC/μm).
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Figure 14. The drain currents of the device at Vds = 50 V for Ge ions at LET = 28.5 MeV·cm2/mg
(about 0.31 pC/μm).

After heavy-ion irradiation, the drain current and gate current were measured (Vgs = 0 V),
as shown in Figure 15. The drain leakage current increased to approximately 5 mA and the
gate leakage current was less than 5 nA at Vds = 20 V, Vgs = 0 V. It indicated that a leakage
channel was formed between the source port and drain port in the Cascode AlGaN/GaN
HEMTs. Analyzing from Figure 1, the source port and drain port of the Cascode AlGaN/GaN
HEMTs corresponded to the gate electrode and the drain electrode of the depletion-mode
AlGaN/GaN HEMT. Therefore, a leakage channel was formed between the gate electrode
and the drain electrode in the depletion-mode AlGaN/GaN HEMT.

Figure 15. The gate and drain currents of the device after heavy-ion irradiation.
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The picture of the DUT before and after heavy-ion irradiation is shown in Figure 16.
Figure 16a shows the structure of the cascode AlGaN/GaN HEMT under test and Figure 16b
shows a picture of the device after heavy-ion irradiation. The left device was the low voltage
enhancement-mode Si MOSFET and the right device was the high voltage depletion-mode
AlGaN/GaN HEMT. As shown in Figure 16b, the depletion-mode AlGaN/GaN HEMT was
burnt out under Vds = 50 V for Ge ions at LET = 28.5 MeV·cm2/mg (about 0.31 pC/μm).
The Si MOSFET was not sensitive to SEB. Moreover, it was found that the burned area of the
depletion-mode AlGaN/GaN HEMT was located at the gate electrode of the device, using
layout photographing technology. A burnout area between the drain and gate was found
on the surface of depletion-mode AlGaN/GaN HEMT from the heavy-ion experimental
results, as shown in Figure 16b, which indicated the sensitive region was between the drain
electrode and gate electrode.

Figure 16. (a) The cascode AlGaN/GaN HEMT under test and (b) the picture of the device after heavy-ion irradiation.

Analyzing from the simulation results, the sensitive region of the depletion-mode
AlGaN/GaN HEMT was located near the drain. As shown in Figure 16b, the sensitive
region was between the drain electrode and gate electrode. The results of the heavy-ion
experiment proved reasonable of the SEB simulation for AlGaN/GaN HEMT with the
cascode structure. In a word, the simulation and heavy-ion experimental results both
indicated that a leakage channel between the gate electrode and the drain electrode in
depletion-mode AlGaN/GaN HEMT was formed after the heavy-ion striking. This may be
the main failure mechanism leading to the SEB effect.

4. Conclusions

Single event effects on cascode AlGaN/GaN HEMT were studied in this paper. To fig-
ure out the mechanism of single event effects, the simulation and experiment were carried
out. The simulation results showed that the heavy-ion energy and track position influ-
enced the SEB effect of the depletion-mode AlGaN/GaN HEMT. When the heavy-ion
passed through the GaN channel layer and reached the GaN buffer layer, the heavy-ion
track length had little effect on the SEE of the depletion-mode AlGaN/GaN HEMT. The
sensitive region of the depletion-mode AlGaN/GaN HEMT was located near the drain.
When the depletion-mode AlGaN/GaN HEMT was biased at Vgs = −10 V and Vds = 390 V,
heavy-ion (LET = 0.1 pC/μm) struck near the drain and caused a leakage current be-
tween the gate electrode and drain electrode in the depletion-mode AlGaN/GaN HEMT.
Moreover, the heavy-ion irradiation experiments of a commercial cascode AlGaN/GaN
HEMT (TP90H180PS) were carried out. Experimental results showed that the drain cur-
rent of the device increased to 10 mA (limiting by the instrument), which was about 45 s
at LET = 28.5 MeV·cm2/mg (about 0.31 pC/μm) with Vds = 50 V. Analyzing from the
cascode structure, the leakage channel was formed between the gate electrode and the
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drain electrode in the depletion-mode AlGaN/GaN HEMT. The picture of the DUT after
heavy-ion irradiation indicated that the burning area was between the gate electrode and
the drain electrode of the depletion-mode AlGaN/GaN HEMT. The results of the heavy-ion
experiment proved reasonable for the SEB simulation of AlGaN/GaN HEMT with cascode
structure. The enhancement of the impact ionization at the edge of the gate was revealed
using simulation and it might be an important factor for SEB effect. It was very useful for
the radiation-hardened technique for GaN HEMT design.
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Abstract: This work presents a step-by-step procedure to estimate the lifetime of discrete SiC power
MOSFETs equipping three-phase inverters of electric drives. The stress of each power device when it
is subjected to thermal jumps from a few degrees up to about 80 ◦C was analyzed, starting from the
computation of the average power losses and the commitment of the electric drive. A customizable
mission profile was considered where, by accounting the working conditions of the drive, the
corresponding average power losses and junction temperatures of the SiC MOSFETs composing
the inverter can be computed. The tool exploits the Coffin–Manson theory, rainflow counting, and
Miner’s rule for the lifetime estimation of the semiconductor power devices. Different operating
scenarios were investigated, underlying their impact on the lifetime of SiC MOSFETs devices. The
lifetime estimation procedure was realized with the main goal of keeping limited computational
efforts, while providing an effective evaluation of the thermal effects. The method enables us to
set up any generic mission profile from the electric drive model. This gives us the possibility to
compare several operating scenario of the drive and predict the worse operating conditions for power
devices. Finally, although the lifetime estimation tool was applied to SiC power MOSFET devices for
a general-purpose application, it can be extended to any type of power switch technology.

Keywords: AC motor drive; junction temperature; lifetime prediction; power MOSFET; loss model-
ing; reliability; SiC MOSFET

1. Introduction

The remarkable properties of silicon carbide (SiC) have made it a perfect candidate for
replacing silicon-based power electronic devices in high power, high-temperature applica-
tions. In fact, SiC MOSFET technology provides excellent performance to MOSFET power
devices in terms of low on-state resistance, high switching frequency, high breakdown
voltage, high current capability also at very high temperature. Therefore, this technology
represents a valid alternative to typical Si MOSFET and IGBT power devices for many
applications [1]. The prospects for strong growth in SiC devices are high and are even
stimulated by the increasing sales of plug-in hybrid and electric vehicles. Compared to
the well mature Si technology, the field reliability of SiC devices must be demonstrated for
various applications, and a voltage-derating design guideline needs to be established. This
is especially important for applications in which reliability is extremely critical, such as the
automotive and aerospace applications. Hence, it becomes imperative to apply in-depth
studies on the SiC devices performance and operating limits, especially when they are
used in very critical applications, for instance when they are integrated into three-phase
traction inverters powering electric motors. In fact, because power conversion systems
equipped with a SiC device potentially provide higher current density than one with Si
devices, which leads to a larger thermal ripple, they need more stringent requirements for
the package materials.
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Studies on the state-of-the-art SiC MOSFET’s reliability evaluation and failure mode
analysis were carried out in [2–4]; these studies pointed out the evolution and improve-
ments as well as the future challenges of this promising device technology. The electro-
thermal co-simulation approach based on a PSpice-based model, including temperature
dependency and a Simulink-based thermal network, was even proposed in [5] for SiC
MOSFETs. Some model quantities have been obtained by FEM simulation for more accu-
rate results, and a MATLAB script has been used to manage and interface the data from
the different simulation tools. An accelerated power cycling test platform using a current
source converter for SiC-MOSFET power modules was also presented in [6], where the
junction temperature variations of the devices were monitored without the removal of
silicone gel. Moreover, the analysis was used to examine some failure precursors and then
to estimate the useful lifetime of SiC MOSFET modules. A comparison in the area of device
reliability accounting for condition monitoring and active thermal control as well as the
lifetime was recently carried out [7]. A method to obtain the thermal impedance of a SiC
module by combining optical measurement and multi-physics simulations was proposed
in [8], where the measurement of the junction temperature was performed by using fiber
optic instead of temperature-sensitive electrical parameters. Several major achievements
and novel architectures in SiC modules packaging were analyzed in [9], where the authors
reported an accurate survey of the materials by considering their coefficient of thermal ex-
pansion and their proper combination to reduce the thermal stress in the material interfaces.
The impact of different pulse width modulation control techniques on the power losses
and thermal stress on SiC power modules used in a three-phase inverter was investigated
in [10]. The advantages and problems due to the use of SiC MOSFET in a traction inverter
were discussed in [11] to provide the guidelines for a viable solution. Electrical and thermal
issues, safety and reliability problems, and challenges due to device paralleling and layout
were analyzed by exploiting on-field experience in the industry sector, i.e., experimental
tests, finite element analysis, and circuit simulations.

To reduce the total design and maintenance cost and to guarantee the service continuity
as well as the human safety, it is also required to have an accurate prediction of the
remaining lifetime prediction of power converters, which can help to prevent unwanted
failures and generate better maintenance plans. While the reliability and lifetime prediction
of silicon (Si) semiconductor device based power converters have been widely investigated
in the literature [12–14], SiC MOSFETs are facing new reliability challenges. Hence, the
design of more reliable SiC power converters requires an accurate lifetime prediction
as well as online monitoring strategies for real-time lifetime prediction [15]. Different
approaches can be applied to estimate the lifetime of the SiC power devices and power
converters [16].

In the context discussed so far, this work presents a lifetime prediction method of SiC
power MOSFETs integrated into three-phase inverters supplying a three-phase induction
machine. The analysis exploits a suitable developed simulation tool realized in MATLAB
and Simulink to keep the computational burden low, and it also provides a modular
structure of the proposed procedure. The electric drive, the Coffin–Manson relation, the
rainflow counting method, and Miner’s rule are suitable for the analysis and are combined
to calculate the lifetime prediction [17–28]. As it is simple and reliable, Miner’s rule is the
most widely used fatigue life prediction technique in this field.

In the proposed approach, the off-line prediction of the lifetime is performed, starting
from the data obtained, by exploiting suitable modeling of the electric drive, operating at the
conditions provided by the mission profile (MP) of the application. In the investigated case,
several tests are carried out using 650 V, 45 A SiC power MOSFETs by customizing the MPs
with suitable weights based on the operating conditions. Hence, the proposed procedure
allows for the prediction of the behavior of the thermal stresses affecting the power switches
in a wide operating range. Moreover, the option of creating several customized MPs allows
us to quickly carry out many analyses and then making a comparison among them. In the
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following, a step-by-step description of the developed activity is provided, along with the
underlying advantages and limits of the approach.

2. Framework of the MATLAB-Simulink Tool for SiC MOSFET Lifetime Estimation

The tool provides a lifetime estimation by performing the main steps summarized in
Figure 1 and listed below:

1. Simulation of the motor drive to carry out the necessary electrical quantities required
to compute the power losses calculation in semiconductor power devices is described
as follows: Ion, man, cos(ϕ)n, and f en, where the parameters Ion, man, cos(ϕ)n, and f en
represent the maximum output current of one phase of the inverter (Ion) (considering
a balanced three-phase system); the amplitude modulation index (man); the power
factor (cos(ϕ)n); and the output electrical frequency ( f en). All quantities are evaluated
at steady-state conditions.

2. The temporal weight assignment is decided here, as well as the grouping of the motor
drive operating conditions.

3. Power losses calculation is performed by considering the inverter driven by a space
vector pulse width modulation (SVPWM) strategy. The average value of the dissipated
power is computed at each switching period of the carrier signal.

4. Junction temperature estimation is performed by using a thermal Foster network,
where the power losses represent the inputs of the thermal network.

5. The rainflow counting theory is applied to the junction temperature profiles obtained
from the previous step to determine the number of cycles Nc associated with the n-th
operating condition of the drive.

6. The number of cycles to failure Nf is calculated by applying the Coffin–Manson law.
7. Lifetime estimation is performed by exploiting Miner’s rule.

Figure 1. Workflow of the lifetime prediction starting from the electric drive system mission profile.

2.1. Generation of the Mission Profile
2.1.1. Motor Drive System

The electric drive was modelled on Simulink, which is a MATLAB-based graphical
programming environment and was exploited to model the entire electric drive. The
model includes a three-phase asynchronous machine whose characteristics are shown in
Table 1. The motor is supplied by an ideal three-phase inverter and controlled according
to an indirect field oriented control (IFOC) [16]. The mission profile was carried out
through the execution of a series of simulations by setting a matrix of reference speeds and
reference torques values. The results of the simulations represent the dataset establishing
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the operating conditions of the inverter and thus power devices, according to the considered
mission profile. The Simulink model of the electric drive is shown in Figure 2. It consists of
different grouped blocks: vector control IFOC, modulation block SVPWM (space vector
pulse width modulation), a three-phase inverter realized with ideal power switches, and
the asynchronous motor. The block “Power Factor” performs the calculation of the quantity
cos(ϕ(t)), while the block “To Workspace” allows the average values of the modulation
index ma(t), the power factor cos(ϕ)(t), electric frequency fe(t) and the maximum current
of the phase a, ias(t) to be available, thus allowing us to extract the following quantities:

• I0 → maximum value of the generic motor phase current;
• maavg → average value of the amplitude modulation index at the steady-state;
• cos(ϕ)avg → average value of the power factor at steady-state;
• fe_avg → average value of the fundamental frequency at steady-state.

Table 1. Technical specification of the induction motor.

Parameters Symbols Value u.m.

Pole pairs P 2 /
Nominal power An 15 kVA
Nominal voltage Vn 400 V

Nominal frequency fe,n 50 Hz
Nominal speed nn 1460 rpm
Stator resistance Rs 214.7 mΩ

Stator leakage inductance Lls 991 μH
Equivalent rotor resistance R′

r 220.5 mΩ
Equivalent rotor leakage inductance L′

lr 991 μH
Mutual inductance Lm 64.19 mH
Inertia coefficient J 0.102 kg·m2

Friction coefficient F 0.009541 N·m·s

Figure 2. Simulink model of the electric drive system.

The simulations were carried out by using a sampling time Ts = 3×10−6 s, an input
dc voltage of the inverter Vdc = 560 V, and a switching frequency of the power switches
equal to fsw = 10 kHz.

Figure 3 shows some of the results carried out from these simulations. In particular, it
displays the waveforms of the above-listed electrical quantities when the reference speed
and reference torque of the drive are 1400 rpm and 80 Nm, respectively. The blue traces
represent the instantaneous values, while the orange traces represent the steady-state
values. A campaign of simulations in which the speed is varied from 0 to 1400 rpm and
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the torque from 0 to 80 Nm was executed, allowing us to identify the variation ranges of
the electrical quantities, which are summarized in the surfaces shown in Figure 4. These
surfaces represent the input dataset required in the next step.

Figure 3. Results of the electric drive model operated at 1400 rpm and 80 Nm: (a) motor phase current a; (b) amplitude
modulation index; (c) power factor; (d) output frequency.

Figure 4. Results of the electric drive model as a function of the reference speed and electromagnetic torque: (a) maximum
current; (b) amplitude modulation index; (c) power factor; (d) frequency.
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2.1.2. Weights Assignment

For each operating condition, expressed in terms of speed and torque, a unique
set of current, modulation index, power factor, and frequency values were obtained. A
customizable MP, i.e., related to a specific use of the electric drive, can be obtained by
assigning a time interval to each operating condition, according to a preset probability of
occurrence. In this study, the sum of gaussian distributions, given by Equation (1), was
used to achieve a customized time interval weights distribution, and was normalized so
that their sum is equal to 100%.

f (x, y) =
n

∑
i=1

Ai·exp

[
−
(
(x − x0,i)

2

2·σ2
x,i

+
(y − y0,i)

2

2·σ2
x,i

)]
(1)

where:

• Ai → peak amplitude of the i-th Gaussian distribution;
• x0,i and y0,i → central values of x-axis and y-axis of the i-th Gaussian distribution;
• σx,i and σy,i → standard deviation of x-axis and y-axis of the i-th distribution;
• x and y → torque and speed input vectors, respectively.

The above expression was applied to the dataset carried out in the previous step, by
substituting the values of speed and torque to the quantities x and y respectively, while x0,i
and y0,i are the central values of each Gaussian distribution. In practice, Equation (1) pro-
vides the sum of Gaussian surfaces, which establishes the weight that has to be assigned to
each operating condition of the drive; in the proposed procedure, these surfaces were gen-
erated by using a MATLAB algorithm. Figure 5 shows two examples of distribution when
the index i = 1 (single Gaussian distribution) and i > 1 (multiple Gaussian distributions).

Figure 5. Examples of Gaussian surfaces: case i = 1 (a) a single Gaussian distribution “3D visualization” and (b) “2D
visualization”; case i > 1 (c) multiple Gaussian distributions “3D visualization” and (d) “2D visualization”.
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2.1.3. Grouping of the Motor Drive Operating Conditions

After having assigned the weights to each operating condition of the drive according
to the MP, a grouping process is required to group similar operating conditions, thus
reducing the computational burden required to the entire lifetime estimation procedure.
The grouping is performed by initially splitting in a certain number of intervals the values
of I0, maavg, cos(ϕ)avg, fe_avg, defining the minimum, maximum, step, and central value of
each interval, according to Table 2. Then, the values of the electrical quantities extracted
from the simulations of the electric drive are inserted in the corresponding intervals. A
suitable number of intervals have to be chosen to guarantee a good compromise between
the representative conditions of the drive and the computational efforts needed to compute
the lifetime of the SiC power device [22,23].

Table 2. Grouping of the electric drive operating conditions.

Io [A] ma cos(ϕ) fe [Hz]

Min 0 0 0.05 0.0
Max 43.1 0.95 0.99 48.7
Step 10 0.2 0.2 10

Central value of each interval 5-15-25-35-45 0.1-0.3-0.5-0.7-0.9 0.1-0.3-0.5-0.7-0.9 5-15-25-35-45

A MATLAB function was implemented to perform the grouping procedure by assign-
ing each working condition of the drive to a specific set data, as seen in Figure 6. All empty
intervals were discarded, and they are not included in the calculation of power losses.
Obviously, such an approach can be adopted even when there are data from a real MP.
Even in case of handling a huge number of operating condition datasets, this mechanism
enables a significant reduction of operating conditions for which the power losses have to
be calculated, thus reducing the lifetime prediction time.

Figure 6. Grouping procedure where each motor drive operation is included in a specific subset.

2.2. SiC MOSFET Power Losses Computation

The power losses of each SiC device composing the inverter are carried out from the
dataset obtained in the grouping procedure. In this analysis, the lifetime estimation is based
on solder degradation, strictly correlated to the ΔTj variations of junction temperatures in
the fundamental period of the stator voltages; therefore, the calculation of the power losses
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was implemented by considering the average value of the power, over each switching
period Tsw. The following equations show the method used for the calculation [22–25]:

DCn =

{
DCn

MOS = 0.5·[1 + ma·sin(2π fe·nTsw)] se 0 ≤ nTsw < Te
2

DCn
SBD = 0.5·[1 + ma·sin(2π fe·nTsw)] se Te

2 ≤ nTsw < Te

}
(2)

DCn =

{
DCn

MOS = 0.5·[1 + ma·sin(2π fe·nTsw)] se 0 ≤ nTsw < Te
2

DCn
SBD = 0.5·[1 + ma·sin(2π fe·nTsw)] se Te

2 ≤ nTsw < Te

}
(3)

In
o = Io· sin(2π fe·nTsw − ϕ) (4)

where:

• DCn
MOS , DCn

SBD → duty cycles of MOSFET and diode in the n-th switching period;
• Vn

on,MOS(In
o ), Vn

on,SBD(In
o )→ voltage drops on MOSFET and diode in the n-th switching

period;
• Esw,MOS(In

o ), Esw,SBD(In
o ) → switching energy losses on MOSFET and diode in the

n-th;
• fsw and Tsw → switching frequency and switching period;
• fe and Te → fundamental frequency and period of the electrical quantities;
• Io and ϕ → peak amplitude of the current and phase shift angle.

The voltage drops were carried out from the output characteristics of the SiC devices
contained in the datasheets, as well as the switching energy loss and the reverse conduction
characteristic. The characteristics of the SiC device under test are shown in Figure 7.

Figure 7. Technical specifications of the device under test: (a) output characteristic; (b) reverse conduction characteristic;
(c) switching energy losses; (d) thermal impedance.

Figure 8 shows the power losses curve of a SiC device in a fundamental period, given
for different operating conditions.
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Figure 8. Power losses estimated for different operating conditions: (a) different currents; (b) different modulation indexes;
(c) different power factors; (d) different fundamental frequencies.

2.3. Junction Temperature Estimation

The junction temperatures of the SiC Mosfets under test were estimated by exploiting
a linear thermal model, whose generalized mathematical representation is given by [26]:

⎡
⎢⎢⎢⎢⎢⎢⎣

T1
j (t)

T2
j (t)

T3
j (t)
...

Tn
j (t)

⎤
⎥⎥⎥⎥⎥⎥⎦
=

⎡
⎢⎢⎢⎢⎣

Z11
th (t) Z21

th (t) · · · Zn1
th (t)

Z12
th (t) Z22

th (t) · · · Zn2
th (t)

Z13
th (t) Z23

th (t) · · · Zn3
th (t)· · · · · · · · · · · ·

Z1n
th (t) Z2n

th (t) · · · Znn
th (t)

⎤
⎥⎥⎥⎥⎦

⎡
⎢⎢⎢⎢⎢⎣

P1(t)
P2(t)
P3(t)

...
Pn(t)

⎤
⎥⎥⎥⎥⎥⎦+ [Ta(t)] (5)

where:

• Tj(t) → junction temperature;
• Zth(t) → thermal impedance (see Figure 7d);
• P(t) → dissipated power;
• Ta → ambient temperature.

Given that in this analysis we are considering discrete SiC power devices, the thermal
coupling with other devices can be assumed to be negligible, and thus the terms of mutual
coupling can be nullified. Hence, Equation (5) can be rewritten as follows:

Tj (t) = [Zth(t)·P(t)] + Ta(t) (6)

According to Equation (6), the computation of the junction temperature Tj(t) requires
the knowledge of the thermal impedances Zth(t). The last is graphically provided in the
datasheet of the power switch, but a circuital representation of Zth(t) is required to easily
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simulate variable power losses profiles. This goal is reached by combining a curve-fitting
procedure followed by the implementation of an equivalent Foster thermal network, as
intently described in the following step.

2.3.1. Curve Fitting

Starting from the thermal impedance profile Zth(t), it is possible to implement a
curve-fitting procedure on it by using Equation (7), where it is assumed to achieve a profile
of Zth(t) with a Foster thermal network, whose parameters Rth,n and Cth,n constitute the
n-th pole of the network [26,27].

⎧⎨
⎩ Zth(t) =

Np

∑
n=1

Rth,n·
(

1 − e−
t

τn

)
τn = Rth,n·Cth,n

(7)

where:

• Rth,n → resistance value of the n-th pole;
• Cth → capacitance value of the n-th pole;
• τn → dissipated power;
• Ta → ambient temperature;
• Np → number of poles.

It is important to underline the choice of the number of poles. A low number of poles
does not guarantee the necessary accuracy, while a high number of poles will certainly be
more accurate but results in an increase of the computational efforts. By applying the curve
fitting algorithm to the SiC devices under tests, the best compromise has been obtained
with seven poles, as shown in Figure 9.

Figure 9. Comparison of curve fitting using a different number of poles.

2.3.2. Foster Network

The Foster network can be realized starting from the Rth,n and Cth,n parameters
obtained from the previous step, reproducing the thermal behavior of the device under
test. Figure 10 displays the Foster network realized to emulate the Zth(t) of Figure 7d.
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Figure 10. Simulink model of the Foster network.

2.3.3. Examples of Junction Temperature Profiles

Figure 11 displays the temperature trends of the die junction temperature for different
motor drive operating conditions. It should be noted that a significant temperature varia-
tion can be experienced during the fundamental period of the phase motor current, leading
to high thermal stresses. Moreover, different power losses distributions can be appreciated
at varying of the load conditions, which is consistent with the theoretical analysis.

Figure 11. Temperature trends carried out for: (a) different currents; (b) different modulation indexes; (c) different power
factors; (d) different fundamental frequencies.
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2.4. Rainflow Counting

The rainflow-counting (or cycle counting) algorithm is used to count the number of
cycles present in a generic waveform. It is a statistical method for the analysis of the random
load process, and its counting principle is carried out based on the stress-deformation
behavior of the material, as shown in Figure 12. It combines load reversals by defining
hysteresis cycles. Each of them has a range of deformation and average stress that can be
compared with the constant amplitude.

Figure 12. Graphical representation of the rainflow method: (a) rainflow on a load profile; (b) stress–strain chart; (c) main
parameters of the rainflow.

The rules for the rainflow counting method are the following: Let X be the range taken
into consideration; let Y be the previous range, adjacent to X; let S be the starting point in
the history of the load profile [17,18,28]:

1. Read the next peak or valley. If the data are not available, go to step 6.
2. If there are less than three peaks and/or valleys (i.e., A, B, C of Figure 12), go to step

1. Form the X and Y ranges using the three most recent peaks and valleys that have
not been discarded.

3. Compare the absolute values of the X and Y ranges:

a. If X <Y, go to step 1.
b. If X ≥ Y, go to step 4.

4. If range Y contains starting point S, go to step 5. Otherwise, count range Y as a cycle,
discard the peak and valley of Y and go to step 2.
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5. Count the Y interval as a half cycle, discard the first point (peak or valley) of the Y
range, move the starting point to the second point in the Y interval, and go to step 2.

6. Count any range that was not previously counted as a half cycle.

Figure 12 summarizes the rainflow counting procedure.
The load history of Figure 12a is used to illustrate the process. Details of the cycle

counting are as follows [28]:

1. S = A; Y = |A–B|; X = |B–C|; X > Y. Y contains S, that is, point A. Count |A–B| as
one-half cycle and discard point A; S = B.

2. Y = |B–C|; X = |C–D|; X > Y. Y contains S, that is, point B. Count |B–C| as one-half
cycle and discard point B; S = C.

3. Y = |C–D|; X = |D–E|; X < Y.
4. Y = |D–E|; X = |E–F|; X < Y.
5. Y = |E–F|; X = |F–G|; X > Y. Count |E-F| as one cycle and discard points E and F

(note that a cycle is formed by pairing range E-F and a portion of range F-G).
6. Y = |C–D|; X = |D–G|; X > Y; Y contains S, that is, point C. Count |C-D| as one-half

cycle and discard point C. S = D.
7. Y = |D–G|; X = |G–H|; X < Y.
8. Y = |G–H|; X = |H–I|; X < Y. End of data.
9. Count |D–G| as one-half cycle, |G–H| as one-half cycle, and |H–I| as one-half

cycle.
10. End of counting (see Table 3 for a summary of the cycles counted in this example).

Table 3. Example of rainflow counting referred to Figure 12a [28].

Range Cycle Counts Events

1 0 /
2 0 /
3 0.5 A–B
4 1.5 B–C, G–H
5 0 /
6 0.5 H–I
7 0 /
8 1.0 C–D, G–H
9 0.5 D–G
10 0 /

After having satisfied the criterion for counting cycles Nc, the amplitude and the
corresponding mean values of stress or strain for each cycle were calculated. A matrix with
information on the cycle, mean value, and amplitude of stress or strain forming a cycle is
thus created.

Example of Rainflow Counting

Figure 13 show an example of implementation of rainflow procedure on a temperature
profile carried out in a specific drive operating condition, by applying the previous steps
to the SiC MOSFETs under test; the temperature profile is first linearized to form peaks
and valleys. The cycle count Nc is carried out by considering the jumps of the junction
temperature ΔTj and the average temperature Tm in each cycle.
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Figure 13. Example of rainflow: (a) linearized temperature profile in peaks and valleys; (b) cycle counting neglecting the
average temperature; (c) cycle counting considering the average temperature.

2.5. Coffin–Manson’s Equation

The main factors influencing the life of the power devices under test are the jumps in
the junction temperature ΔTj and the average junction temperature Tm; in fact, the estimate
of the number of thermal cycles to failure Nf is based on these two parameters.

Equation (8) shows the correlation between the number of cycles to failure with
thermal jumps and the average temperature of the cycles [17,19,20]

Nf = a·(ΔTj
)−n·e

Ea
kB · Tm (8)

where:

• Nf → number of cycles to failure;
• a → experimental coefficient;
• ΔTj → jumps of junction temperature;
• n → experimental coefficient;
• kB → Boltzmann constant;
• Ea → activation energy.

142



Electronics 2021, 10, 324

The parameters a and n of Equation (8) are determined according to the power cycling
tests. Figure 14a shows a type of power cycling (PCsec) in which an input stress is applied
for a period ton < 15 s. In this case, the tests exert a stress in the interconnection areas
close to the chips (bond wire, die-attach). On the contrary, Figure 14b shows a type of
power cycling PCmin in which a stress is applied for a period ton > 15 s, stressing the solder
layer. The resulting data of these tests give us information on the reliability of the devices
under examination under specific operating conditions, and it is normally provided by the
manufacturer [17,20,21].

Figure 14. Types of power cycling: (a) fast power cycling PCsec; (b) slow power cycling PCmin.

An example of Coffin–Manson curves that were calculated by considering the follow-
ing parameters [20] are displayed in Figure 15.

• a = 3.71×1013

• n = 10.122
• kB = 8.617 × 10−5 eV

K
• Ea = 0.814 eV

Figure 15. Coffin–Manson equation representation: (a) 2D curves (each one at a fixed Tm); (b) 3D Scheme.

2.6. Miner’s Rule

The lifetime estimation is determined according to the Miner’s rule, or the theory of
the damage accumulation. In practice, the damage is associated with each stress condition
by making the ratio between the number of thermal cycles Nc and the relative Nf associated
with the same pair of ΔTj and Tm. Extending this reasoning to all operating conditions, it is
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possible to assign damage to each of them. Palmgreen–Miner’s theory of linear cumulative
damage, called Miner’s rule, is given by [17,19,20]:

D =
k

∑
i = 1

Nc,i

Nf ,i
(9)

T =
1
D

(10)

where:

• D → total damage;
• Nc,i → number of cycles of the considered thermal profile associated with the i-th

operating condition of the drive;
• Nf ,i → number of cycles to failure associated with the specific operating condition i-th

of the drive;
• k → total number of stresses.

By computing the Nc,i/Nf ,i ratios for all the i-th working points of the electric drive,
the overall damage of SiC power devices can be predicted. If the damage is less than 1,
then the power device is capable of handling the thermal stresses to which it was subjected
in the entire mission profile; otherwise (if Nc,i/Nf ,i is greater than or equal to 1), the device
is considered faulty. Parameter T, which would be the inverse of D, provides an important
indication of how many cycles the device still has before failure. For “cycle”, we must
consider the stress input to the rainflow; in our case, one cycle corresponds to one second
of junction temperature at steady-state. To obtain the lifetime, Equation (11) was used:

Li f etime =
k

∑
i = 1

1
3600·h·365·wi·Di

(11)

where:

• h → hours of work per day;
• wi → weight corresponding to the i-th operating condition;
• Di → damage corresponding to the i-th operating condition, considering one second

of junction temperature in steady-state condition;
• k → total number of stresses.

Therefore, the lifetime is estimated considering a predetermined number of hours of
work per day.

3. Case Studies

In this section, the aforementioned life prediction procedure was applied to different
operating scenarios for the drive so far considered: low speed–high torque, medium/high
speed–low torque, and mixed operation. The goal of the following activity is to analyze
the differences in lifetime estimation when different operating scenarios of the drive are
considered. Figures 17, 19, and 21 show the lifetimes of each scenario as a function of daily
working hours. For each scenario, daily use of the drive of 2 h is considered, although the
working hours of the drive can be highly variable depending on the application.

3.1. Case Study 1: Low Speed–High Torque

This scenario is characterized by low speeds and a wide range of torques. Figure 16
shows the weight distribution considered for this mission profile, where the frequency of
rotor speed is higher for values included in the range of 0–700 rpm. The conditions for
which the speed is 0 rpm have a considerable weight; this could represent the numerous
standing starts that normally occur in electric traction in the case of an urban cycle.
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Figure 16. Weight distribution of case study 1: (a) 3D surface; (b) 2D surface.

Figure 17 shows the lifetime for this scenario, obtained by applying the step-by-step
procedure defined in the previous section. Assuming an average use of the motor drive
equal to 2 h per day, the lifetime of the SiC MOSFET composing the inverter of the electric
drive is estimated to be about 12 years.

Figure 17. Lifetime estimation of case study 1.

3.2. Case Study 2: Medium/High Speed–Low Torque

In this scenario, the drive is mainly operated at medium-high speeds and low torques.
A higher lifetime is expected because of the low torques, and thus low currents, which
should lead to a lower degradation of the SiC power device under examination. Figure 18
shows the weight distribution associated to this scenario, which is projected towards
medium-high speeds; in particular, a higher percentage of electric drive operation is
centered around 700–800 rpm, even though the motor operation is observed up to 1400 rpm.
The electromagnetic torque is normally kept quite low in this working profile, i.e., mainly
around 20–30 Nm.

Figure 19 shows the lifetime estimation of case study 2. As expected, for the same
hours of use, the lifetime of the SiC power MOSFET installed in the three-phase inverter is
higher than in scenario 1. For instance, when an average daily use of the drive equal to 2 h
is considered, the lifetime of the SiC devices is about 28 years.
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Figure 18. Weight distribution of case study 2: (a) 3D surface; (b) 2D surface.

Figure 19. Lifetime estimation of case study 2.

3.3. Case Study 3: Mixed Operation

In the case of mixed-use, an intermediate situation between the two previous scenarios
is considered here. The speed and torque ranges are much wider than the previous cases.
Figure 20 shows the weight distribution, and it can be noted how wide the speed range is,
i.e., from 200 to 1000 rpm, while the torque is mostly between 15 and 45.

Figure 20. Weight distribution of the mixed-use: (a) 3D surface; (b) 2D surface.
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Figure 21 shows the lifetime estimation of case study 3. In this case, an intermediate
lifetime of previous use was found, as expected.

Figure 21. Lifetime estimation of mixed operation.

3.4. Results Assessment

According to the previous analysis, it is possible to note a variable lifetime that is
consistent with the considered working scenarios. In fact, by assuming a daily work of the
SiC-based inverter equal to 2 h, the proposed procedure provided the following lifetimes:

• Case study 1: lifetime 12 years
• Case Study 2: lifetime 28 years
• Case Study 3: lifetime 18 years

On the other hand, the same procedure allows for evaluating the number of working
hours per day associated with each considered scenarios, when a lifetime equal to 15 years
is imposed as a constraint for the SiC devices. The results are as follows:

• Case study 1: 1.6 h/day
• Case study 2: 2.5 h/day
• Case study 3: 3.8 h/day

Figure 22 shows the comparison between the lifetime results.

Figure 22. Comparison of the lifetime in case study 1, case study 2, and case study 3.

4. Conclusions

A detailed analysis of a lifetime estimation procedure devoted to discrete MOSFETs
was presented in this paper. Such a technique was set with the aim of keeping the computa-
tional efforts and simulation times limited and low while providing an effective evaluation
of thermal stresses and their effects on the power devices composing the electronic con-
verter. The method is of a general application, and it can be used for any mission profile
generated by the electric drive model. This allowed us to compare several operational
states of the drive and to predict the worse operating conditions for the power devices. The
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proposed approach can be extended to different operating scenarios and power devices
technologies, even though the main focus of this study is the SiC technology. In the case of
multi-chip modules, it is possible to easily extend the analysis also, while considering the
effects of mutual thermal coupling.
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Abstract: In general, the sensor lamps in the corridors, stairwells, or toilets of buildings will change
from completely dark to full brightness when someone passes by. It will make the human eyes feel
very uncomfortable, and when the sensor lamp is completely dark, the whole corridor and stairwell
will be dark, making women and children feel insecure at night. If the lighting is changed to be
sensor-less, there is a serious problem of wasted energy. To solve this dilemma, we developed a
new type of “LED sensor lamp with low-light mode” that changes the original “full dark mode”
to “low-light mode”. As such, when someone approaches the sensor lamp, their eyes will not be
uncomfortable with the momentary illumination. Furthermore, when no one passes by, the sensor
lamp will stay in low-light mode, so that people returning home at night no longer have to go through
dark corridors, thereby achieving safety, aesthetics, and energy-saving purposes. This new sensor
lamp’s power consumption in low-light mode is only 1/10 of the high-light mode, but its brightness
can be up to half of the high-light mode, making it very suitable for parking lots, corridors, stairways,
or toilets of buildings. It only requires the replacement of the lamp but not the original lamp socket,
yet the basic brightness can be maintained. Take the general 15W T8 LED lamp (sensor-less) as an
example: if it is replaced by this new type of sensor lamp, and the place where it is installed is rarely
passed by people, the power saving rate will be as high as 90%. Assuming that there are 12 passers-by
per hour, the saving rate is still 81%.

Keywords: sensor lamp; low-light mode; high-light mode

1. Introduction

Global warming keeps worsening and climate anomalies are occurring increasingly frequently
around the world. After the Kyoto Protocol, which aims to curb the global greenhouse gas emissions,
came into force on 16 February 2005, the innovation of energy technologies and the change of social
behavior for energy conservation will be an effective strategy for carbon dioxide reduction [1]. Due to
the growing influence of global warming and the rapid changes in the ecological environment,
many unusual ecological crises have started to occur all over the world. Therefore, the search for
“renewable energy” is a matter of great importance to all governmental and non-governmental
organizations. For the U.S., the UK, and China, the goal is for renewable energy to account for at least
20% of total electricity generation by 2020, and it is expected that renewable energy will contribute
more than 50% of total electricity generation in some countries by 2050 [2–4].

Energy-saving, smart building, and green building have recently become compelling topics,
and lighting control design is tailored to the needs of each location in buildings to reduce power
consumption [5,6]. Artificial lighting accounts for a significant portion of the world’s electrical energy
consumption. In office buildings in particular, artificial lighting may account for up to 40% of the
total energy consumed [7]. In fact, the use of LED technology in lighting systems can save energy [8].
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The development and application of LED technology are changing rapidly, the use thereof can reduce
the required power value of lighting, enhance their durability, as well as achieving environmental
protection and low power consumption [9–12]. LED lighting will eventually replace traditional lighting
due to environmental protection, energy-saving and economic cost considerations. In addition to its
long life, environmental protection, and safety advantages, LED lighting is more energy efficient than
traditional lighting, consuming only half the power of a fluorescent lamp and one eighth the power of
a light bulb [13].

According to the latest report “2018 Commercial Lighting, Smart Lighting and Panel Light Market
Report” from LEDinside, a green-energy division of the market research firm TrendForce, the global
LED commercial lighting market has continued to expand in recent years due to the energy efficiency
and cost effectiveness of LED luminaires, which are gradually recognized by consumers. The global
LED indoor commercial lighting market would reach USD 15.87 Billion in 2018, accounting for 42% of
the global LED lighting production value [14].

Although the luminous efficacy of LED lighting is excellent, twice as good as fluorescent lamp,
take the underground parking lot of the building for example: it must be lit 24 h a day and its area
is very large, so even if all the lights are replaced with LED lighting, the electricity bill is still very
high. Furthermore, due to safety or aesthetic reasons, many buildings must maintain a basic level of
brightness in the corridors and stairwells at night, resulting in untold amounts of wasted electricity.

To implement “energy-saving and carbon reduction”, many schools and government agencies have
replaced all the lights in the corridors, stairwells, or toilets with sensor lamps. However, most lights
must be controlled by an external circuit for the sensors to function. When sensing someone passing by,
it will change from full darkness to full brightness, so the human eyes would feel very uncomfortable.
Moreover, when the sensor lamp is full dark, the whole corridor and stairway will be dark, which will
make people feel insecure when returning home at night. However, if we change the lighting to be
sensor-less, we will have to face the problem of wasting energy again.

To solve this dilemma, we developed a new type of “LED sensor lamp with low-light mode” that
changes the original “full dark mode” to “low-light mode”. As such, when someone approaches the
sensor lamp, their eyes will not be uncomfortable with the momentary illumination. When no one
passes by, the sensor lamp stays in low-light mode, so that people returning home at night no longer
must go through dark corridors, thereby achieving safety, aesthetics, and energy-saving purposes.

In addition to indoor lighting applications, this technology is also suitable for outdoor lighting
or solar-powered LED lighting systems. Stand-alone solar power systems are used in remote areas
not accessible by grid power [15]. The system must be designed with a good matching between the
installed capacity of solar photovoltaic module and battery capacity to obtain a proper loss of load
probability (LLP) [16]. Therefore, the power consumption of the solar-powered LED lighting system
must be as low as possible. This product’s power consumption is only one-tenth of that of general
lighting, so it is very suitable for stand-alone solar power LED lighting systems.

The concept of energy-saving in that article [17] is the same with ours; however, the structure of
their LED light is suitable for large-scale area, and ours is for private and smaller one. They must set up
a server and complicated wirings to detecting illumination and user movement to control the intensity
of LED light. It costs a lot money and waste of time to save 58% energy consumptions. Nevertheless,
our design could save more energy consumptions without setting up any server and wirings but only
change T8 LED tube to our new type of sensor lamp.

Conventional LED sensor lamps have a common problem: they only have two modes—full
dark mode and full light mode, which makes the human eyes very uncomfortable. Imagine what it
would be like if the whole corridor is sensor-lit. The corridors of the five-star hotels in Europe are all
equipped with sensor lamps to save energy. When customers enter the corridor, they will see darkness
in front of them, and they must go forward and then the lamps in the corridor will be lit up one by one.
Although this has the effect of saving electricity, human eyes may feel uncomfortable when the lamps
are first turned on.
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The following are the problems of ordinary sensor lamps:

1. They have only two modes: full dark mode and full light mode, which is very uncomfortable for
the human eyes.

2. In the full dark mode, the entire corridor is dark, making women and children feel insecure when
returning home at night.

3. The trigger would not be activated again when the sensor lamp is on.

2. New Type of LED Sensor Energy-Saving Lamp with Low-Light Mode

General sensor lamps are fully illuminated when people pass by and completely dimmed when
there is no one passing by. Although it can achieve the purpose of energy-saving, it also produces
the problems mentioned earlier. This work aims to improve this technical problem to develop a new
generation of more energy-efficient “New type of LED sensor energy-saving lamp with low-light mode”.

2.1. Introduction of Works

We have developed a new type of “LED sensor energy-saving lamp with low-light mode”,
which changes the original “full dark mode” to “low-light mode”. As such, when someone approaches
the sensor lamp, his/her eyes will not have adjustment issue. When no one passes by the corridor and
stairwell, the sensor lamp will be half-lit, so when someone passes by, he/she does not have to face a
dark corridor in front of them, thereby achieving the purpose of safety, aesthetics and energy-saving.

The new LED sensor energy-saving lamp we developed enters low-light mode when no one
is around, the brightness is about half of the high light, and the power consumption is only about
one-tenth thereof and adjustable. Meanwhile, when someone is passing by, it will enter the full
brightness high-light mode. In addition, we also changed our sensor lamp from single triggering to
continuous triggering, which will continue to be triggered as long as the user is still around. Therefore,
this new type of LED sensor energy-saving lamp is very suitable for parking lots, corridors, stairwells,
or toilets in buildings. It can maintain basic brightness, and the power saving rate is up to 90%
(assuming that there are seldom people passing by the installation site, and ignoring the power
consumption of the circuit, with only the power consumption of the lamp tubes is calculated. It will be
described in detail in the next section). It completely eliminates the shortcomings of conventional LED
sensor lamps.

The LED particles have a higher energy conversion efficiency (the efficiency of converting electrical
energy to light energy) at a lower light level, making LED ideal for use in low-light requirements [18].
As a result, we only need to supply 10% of power for the LED particles to reach nearly half the
brightness. Furthermore, in most cases, the light decay of LED is caused by high temperature, but this
new LED sensor energy-saving lamp mostly operates in low-light mode, and the current is only 10%,
so the temperature is very low. Therefore, it can reduce the light decay of LED and its life will be about
twice to three times that of the general LED. Presently, there are three types of products we created:
recessed light, T5 mountain ceiling lamp and T8 lamp tube. The first two are with external circuits on
the bulb or lamp tube (Figure 1 shows a T5 mountain ceiling lamp).

LED lamp tubeControl circuit

Motion Sensor

Figure 1. LED sensor energy-saving lamp (T5 mountain ceiling lamp).

153



Electronics 2020, 9, 1649

Another latest product of ours puts the control circuit and motion sensor into a T8 LED tube
with no external circuit required (Figure 2). As such, users can remove the original T8 lamp tubes
(fluorescent or LED lamps) and replace them with our new T8 LED sensor energy-saving lamp:

Control circuit & Motion sensorLED lamp tube

Figure 2. LED sensor energy-saving lamp (T5 mountain ceiling lamp).

2.2. System Block Diagram

Below is the system block diagram of the “New type of LED sensor lamp with low-light mode” to
illustrate how the circuit design achieves the energy-saving effect:

The bridge rectifier converts the main supply voltage of 110 V/220 V AC power into pulsating DC
power, and then the voltage detection chip determines if it is 110 V or 220 V. If the voltage is 110 V,
SW1 and SW2 will be ON, SW3 will be OFF, and LED1 and LED2 are connected in parallel. If the
voltage is 220 V, SW1 and SW2 will be OFF, SW3 will be ON, and the LED1 and LED2 are connected in
series, so that this sensor lamp can receive the full voltage of 110 V/220 V.

The constant current circuit makes judgments according to the detection results of the microwave
sensor. If someone is passing by (in high-light mode), a high signal will be sent to CC1 and CC2,
then CC1 and CC2 will provide a current of 100%. If no one is detected (low-light mode), a low signal
will be sent to CC1 and CC2, and CC1 and CC2 will only supply a current of 10% (this circuit is designed
to be flexible in setting the current with the jumper, and the setting range is 10% to 20%).

In addition, the output of the bridge rectifier in Figure 3 is pulsating DC instead of stabilized DC
voltage because the bridge rectifier has a better power factor (PF) when pulsating DC is adopted. In the
CE (Conformite Europeenne) safety regulations, it is stipulated that if a LED light consumes more than
25 W of power, the PF value must be greater than 0.9. If the power consumption is between 5 W and
25 W, the PF value must be greater than 0.7. If the power consumption is less than 5 W, the PF value
only needs to be greater than 0.5.

Figure 3. System block diagram of LED Sensor lamp.

154



Electronics 2020, 9, 1649

3. Energy-Saving Analysis

3.1. Calculation of Power Consumption

Since this new type of sensor lamp has high-light mode and low-light mode, the calculation of
power consumption is more complicated unlike the simple calculation of general sensor-less LED
lamp. This new type of sensor lamp enters low-light mode when no one is passing by, and its power
consumption is only one-tenth of that of high-light mode. When someone is passing by, the sensor
lamp will be fully lit for 30 s, so the factors affecting the power consumption are: the duration of the
activation, the frequency of people passing by, whether a continuous trigger is activated, and so on.
However, to derive the equation, we assume that people do not stay long when passing by and it takes
30 s for the next person to pass by, i.e., there will be no continuous trigger. Furthermore, the durations
that people pass by are equal (if they are not equal, the total power is still the same, but the formula is
more difficult to derive) and dispersed.

Let us use the below figure (Figure 4) “Power variation diagram for high-light mode and low-light
mode” to illustrate how to calculate the hourly power consumption of this new type of sensor lamp.

Figure 4. Power variation diagram for high-light mode and low-light mode.

P(t) illustrates the power change between the high-light mode and the low-light mode, and the
meanings of other parameters are as follows:

T: The number of seconds in which the high-light mode is maintained when someone passes by.
The current setting is 30 s.

f: Number of passer-by per hour, i.e., the number of times that high-light mode is trigger per hour.

W1: Power for high-light mode. The current power for the high-light mode of this product is 15 W
(the power of the lamp tube).

W0: Power for low-light mode. The current power for the low-light mode of this product is 1.5 W
(the power of the lamp tube).

Since it was previously assumed that “the durations that people pass by are equal and dispersed”,
the duration in which a person passes by is 3600/f (for f > 0). For the first person, duration between 0
and T seconds is in the high-light mode, the duration between T and 3600/f seconds is the low-light
mode, so we can calculate the consumed power per lamp per hour (Eph) as follows:

if f = 0 :
Eph = (3600 × W0) J = (3600 × W0)/3.6 × 106 kw h

(1)

155



Electronics 2020, 9, 1649

if f > 0 :
Eph = (f × T/3600) × W1 + (3600 − (f × T)/3600) × W0 J

= ((f × T/3600) × W1 + (3600 − (f × T))/3600) ×W0)/3.6 × 106 kw h
(2)

In addition, we assume that each lamp will be on for 8 h a day, meaning that the lamp will be
on for a total of 2920 h (8 × 365) per year, so the annual power consumption (Epy) of this new sensor
lamp is:

Epy =
∑

Epy = Eph × 2920 kw h (3)

For an ordinary sensor-less 15W T8 LED lamp (operates only in 15W full light mode), the power
consumption per lamp per year is (15W/1000) × 2920 = 43.8 kw h. If the “ordinary” sensor-less 15W T8
LED lamp is replaced with our “new type of sensor lamp”, we can calculate the Energy-Saving Rate
(ESR), kilowatt-hour saved per lamp per year (Dpy), cost saved per year (Mpy) assuming it costs NT$4
per kilowatt-hour), and the carbon emission reduced per year (Cpy) as follows (1 KW·h can generate
0.623 kg CO2e of carbon emission):

ESR = (15 − Eph)/15 × 100% (4)

Dpy = 43.8 − Eph × 2920 kw h (5)

Mpy = (43.8 − Eph × 2920) kw h × 4 dollar/kw h (6)

Cpy = (43.8 − Eph × 2920) kw h × 0.623 kg CO2e/kw h (7)

3.2. Calculation of Energy-Saving Rate

Since the ESR of this new type of sensor lamp is closely related to the number of times of high-light
mode is triggered per hour (f), this section investigates the relationship between “ESR” and “number of
times of high-light mode is triggered per hour (f)” and calculates the maximum and minimum values
of the ESR.

First of all, we know from Equation (4) that “energy-savings rate” is inversely proportional to “the
amount of electrical energy consumed per lamp per hour (Eph)”, and we also know from Equations
(1) and (2) that Eph is directly proportional to the number of times of high-light mode is triggered
per hour (f). As such, the ESR is inversely proportional to the number of times of high-light mode is
triggered per hour (f), meaning that the more times the high light is triggered, the lower the ESR.

Now, let us look at the range of the number of times of high-light mode is triggered per hour (f).
The minimum value is 0, which means no one passes by in an hour, and the maximum value is 3600/T,
which means that T seconds after someone passes by each time, another person passes by immediately
without interruption (that is, the high-light mode is on the whole hour). Therefore, the range of f is
0 ≤ f ≤ 3600/T. The T-value of this product is 30 s, so the range of f here is 0 ≤ f ≤ 120. We bring
different f-values into the Eph formula to calculate the Epy, ESR, Dpy, Mpy, and Cpy values of each lamp
with different f-values (compared with the general sensor-less 15W T8 LED lamp), and the below table
(Table 1) only lists the important portions (f-values with an interval of 6):

Table 1. Epy, ESR, Dpy, Mpy, and Cpy values for each lamp with different f-values.

f Eph (kw h) Epy (kw h) ESR (%) Dpy (kw h) Mpy (NT$) Cpy (kgCO2e)

0 0.0015 4.3800 90.00% 39.4200 157.680 24.559
1 0.0016 4.7085 89.25% 39.0915 156.366 24.354
6 0.0022 6.3510 85.50% 37.4490 149.796 23.331
12 0.0029 8.3220 81.00% 35.4780 141.912 22.103
18 0.0035 10.2930 76.50% 33.5070 134.028 20.875
24 0.0042 12.2640 72.00% 31.5360 126.144 19.647
30 0.0049 14.2350 67.50% 29.5650 118.260 18.419
36 0.0056 16.2060 63.00% 27.5940 110.376 17.191
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Table 1. Cont.

f Eph (kw h) Epy (kw h) ESR (%) Dpy (kw h) Mpy (NT$) Cpy (kgCO2e)

42 0.0062 18.1770 58.50% 25.6230 102.492 15.963
48 0.0069 20.1480 54.00% 23.6520 94.608 14.735
54 0.0076 22.1190 49.50% 21.6810 86.724 13.507
60 0.0083 24.0900 45.00% 19.7100 78.840 12.279
66 0.0089 26.0610 40.50% 17.7390 70.956 11.051
72 0.0096 28.0320 36.00% 15.7680 63.072 9.823
78 0.0103 30.0030 31.50% 13.7970 55.188 8.596
84 0.0110 31.9740 27.00% 11.8260 47.304 7.368
90 0.0116 33.9450 22.50% 9.8550 39.420 6.140
96 0.0123 35.9160 18.00% 7.8840 31.536 4.912

102 0.0130 37.8870 13.50% 5.9130 23.652 3.684
108 0.0137 39.8580 9.00% 3.9420 15.768 2.456
114 0.0143 41.8290 4.50% 1.9710 7.884 1.228
120 0.0150 43.8000 0.00% 0.0000 0.000 0.000

From the above table, it can be seen that 90% of the maximum value of the ESR occurs when
f = 0 (meaning no one has passed by for 1 h), and the same is true for other values of Epy, Dpy, Mpy,
and Cpy. The ESR decreases linearly with the increase of f. When f = 120 (meaning that people pass by
continuously for 1 h), the ESR decreases to 0%. However, this is unlikely to happen, as sensor lamps
are usually installed in areas where people are less likely to pass by. The diagram below (Figure 5)
shows the relationship between the ESR and the f value.

Figure 5. Relationship between energy-saving rate (ESR) and f.

3.3. Energy-Saving Examples

We would like to use the example of Cheng Shiu University for energy-saving analysis. Most of
the lights in the corridors, parking lots, stairwells, and toilets in its campus buildings are 15W T8 LED
lamps (sensor-less), and it is estimated that there are about 3000 of them. Assuming that all of them are
replaced with this new type of LED sensor energy-saving lamps, we will show the energy-saving effect
and the expected effect by the “reduction of power consumption in the same period of one year”.

Since the brightness of the 15W T8 LED sensor lamp (in high-light mode) is the same as that of the
general 15W T8 LED sensor-less lamp, the school can replace the original 15W T8 LED lamp (sensor-less
lamp) with this product. Although they can simply replace the lamp tubes without replacing the lamp
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sockets, the basic brightness can also be maintained, so the energy-saving efficiency is expected to
be good.

We will use 3000 lamps as the basis for estimating the “reduction of power consumption in the
same period of one year”, but in order to calculate the power consumption in a more accurate way,
we assume that there will be 12 people passing by each lamp per hour (about 1 person passing by
every 5 min, which is a more average number because the use rate of lamps in 1st floor is very high but
that for the other floors will be very low).

We can calculate it by directly referencing to Table 1 (taking the Epy, Dpy, Mpy, and Cpy values
when f = 12):

1. The power consumption of 3000 lamps per year (when f = 12, Epy value = 8.322):
8.322 × 3000 = 24,966 kW h

2. 15W T8 LED tube (sensor-less, 15W in full brightness mode only): 15 × 8 × 365 × 3000 =
131,400,000 W h = 131,400 kW h

3. The annual reduction in power consumption with the 3000 lamps (when f = 12, Dpy = 35.478):
35.478 × 3000 = 106,434 kW h

4. The reduced cost per year for using the 3000 lamps (when f = 12, Mpy = 141.912): 141.912 × 3000
= NT$425,736

5. Carbon emissions reduced per year by using the 3000 lamps (when f = 12, Cpy = 22.103):
22.103 × 3000 = 66,308.4 kg CO2e

Therefore, all we have to do is to replace all 3000 lamps in the corridors, parking lots, stairwells,
and toilets of all the campus buildings with the new type of LED sensor energy-saving lamps, and we
will get the estimated results as follows Table 2 (assuming the lamps are lit for 8 h a day, with 12 people
passing by per hour and the electricity costs at NT$ 4 per kW h. Furthermore, the above calculation is
for the lamps only, with the electricity for the control circuit being excluded):

Table 2. Reduced power consumption, cost, and carbon emissions by Cheng Shiu University compared
to the same period of the previous year.

Power Consumption
Before Improvement

(kW·h/yr)

Power Consumption
After Improvement

(kW·h/yr)

Saved Energy
(kW·h/yr)

Energy-Saving
Rate (%)

Savings in Electricity
Charges (NT$/yr)

CO2 Emissions
Reduced (kg CO2e)

131,400 24,966 106,434 81% NT$ 425,736 66,308.4

From the above table, we can save 106,434 kW h of electricity per year, equivalent to NT$425,736
in electricity bill, by replacing all the 3000 lamps in all the buildings with the new type of LED sensor
energy-saving lamps. The ESR of 81% (assuming 12 people passing by per hour) is a significant benefit
to the school.

On the same conditions, compared to our new type of sensor lamp, the conventional LED sensor
lamp could save NT$472,800 electricity charge. It only saves NT$47,064 than ours; however, the full
dark mode of the conventional LED sensor lamp is insecure and uncomfortable to our eye, which is
the problem we consider.

4. Circuit Testing

The new type of T8 LED sensor energy-saving lamp has been sent to a fair-minded third-party
laboratory for testing to prove that the power consumption of the lamp in low-light mode is only
one-tenth of that of the high-light mode, but its brightness can be up to half of the brightness of the
high-light mode. Its product test report is as shown below (Figures 6 and 7):
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Figure 6. Test data in high-light mode.

Figure 7. Test data in low-light mode.

From the test data in Figures 6 and 7, it can be seen that the luminous flux in high-light mode
is 1470.274 Lm, and the luminous flux in low-light mode is 726.21 Lm, meaning that the brightness
in low-light mode is about 49.39% of that in high-light mode. The input power in high-light mode
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is 15.262 W, and the input power in low-light mode is 2.505 W. The brightness in low-light mode is
about 16.41% of that in high-light mode, which is significantly different from the 10% we designed.
This is because the input power is measured together with those of the control circuit and the
motion sensor, and the power of these two is about 1 W. If those are deducted, it is close to 10%
((2.505 − 1)/(15.262 − 1) = 10.55%).

In addition, we also purchased an illuminometer and power meter to conduct our own
measurement experiments. The brand of the illuminometer is TASI, the model number is TA8121,
and its maximum resolution is 0.1 LUX. The brand of the power meter is WANF, the model number is
WF-D02A, and its maximum resolution is 0.1 W. Below are the measurement results taken with the
TASI TA8121 illuminometer (5 cm away from the lamp tube) (Figure 8):

Figure 8. Luminous flux in high-light mode and low-light mode.

The above experiment results show that the luminous flux in high-light mode is 1548 Lm, and that
in the low-light mode is 708 Lm. The luminous flux in low-light mode is about 45.74% of that in
high-light mode, which is not much different from the 49.39% in the results obtained by the laboratory.
Below are the results we measured with our WANF WF-D02A power meter (Figure 9):

Figure 9. Power consumption in high-light mode and low-light mode.

The power measured in the above-mentioned experiments is 15.5 W in the high-light mode and
2.4 W in the low-light mode, and the brightness of the low-light mode is about 15.48% of that of the
high-light mode, which is significantly different from the 10% we designed. Similarly, it is because
the input power is measured together with those of the control circuit and the motion sensor, and the
power of the two is about 1 W. If those are deducted, it is about 10% ((2.4 − 1)/(15.5 − 1) = 9.66%).

5. User Satisfaction Analysis

In this study, a total of 249 people completed the questionnaire, of which 46% were males and
54% were females. User satisfaction is divided into four aspects: “overall”, “parking lots”, “corridors,
stairwells” and “toilets”, and the analysis results are shown in Table 3. The average ranking of the
overall satisfaction shows that the top three satisfaction ratings of the sensor lamp are “I think this
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sensor lamp can help maintain a certain level of brightness in the corridors and stairwells without
wasting electricity” (m = 4.8), “I think the function of low-light mode (half brightness) is very good”
(m = 4.77), “I think this sensor lamp is very energy efficient” (m = 4.76), and “I would recommend this
sensor lamp to others” (m = 4.76).

Table 3. Satisfaction Analysis Table.

Question Mean
Standard
Deviation

Number of
Lamps

Mean
Ranking

1. I think this sensor lamp can help maintain a
certain level of brightness in the corridors and
stairwells without wasting electricity

4.8 0.489 249 1

2. I think the function of low-light mode (half
brightness) is very good 4.77 0.516 249 2

3. I think this sensor lamp is very energy
efficient 4.76 0.587 249 3

4. I would recommend this sensor lamp to
others 4.76 0.528 249 4

5. I feel that when this sensor lamp is fully lit, it
will not cause discomfort to human eyes for
momentary illumination.

4.74 0.568 249 5

6. When this sensor lamp is installed in a
“parking lot”, I think the lamp stays fully lit for
just the right length of time (currently 30 s)
when someone passes by.

4.37 0.708 225 6

7. When this sensor lamp is installed in
“corridors and stairwells”, I think its sensitivity
and response distance is appropriate.

4.36 0.685 228 7

8. When this sensor lamp is installed in
“corridors and stairwells”, I think the lamp
stays fully lit for just the right length of time
(currently 30 s) when someone passes by

4.34 0.704 224 8

9. When this sensor lamp is installed in
“parking lots”, I think its sensitivity and
response distance is appropriate.

4.34 0.702 222 9

10. When this sensor lamp is installed in
“corridors and stairwells”, I think the
brightness of this lamp in low-light mode is
just right.

4.32 0.677 226 10

11. When this sensor lamp is installed in
“parking lots”, I think the brightness of this
lamp in low-light mode is just right.

4.32 0.732 222 11

12. When this sensor lamp is installed in the
“toilets”, I think the brightness of this lamp in
low-light mode is just right.

4.27 0.701 224 12

13. When the light is installed in “toilets”, I
think its sensitivity and response distance is
appropriate.

4.25 0.663 225 13

14. When this sensor lamp is installed in the
“toilet”, I think the lamp stays fully lit for just
the right length of time (currently 30 s) when
someone passes by.

4.22 0.739 227 14

In terms of the satisfaction for the “parking lots”, “When this sensor lamp is installed in a “parking
lot”, I think the lamp stays on for just the right length of time (currently 30 s) when someone passes
by” (m = 4.37)” is the most popular among consumers. In terms of satisfaction for “corridors and
stairwells”, “When this sensor lamp is installed in “corridors and stairwells”, I think its sensitivity and
response distance are appropriate” (m = 4.36) is the most popular among users. In terms of satisfaction
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for the “toilets”, “When this sensor lamp is installed in the “toilets”, I think the brightness of this lamp
in low-light mode is just right” (m = 4.27) is the most popular among consumers.

According to the above results, the satisfaction rate of this sensor lamps installed in different areas
is in the order of parking lot > corridors, stairwells > toilets, and “Full brightness when someone
passes by and maintain for 30 s” is the most popular among consumers. To conclude, this sensor lamp
can maintain brightness and provide proper response while saving energy, and it is satisfactory to
the consumers.

We design 4 modes of intensity as 65%, 50%, 35%, and 20% of high-light mode to experiment the
most appropriate intensity in our low-light mode. The experimental result of 20 subjects as below:
12 subjects responded positively to 50% intensity of high-light mode, 2 subjects responded positively
to 65% intensity of high-light mode, 2 subjects responded positively to 35% intensity of high-light
mode, and 4 subjects responded positively to 20% intensity of high-light mode. It will be seen from
this result that the 50% intensity of high-light mode is the most appropriate intensity for alleviating the
discomfort of brightness variation.

6. Discussion

From the above discussion, it is known that the power consumption of this new type sensor lamp
in low-light mode is only one-tenth of that in high-light mode, but its brightness can be up to half
of the high-light mode, which is very suitable for the sensor lighting in the parking lots, corridors,
stairwells, and toilets. It only requires the replacement of the lamp but not the original lamp socket,
yet the basic brightness can be maintained. Take the general 15W T8 LED lamp (sensor-less) as an
example, if it is replaced by this new type of sensor lamp, and the place where it is installed is rarely
passed by people, the power saving rate will be as high as 90%. Assuming that there are 12 passers-by
per hour, the saving rate is still 81%.

This work has already been adopted in many schools, including Cheng-Shu University,
I-Shou University, National Chiayi Economics Vocational High School, Chiayi County Jhuci Senior
High School, Budai Junior High School, Guang Rong Elementary School and so on, and it is expected
to be extended to various schools nationwide.

In this paper, we use Cheng Shiu University as an example of the energy-saving analysis with
the assumption that there are 12 people passing by per hour. If the frequency of passer-by is higher,
the ESR will become less than 81%. Conversely, the energy-saving will be higher than 81% if the
frequency of people passing by is lower. In addition, when we carried out the energy-saving analysis,
we only calculated the power consumed by the lamp tube but not the circuit (about 1 W). If we include
the power consumption of the circuit in the calculation (the power measured in the experiment is
15.5 W in high-light mode and 2.4 W in low-light mode, and it is assumed that the installation site is
seldom passed by), the ESR is still at (15.5 − 2.4)/15.5 = 84.5%.
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Abstract: The Insulated Gate Bipolar Transistor (IGBT) is the component with the highest failure rate
in power converters, and its reliability is a critical issue in power electronics. IGBT module failure is
largely caused by solder layer fatigue or bond wires fall-off. This paper proposes a multi-chip IGBT
module failure monitoring method based on the module transconductance, which can accurately
monitor IGBT module chip failures and bond wire failures. The paper first introduces the failure
mechanism and module structure of the multi-chip IGBT module; then, it proposes a reliability model
based on the module transconductance and analyzes the relationship between chip failure, bond
wire failure, and the transmission characteristic curve of the IGBT module. Finally, the module
transconductance under chip failure and bond wire failure is measured and calculated through
simulation, and the temperature is calibrated, which can eliminate the influence of temperature on
health monitoring. The results show that the method has a high sensitivity to chip failures and
bond wire failures, can realize the failure monitoring of multi-chip IGBT modules, and is of great
significance for improving the reliability of power converters.

Keywords: multi-chip IGBT module; bond wire; module transconductance; temperature calibration;
failure monitoring; reliability

1. Introduction

The Insulated Gate Bipolar Transistor (IGBT) module is a power electronic integrated module
composed of multiple IGBT chips, diode chips, solder layers, bond wires, ceramic copper-clad
substrates, heat dissipation base plates, and power terminals. IGBT modules are mainly used
in inverters, frequency converters, uninterruptible power supplies, wind power, and solar power
generation. They are the core components of power converters and have one of highest failure rates
out of all the power converters [1]. To reduce the failure rate and improve the reliability of the power
converter, it is of great significance to monitor the failure status of the IGBT module [2].

At present, many scholars at home and abroad are committed to the reliability research of IGBT
modules, most of which focus on the online measurement of IGBT health-sensitive parameters (HSPs)
or thermosensitive electrical parameters (TSEPs). Researchers measure the collector, gate, emitter, and
appropriate Kelvin terminals of the IGBT module to obtain the external electrical parameters of the
IGBT module, and realize the health monitoring of the IGBT module through the fault characteristic
parameters [3–5]. Reference [6,7] proposed measuring IGBT saturation voltage drop VCE(sat) during
the operation of the power converter. This method must ensure that the measured current is constant
during operation, but it is difficult to achieve in practice. Reference [8–10] proposes using the on-state
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voltage drop VCE(ON)
a under load current to monitor the shedding of IGBT bond wires in real time.

Still, this parameter has a weak anti-interference ability. In reference [11], the on-state voltage drop
VCE(on)

B at the inflection point is used to monitor the aging and shedding of bond wires, which has
strong resistance to junction temperature interference. However, the measurement of the on-state
voltage drop VCE(ON) needs to consider the high-voltage isolation problem, and the measurement
is from thousands of volts in the off phase to a few volts in the on phase. The measurement range
is broad, and the measurement circuit must consider a large VCE voltage swing. There are certain
difficulties in practical applications. Reference [12] uses on-state resistance RCE(ON) to monitor the
aging degree of the IGBT module package online. Although it has high sensitivity, its resistance to
junction temperature interference is low, and the first bond wire lift-off in the IGBT module cannot be
detected. Reference [13–15] uses the peak gate current IGPeak to monitor the shedding of the bond wire
in the parallel IGBT module. Although this parameter has a strong resistance to changes in junction
temperature, detecting the peak gate current value is difficult in practical applications. In addition,
the gate current is relatively small, and the measurement is performed on the side close to the IGBT
module. The detection circuit also needs to deal with the challenge of electromagnetic interference.
In reference [16], the grid emitter voltage variation dVCE/dt was used to detect the drop of the bond
wire during the process of turning the circuit on and off. This method could not identify the first bond
wire lift-off. Reference [17] proposes using the gate-emitter pre-threshold voltage VGE(pre-th) to monitor
IGBT chip failures in multi-chip IGBT modules. This method can only monitor chip failures and cannot
monitor a small number of bond wire fall-off failures. Most of the above research methods can only
monitor one of the failures of the IGBT bond wire lift-off or the IGBT chip failure, and it cannot be
monitored at the same time. Temperature-sensitive electrical parameters need to be considered when
used as fault characteristic parameters. However, in the above studies, temperature-sensitive electrical
parameters have not been normalized to eliminate the impact of temperature on failure monitoring.

Aiming at the shortcomings of the existing research methods, this paper proposes using the IGBT
module transconductance as the characteristic quantity to identify both the chip failure and the bond
wire failure in the multi-chip IGBT module and realize the failure monitoring of the IGBT module. The
paper first analyzes the failure mechanism and module structure of the multi-chip IGBT module; then,
it proposes a reliability model based on the module transconductance and analyzes the relationship
between chip failure, bond wire failure, and the IGBT module transmission characteristic curve
(iC-uGE) Finally, the quantitative relationship between chip failure and bond wire failure and module
transconductance is measured and calculated through simulation. Furthermore, the temperature is
normalized, which can eliminate the influence of temperature on failure monitoring. The results show
that the method has good sensitivity to chip failures and bond wire failures, can realize the failure
monitoring of multi-chip IGBT modules, and is of great significance for improving the reliability of
power converters.

The sections of this article are arranged as follows. In Section 2, the failure mechanism and module
structure of the multi-chip IGBT module are introduced in detail. In Section 3, a reliability model based
on the module transconductance is constructed. Section 4 is based on the reliability model to monitor
the chip failure and bond wire failure status of the DIM800NSM33-F IGBT module. The results are
discussed and analyzed in Section 5.

2. Multi-Chip IGBT Module Failure Mechanism and Structure

The failure of the solder layer and the falling off of the bond wires are the main aging failure
mechanisms of IGBT modules. The bond wire is mainly used to connect the chip (IGBT chip or diode
chip) and the terminal (gate or emitter). The main reason for the bond wire to fall off is the inconsistent
coefficient of thermal expansion (CTE) of each layer of the semiconductor device. Figure 1 shows the
IGBT module packaging structure and the coefficient of thermal expansion of each layer of material.
The IGBT chip and the diode chip are electrically connected by bond wires, as are the chip and the
copper substrate. During the normal operation of the IGBT, the heat generated by the power loss
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of the semiconductor chip will pass through the multi-layer structure to the heat sink to produce a
junction temperature fluctuation ΔT, which causes the bond wire to generate shear stress at its welding
point, and the changing stress produces cracks, which leads to the bond wires fall-off [18,19]. Initially,
cracks are generated at both ends of the bond wire; then, they are gradually extended to the middle
until the bond wire completely falls off. Once a bond wire in the module falls off, the current passing
through the remaining bond wires will increase immediately, thereby accelerating the fall-off process
of the remaining bond wires [20]. The deformation εt of the IGBT due to the fluctuation of the junction
temperature can be expressed by Equation (1):

εt = L(αAl − αSi)·ΔT (1)

where αAl and αSi are the CTEs of aluminum and silicon, L is the length of the aluminum bond wire;
ΔT is the junction temperature fluctuation.

Figure 1. Insulated Gate Bipolar Transistor (IGBT) module structure and material coefficient of thermal
expansion (CTEs).

For multi-chip IGBT modules, in addition to the parasitic parameters of the cell chip, stray
parameters such as the substrate, board lining, solder layer, and bond wire in the module packaging
process need to be considered [21]. Among the stray parameter changes caused by IGBT failure, the
bond wire fall-off is the most typical. Therefore, the chip fault and bond wire fault studied in this paper
are caused by the bond wire fall-off. If the bond wires of a certain unit IGBT chip are all falling off, the
number of effective IGBT chips connected in parallel in the IGBT module will be reduced, and the fault
type is chip failure at this time. If the bond wire of a certain unit IGBT chip falls off, the number of
effective bond wires on the chip will be reduced, and the fault type is bond wire failure at this time.
The reliability of multi-chip IGBT modules depends on the health of all parallel IGBT chips and bond
wires. Therefore, it is very important to evaluate the overall health of the multi-chip IGBT module by
monitoring IGBT chip failure and bond wire failure [22].

Figure 2 shows the equivalent diagram of the internal structure of the multi-chip IGBT module.
There are n IGBT chips in parallel. This article takes the DIM800NSM33-F IGBT module as the research
object. This module is a commercial module. The physical map and the internal equivalent circuit of a
single chip in the module are shown in Figure 3. The module is a 16-unit IGBT module. Each chip has
eight emitter bond wires, and there are 128 emitter bond wires in total. Refer to the data sheet for the
basic parameters of the module, as shown in Table 1. The acceptable number of chip losses for IGBT
modules depends on the working environment and working requirements. Generally, 10% chip losses
in IGBT modules and 70% bond wire lift-off on the chip are considered acceptable [23]. Therefore, for
the DIM800NSM33-F IGBT module, the detection of two chip failures in 16 chips is set as the safety
margin. The failure simulation is the situation of the first two chips that failed; the first chip that failed
is called “Chip 1”, the second chip that failed is called “Chip 2”.
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Figure 2. Internal structure diagram of multi-chip IGBT module.

Figure 3. The physical diagram of the IGBT module and the internal equivalent circuit diagram of a
single chip: (a) physical diagram; (b) equivalent circuit diagram.

Table 1. Basic parameters of IGBT module.

Gate Voltage
Source VGG

Internal Gate
Resistance RG(int)

Gate-Emitter
Capacitance CGE

Gate-Collector
Capacitance CGC

Gate Inductance
LG

±15 V 2.16 mΩ 8.8625 nF 0.1375 nF 12 nH

3. Reliability Model Based on Module Transconductance

The transmission characteristic curve of the IGBT module usually adopts Auto Curve Tracer to
test, the horizontal axis is the gate-emitter voltage uGE, and the vertical axis is the collector current iC,
which is affected by temperature. The general definition of transconductance refers to the slope of the
transmission characteristic curve of the IGBT chip, which is the characteristic parameter of the IGBT
chip itself. For the entire IGBT module, its module transconductance is affected by IGBT chip fatigue
and bond wire failure. The transmission characteristic of IGBT refers to the response function of iC
to uGE changes at different temperatures. The gradient of the transmission characteristic at a given
temperature is called the transconductance of the device at that temperature. IGBT is a device that
uses input voltage to control output current. The ratio of output current to input voltage is represented
by transconductance, which also reflects the gain of IGBT. The chip transconductance gmc reflects the
sensitivity of ic to uGE, and the module transconductance gm reflects the sensitivity of ic to ui. This
article mainly focuses on the failure research of the IGBT module chip and bond wire, which belongs
to module package level failure: a slow and gradual process.

The relationship between IGBT chip fatigue, bond wire lift-off, and module transconductance is
analyzed in detail below. According to the working principle of the IGBT chip, when the IGBT chip
operates in the active area, the governing equation of the collector current ic is shown in Equation
(2) [24]:

ic =
μniCOXZ

2L(1− αpnp)
(uG −UGE(th))

2 = A(uGE −UGE(th))
2 (2)

where μni is the electron migration speed, COX is the oxide layer capacitance, Z and L are the length
and width between the gate-emitter of the MOSFET, αpnp is the current gain of the PNP transistor,
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UGE(th) is the threshold voltage of the IGBT chip; the above parameters are all determined by the chip
structure and material, but they are all affected by the junction temperature Tj of the chip.

For simplification, the parameter A is used to characterize the parameters related to the physical
size and structure of the chip in Equation (2), and the chip transconductance gmc is the sensitivity of ic
to uGE as shown in Equation (3):

gmc =
dic

duGE
= 2A(uGE −UGE(th)). (3)

From Figure 3b, we can see that for a single IGBT branch, the circuit equation during the switching
transient device is Equation (4):

uG = ui − iCRw − LG
diG
dt
− iGRG − (Lcu + Let)

d(iG + iC)
dt

− (iG + iC)(Rcu + Ret) (4)

where Rw is the equivalent parasitic resistance of bond wires; Rcu and Lcu are the equivalent parasitic
resistance and inductance of the copper layer; ui is the gate drive voltage of the IGBT module; and iG is
the gate current of the IGBT module. Let is the equivalent stray inductance of the IGBT emitter lead,
and Ret is the equivalent stray resistance of the IGBT emitter lead.

The parasitic resistance of the IGBT is about 40 μΩ, the parasitic inductance is about 30 nH, and
the bonding wire resistance is about 50 mΩ. The parasitic resistance and all parasitic inductances
are relatively small compared to the bonding wire resistance. In practical applications, dic/dt is about
3000 A/μs, and dig/dt is about 0.2 A/μs. When the IGBT works in the safe active region, the collector
current ic and the gate current ig remain almost constant. Considering that the measurement of the
transconductance gm of the detection parameter module in this paper is when the IGBT is working in
the safe active area, Equation (4) can be simplified to Equation (5):

uG = ui − icRw. (5)

When ui is equal to UGE(th), the current flowing through the IGBT is zero. In order to study
the influence of IGBT module transconductance and bond wire resistance RW on the module
transconductance, we substitute Equation (5) into Equation (1) and perform appropriate transformations
to obtain the relationship between ic and ui as Equation (6):

ic =
2ARw

(
ui −UGE(th)

)
+ 1−

√
4ARw

(
ui −UGE(th)

)
+ 1

2ARw2 . (6)

The module transconductance gm of the IGBT module reflects the sensitivity of ic to ui, which can
be derived as Equation (7):

gm =
dic
dui

=
1

Rw

⎛⎜⎜⎜⎜⎜⎜⎜⎜⎜⎝1− 1√
4ARw

(
ui −UGE(th)

)
+ 1

⎞⎟⎟⎟⎟⎟⎟⎟⎟⎟⎠. (7)

Comparing Equations (2) and (6), we can see that the relationship between chip transconductance
gmc and module transconductance gm is as shown in Equation (8):

gm =
1

Rw + 1/gmc
. (8)

The transconductance of the IGBT module is not only related to the transconductance of the IGBT
chip itself but also to the health of the parallel chip and the bond wires. The module transconductance
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will decrease as Rw increases during the aging failure process. From Equation (2), we can get
Equation (9):

ui −UGE(th) =
Ric
√

A +
√

ic√
A

. (9)

Then, we put Equation (9) into Equation (7) to get the module transconductance, as shown in
Equation (10). The transconductance expression of this module has nothing to do with the threshold
voltage affected by the gate oxide layer.

gm =
1

Rw

⎛⎜⎜⎜⎜⎜⎜⎜⎜⎜⎝1− 1√
4AicRw2 + 4

√
AicRw + 1

⎞⎟⎟⎟⎟⎟⎟⎟⎟⎟⎠ (10)

Among the failure modes of power devices, package-related failures are the most common and are
generally considered to be the main factors affecting the life of IGBTs. It can be seen from Equation (10)
that the module transconductance is a function of parameter Rw, parameter A, and collector current ic.
Parameter A characterizes the physical size and structural parameters of the chip, and it is generally
believed that these parameters will not change with aging. In this case, the bond wire lift-off is the
only aging factor that affects the module transconductance change. For multi-chip IGBT modules, the
chip characteristics and bond wire resistance on each branch may not be consistent, and the gate oxide
degradation of each chip may also be different. For simplicity, it is assumed that the chip branches are
consistent, and the aging process is also consistent, so as to eliminate the influence of the threshold
voltage UGE(th).

The junction temperature will affect the electrical characteristics of the IGBT. The dependence
of the physical material parameters of the silicon-based semiconductor on temperature determines
the temperature dependence of its operating characteristics. The lifetime of carriers increases with
the decrease of temperature and mobility, and the charge storage in the drift region decreases with
the increase of temperature, so the IGBT switching process is affected by temperature. In the IGBT
module, both the parameter Rw and the parameter A are affected by the junction temperature, and the
transconductance of the module under the same collector current can be expressed as Equation (11):

gm = f (Rw,T). (11)

In actual engineering, with the aging of the IGBT module, the equivalent resistance of the module
will change accordingly. At the same time, the junction temperature Tj will also fluctuate during the
normal operation of the power converter [25,26]. The influence of fluctuation on the transconductance
of the module can be expressed by Equation (12):

{
Δgmi_T = f (Ti, Rw0) − f (T0, Rw0)

Δgmi_Rw = f (T0, Rwi) − f (T0, Rw0)
(12)

where T0 is the selected reference temperature; Rw0 is the equivalent resistance of bonding wire in
the healthy state of the IGBT module; Ti is the temperature after change; and Rwi is the bond wire
equivalent resistance after module aging failure.

Figure 4 shows the transmission characteristic curve before and after the IGBT module bonding
wire lift-off. As the bond wires fall off, the collector current gradually decreases in the active area.
At the same collector current iC measurement point, the gate-emitter voltage after the bond wire falling
off increases from uGE1 to uGE2, and the power loss of the IGBT module will also increase, which
will lead to an increase in junction temperature and failure of the bond wire. The resulting junction
temperature difference is T2 − T1. Therefore, when the module transconductance is used to monitor
the health of a multi-chip parallel IGBT module, it is necessary to eliminate the effect of junction
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temperature. The extraction of module transconductance requires the chip to work in the active area,
and it is also necessary to consider that the IGBT module is located in the safe operating area (SOA).

Figure 4. Transmission characteristic curve of the IGBT module before and after aging.

4. Model and Test

Figure 5 shows the schematic diagram of multi-chip IGBT module failure monitoring based on
module transconductance. According to the test circuit, the collector current and gate emitter voltage
are measured to obtain the transmission characteristic curve, and then the transconductance of the
module is calculated according to the transmission characteristic curve. The DC bus power supply
voltage of the test circuit is 1800 V, and the load is an inductive load of 400 μH. The tested IGBT module
is driven by the gate driver with a voltage pulse of approximately −15 to +15 V. Between the ideal
pulse voltage power supply and the IGBT gate terminal, 3.9 Ω turn-on gate resistance RG(ext),on and
6.2 Ω turn-off gate resistance RG(ext),off are used. In this paper, the test of the transmission characteristic
curve under the condition of chip failure and bonding wire failure is completed in Matlab/Simulink.

Figure 5. Schematic diagram of failure monitoring: (a) Test circuit; (b) Measurement iC and uGE; (c)
Acquisition of transmission characteristic curve.

4.1. IGBT Chip Failure

The type of chip failure studied in this paper is that all bond wires on a chip fall off or the IGBT
chip is completely fatigued due to the optimus effect caused by overcurrent, overvoltage, overheating,
or beyond the shutdown safe working area. The research object DIM800NSM33-F IGBT module of
this paper is a multi-chip parallel IGBT module. All parallel chip branches are regarded as the same,
and chip failure is simulated by changing the number of parallel chip branches. Considering the
safety margin of the module under study—two chip failures, the chip position has a relatively small
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influence, so the influence of the chip failure position is not considered for the time being. Select the
reference temperature T0 = 2 ◦C, and consider the safety margin of the selected IGBT module. In the
above model, the IGBT module is tested under three different health conditions: “health”, “one chip
failure”, and “two chip failure”. The transmission characteristic curve of the IGBT module under
different chip fault conditions is shown in Figure 6. With the increase of the number of chip failures,
under the same collector current iC, the gate-emitter voltage uGE gradually increases; under the same
gate-emitter voltage uGE, the collector current iC gradually decreases. The slope of the transmission
characteristic curve of the IGBT module also decreases gradually. That is, the transconductance of
the IGBT module decreases gradually. When the gate voltage uGE is less than the threshold voltage
VGE(th), the IGBT is in the off state. In most of the collector current range after the IGBT is turned on, iC
and uGE have a good positive correlation. Considering that the IGBT works in the active area and is
located in the safe working area, and the transmission characteristic curves have obvious differences
under different fault conditions, the uGE value is selected as 12 V to calculate the transconductance
value of the module. According to the transmission characteristic curve, the transconductance value of
the IGBT module under different chip fault states is calculated, as shown in Table 2. It can be seen
that the transconductance of the module gradually decreases with the increase of IGBT failure chips,
and the transconductance of the module decreases by about 6.2% when an IGBT chip fails. When two
IGBT chips in the module fail, the transconductance of the module is reduced by 12.472%. At this time,
the health status of the module has exceeded the safety margin, and the module is close to failure.
It should be repaired or replaced in time to improve the reliability of the power converter.

Figure 6. Transmission characteristic curves of IGBT modules under chip failure states.

Table 2. Transconductance of IGBT modules under chip failure states.

Number of IGBT Chip Failures
IGBT Module Transconductance gm

(A/V)
Percentage Change (%)

0 19.1843 0
1 17.9982 −6.243
2 16.8176 −12.472

When the IGBT is aging and failing, it will cause changes in parameters such as the thermal
resistance and heat capacity, which will change the junction temperature of the IGBT, which will
affect the transconductance parameters of the IGBT module. This article attributes the effect of aging
failure to the effect of temperature on the transconductance, so it is necessary to exclude the effect
of temperature on the module transconductance. When the IGBT module was in a healthy state,
that is, when there was no chip failure and no bond wire fall-off, we measured and calculated the
transconductance of the IGBT module at 25, 50, 75, 100, and 125 ◦C, as shown in Table 3. When the
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module is in a healthy state, as the temperature increases, the transconductance of the IGBT module
gradually decreases. Figure 7 shows the relationship between the IGBT module transconductance and
temperature. It can be seen from the figure that the module transconductance and temperature show a
very good linear relationship, so the linear fitting can be used to obtain the module transconductance
and temperature. The relationship, as shown in Equation (13), has a linear fit of up to 0.998. In order to
eliminate the influence of temperature, the module transconductance at different temperatures can
be calibrated to 25 ◦C according to Equation (13). At this time, the module transconductance is only
related to the module’s health status.

gmT,j_25 ◦C = gmT,j + 0.00664 (T − 25) (13)

where T is the temperature, j is the module’s different health states, gmT,j is the transconductance at
different temperatures and different health states, and gmT,j_25 ◦C is the module’s transconductance
calibrated to 25 ◦C.

Table 3. Transconductance of the IGBT module in a healthy state at different temperatures.

Temperature (◦C) IGBT Module Transconductance gm (A/V)

25 19.1843
50 19.0316
75 18.8554
100 18.6828
125 18.5292

Figure 7. The relationship between IGBT module transconductance and temperature.

We tested different IGBT chip fault types at 25, 50, 75, 100, and 125 ◦C and calculated the IGBT
module transconductance, as shown in Table 4. It can be seen that the module transconductance
decreases as the number of IGBT chips increases, and it decreases as the temperature increases.
Figure 8a shows the module transconductance under different temperatures and health conditions.
Within a certain temperature range, the module transconductance can be used to determine the number
of IGBT module chip failures and realize the health status monitoring of the IGBT module.

Table 4. Transconductance of IGBT modules under different temperatures and healthy states.

Number of IGBT Chip
Failures

IGBT Module Transconductance gm (A/V)

T = 25 ◦C T = 50 ◦C T = 75 ◦C T = 100 ◦C T = 125 ◦C
0 19.1843 19.0212 18.8554 18.6937 18.5268
1 17.9982 17.8328 17.6823 17.5135 17.3416
2 16.8176 16.6553 16.4876 16.3231 16.1587

173



Electronics 2020, 9, 1559

Figure 8. Transconductance of the IGBT module with chip failure: (a) before temperature calibration
(b) after temperature calibration.

In order to monitor the health status of the IGBT module more accurately and eliminate the
influence of temperature, the module transconductance at different temperatures is calibrated to
the reference temperature T = 25 ◦C according to Equation (13). Figure 8b shows the module
transconductance after temperature calibration. Compared with the module transconductance that
has not undergone temperature correction, gm after temperature calibration is only related to the
module’s health status. The latter can more intuitively and clearly judge the type of chip failure and
more accurately assess the health of the IGBT module status.

4.2. Bond Wire Failure

The bond wire failure studied in this paper is caused by the bond wire lift-off. The DIM800NSM33-F
IGBT module has eight bond wires on each IGBT chip. Considering the maximum safety margin of the
IGBT module, the following will test and analyze different types of bond wire faults on Chip 1 and
Chip 2.

For Chip 1, the state of the bond wire is i (i = 0, 1, 2, . . . , 8) bond wire lift-off. When the
reference temperature TC = 25 ◦C, the transmission characteristic curve of the measurement of Chip 1
under different bond wire failure states is shown in Figure 9. After the eighth bond wire lift-off, the
transmission characteristic curve is completely separated from other curves, and Chip 1 is completely
invalid at this time. This is because all the bond wires fall off so that the chip is completely faulty and
invalid, and the electrical characteristics of the IGBT module have changed significantly, making the
transmission characteristic curve clearly separated. According to the transmission characteristic curve,
the module transconductance corresponding to the number of bond wire shedding is calculated, as
shown in Table 5. It can be seen from Table 5 that the module transconductance gradually decreases
with the increase in the number of bond wires falling off. Each time a bond wire lifts off, the
module transconductance decreases about 0.753% on average. When the last bond wire falls off, the
transconductance of the module changes significantly.
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Figure 9. Transmission characteristic curves of Chip 1 under bond wire failure states.

Table 5. Module transconductance under bond wire failure states of Chip 1.

Number of Chip 1 Bond Wires Lift-Off
IGBT Module Transconductance gm

(A/V)
Percentage Change (%)

0 19.1843 0
1 19.0469 −0.723
2 18.8914 −1.542
3 18.8065 −1.988
4 18.7641 −2.211
5 18.6086 −3.030
6 18.4774 −3.721
7 18.3015 −4.646
8 18.0772 −5.827

The same measurements and calculations are done for different bond wire fault states of Chip 1 at
different temperatures, and the module transconductance is obtained, as shown in Table 6. It can be
seen from Figure 10a that under the same bond wire state, the temperature is different, the module
transconductance value is also different, and the temperature has a great influence on the type of bond
wire failure of the monitoring of Chip 1, and it is impossible to accurately determine the number of
Chip 1 bond wires falling off. For example, when Chip 1 is in a healthy state, the decrease of the module
transconductance caused by the temperature increase may be misjudged as a bond wire failure state.

Table 6. Module transconductance of Chip 1 in bond wire fault states at different temperatures.

Number of Bond Wires Lift-Off
IGBT Module Transconductance gm(A/V)

T = 25 ◦C T = 50 ◦C T = 75 ◦C T = 100 ◦C T = 125 ◦C
i = 0 19.1843 19.0187 18.8754 18.6753 18.5412
i = 1 19.0469 18.8852 18.7231 18.5498 18.3864
i = 2 18.8914 18.7316 18.5576 18.4135 18.2418
i = 3 18.8065 18.6451 18.4832 18.3218 18.1517
i = 4 18.7641 18.5935 18.4426 18.2687 18.1102
i = 5 18.6086 18.4506 18.2775 18.1174 17.9483
i = 6 18.4774 18.3079 18.1621 17.9789 17.8235
i = 7 18.3015 18.1427 17.9812 17.8056 17.6518
i = 8 18.0772 17.9185 17.7509 17.5903 17.4186
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Figure 10. Transconductance of Chip 1 bonding wire fault module: (a) before temperature calibration
and (b) after temperature calibration.

In order to reduce the error rate of bond wire fault monitoring and improve the accuracy of
IGBT module health monitoring, it is necessary to eliminate the influence of temperature. Therefore,
Equation (13) can be used to calibrate the module transconductance at different temperatures to the
reference temperature TC = 25 ◦C, as shown in Table 7; then, the temperature calibrated module
transconductance can be used to achieve IGBT module health condition monitoring. The module
transconductance interval is different under different bond wire failure states; that is, the module
transconductance difference is different, and the percentage of change is different. When the last bond
wire falls off, the module transconductance interval is the largest, and the module transconductance
change is the largest. The module transconductance and junction temperature show a good linear
relationship under the bonding wire failure state. Figure 10b shows the transconductance of the
IGBT module after temperature correction. It can be seen from the figure that the calibrated module
transconductance can accurately distinguish the chip bonding wire off at any temperature, and it
is basically not affected by temperature changes. It can accurately monitor the health status of the
IGBT module.

Table 7. Module transconductance of Chip 1 bond wire fault state after temperature calibration.

Number of Bond Wires Lift-Off
IGBT Module Transconductance gm (A/V)

T = 25 ◦C T = 50 ◦C T = 75 ◦C T = 100 ◦C T = 125 ◦C
i = 0 19.1843 19.1824 19.2028 19.1664 19.1960
i = 1 19.0469 19.0489 19.0505 19.0409 19.0412
i = 2 18.8914 18.8953 18.885 18.9046 18.8966
i = 3 18.8065 18.8088 18.8106 18.8129 18.8065
i = 4 18.7641 18.7572 18.7700 18.7598 18.7650
i = 5 18.6086 18.6143 18.6049 18.6085 18.6031
i = 6 18.4774 18.4716 18.4895 18.4700 18.4783
i = 7 18.3015 18.3064 18.3086 18.2967 18.3066
i = 8 18.0772 18.0822 18.0783 18.0814 18.0734

Similarly, in order to monitor the health status of the bond wires of Chip 2, when the temperature is
25 ◦C, the transmission characteristic curves of different bond wires of Chip 2 under fault conditions are
measured, as shown in Figure 11. The change rule of the transmission characteristic curve is the same.
According to the calculation of the transmission characteristic curve, the module transconductance
corresponding to the number of bond wires lift-off is shown in Table 8. It can be seen from Table 8
that the module transconductance gradually decreases with the increase in the number of bond wires
lift-off. For each bond wire lift-off, the module transconductance decreases by about 0.812% on average.
The change rule is basically the same as that of the Chip 1 bond wire failure state.
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Figure 11. The transmission characteristic curve of Chip 2 under bond wire failure states.

Table 8. Module transconductance of Chip 2 under bond wire failure states.

Number of Bond Wires Lift-Off IGBT Module Transconductance gm (A/V) Percentage Change (%)

0 18.0147 −6.156
1 17.9369 −6.565
2 17.8167 −7.198
3 17.7036 −7.793
4 17.6258 −8.203
5 17.4279 −9.244
6 17.2299 −10.286
7 17.0743 −11.105
8 16.9188 −11.924

In order to study the influence of temperature on the monitoring of the fault state of the bond
wire of Chip 2, the transmission characteristic curves of different bond wire fault states are measured
at temperatures of 25, 50, 75, 100, and 125 ◦C, and the IGBT is obtained by calculation. The module
transconductance is shown in Table 9. It can be seen from Figure 12a that with the increase of
temperature, the module transconductance decreases gradually, which is consistent with the change
of the number of bond wires lift-off. The increase of IGBT module transconductance caused by
temperature rise is easy to be misjudged as the falling off of bond wire, so the influence of temperature
change will interfere with the monitoring of the failure state of bond wires.

Table 9. Module transconductance of Chip 2 with bond wire failure at different temperatures.

Number of Bond Wire Lift-Off
IGBT Module Transconductance gm (A/V)

T = 25 ◦C T = 50 ◦C T = 75 ◦C T = 100 ◦C T = 125 ◦C
i = 0 18.0147 17.8479 17.6754 17.5316 17.3618
i = 1 17.9369 17.7682 17.5897 17.4429 17.2865
i = 2 17.8167 17.6581 17.4962 17.3315 17.1589
i = 3 17.7036 17.5454 17.3705 17.2183 17.0535
i = 4 17.6258 17.4651 17.3326 17.1287 16.9842
i = 5 17.4279 17.2645 17.0898 16.9465 16.7706
i = 6 17.2299 17.0731 16.8956 16.7498 16.5802
i = 7 17.0743 16.9305 16.7510 16.5345 16.4832
i = 8 16.9188 16.7554 16.6031 16.4010 16.2972
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Figure 12. Module transconductance of Chip 2 with bond wire failure: (a) before temperature calibration
and (b) after temperature calibration.

In order to eliminate the interference of temperature factors on health status monitoring,
Equation (13) is used to normalize the module transconductance at different temperatures to the
reference temperature Tc = 25 ◦C, as shown in Table 10. Then, the module transconductance after
temperature calibration is used to monitor the health status of the IGBT module. Figure 12b shows
the transconductance of the IGBT module after temperature correction. It can be seen from the figure
that the calibrated module transconductance can accurately distinguish the chip bond wire lift-off
condition at any temperature and monitor the health status of the IGBT module.

Table 10. Module transconductance of Chip 2 with bond wire failure after temperature normalization.

Number of Bond Wires Lift-Off
IGBT Module Transconductance gm (A/V)

T = 25 ◦C T = 50 ◦C T = 75 ◦C T = 100 ◦C T = 125 ◦C
i = 0 18.0147 18.0116 18.0028 18.0227 18.0166
i = 1 17.9369 17.9319 17.9171 17.9340 17.9413
i = 2 17.8167 17.8218 17.8236 17.80226 17.8137
i = 3 17.7036 17.7091 17.6979 17.7094 17.7083
i = 4 17.6258 17.6288 17.6600 17.6198 17.6390
i = 5 17.4279 17.4282 17.4172 17.4376 17.4254
i = 6 17.2299 17.2368 17.2230 17.2409 17.2350
i = 7 17.0743 17.0942 17.0784 17.0256 17.1380
i = 8 16.9188 16.9191 16.9305 16.8921 16.9520

4.3. Result Verification

In the reference [27] “Research on Accelerated Aging and Aging Characteristic Parameters of IGBT
Modules”, the author chooses multi-chip parallel IGBT modules as the research object and uses the
method of artificial wire cutting to simulate the falling off of the IGBT module bonding wires. Among
them, the experimental test results of Chip 1 falling off zero, one, two, three, and four bonding wires are
shown in Table 11. The simulation results of this article are also recorded in Table 11 for comparison.

It can be seen from Table 11 that the transconductance gm of the two modules are similar, and
with the increase in the number of bond wires falling off, the change trend and rate of change of the
transconductance gm of the module are also very close; that is, the parallel IGBT module experiment
result is similar to the parallel IGBT module simulation. The results are basically the same, with
only slight differences, and the number of bond wires falling off can be judged by the percentage of
transconductance change. Therefore, based on the experimental data, this paper can preliminarily
show that the theoretical method and simulation results are correct and effective.
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Table 11. Verification of simulation results.

Number of Bond
Wires Lift-Off

Transconductance
gm1 Experiment

Results (A/V)

gm1 Percentage
Change (%)

Transconductance
gm2 Simulation
Results (A/V)

gm1 Percentage
Change (%)

0 22.528 0 19.184 0
1 22.326 −0.90 19.047 −0.723
2 22.259 −1.20 18.891 −1.542
3 21.998 −2.35 18.807 −1.988
4 21.730 −3.54 18.764 −2.211

5. Result Analysis

According to the above theoretical analysis and test results, it can be known that the chip failure
and bond wire failure in the multi-chip IGBT module will cause the module transmission characteristic
curve uGE-iC to change, and the module transconductance value calculated from the transmission
characteristic curve can be used as characteristic parameters for health monitoring of the IGBT module.
Since the temperature dependence of the module transconductance can conceal its fault characteristics
or reduce its ability to monitor bond wire or chip faults, temperature calibration processing is required
to eliminate temperature effects. The temperature-corrected module transconductance can effectively
monitor chip failures and bond wire failures in IGBT modules.

For the IGBT module selected in this article, when one IGBT chip fails, the value of the
module transconductance decreases by 6.243%. When two IGBT chips fail, the value of the module
transconductance decreases by 12.472%. At this time, it can be basically determined that the IGBT
module is in an aging failure state. It means that system failure will occur at any time, and the IGBT
module should be repaired or replaced in time. If 70% of the bond wires on one IGBT chip fall off,
it can be determined that the chip is close to aging failure [28]. When six bond wires in Chip 1 lift off,
the value of the module transconductance is reduced by 3.721%, which means that Chip 1 is about
to fail; when six bond wires lift off in Chip 2, the value of the module transconductance decreases
by 10.286%, which means that the system is at risk of failure, Chip 2 is about to age and fail, and the
module should be degraded or repaired.

Table 12 compares different state monitoring methods. Under the same test object and condition,
the pre-threshold voltage VGE(pre-th) during the gate-emitter turn-on transient, collector-emitter voltage
change rate dVCE/dt, and gate peak current IG(peak) have high sensitivity, but the three fault characteristic
parameters are affected by temperature, and VGE(pre-th) and dVCE/dt cannot be used to monitor bond
wire faults. dVCE/dt has a weak anti-interference ability. The IG(peak) measurement circuit needs to
consider electromagnetic interference. The advantages of the method proposed in this article are as
follows. (1) It can monitor chip faults and bonding wire faults at the same time, and it has good
sensitivity. (2) This method has low sampling signal frequency and short measurement time, and it can
ignore external heat sources and other electrical signals. It has a strong anti-interference ability such as
the influence of external noise. (3) The parameter module mentioned in this article has a good linear
relationship between the transconductance and temperature. This method is added to the temperature
calibration process, which can be more accurately achieved under different junction temperatures
IGBT module fault status monitoring. The method proposed in this paper can be used for in situ
monitoring of the fault status of multi-chip parallel IGBT modules. It can be used to perform in situ
monitoring when the converter is shut down (such as when the fan cuts off the wind speed, when the
electric vehicle is stopped, etc.). Limitations and challenges include the stability of in situ monitoring
devices, the lack of a standardized analysis of fault diagnosis, and condition assessment technology.
However, this method cannot locate the specific location of chip faults and bond wire faults in the
IGBT module and will continue to study the real-time online location and monitoring of IGBT module
faults in the future.
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Table 12. Comparison of IGBT module chip fault monitoring methods.

Method 1 Chip Failure
70% of the Bonding

Wires Fall Off
Affected by

Temperature
Anti-Interference

Ability

VGE(pre-th) 485 mV (8.182%) - yes strong
dVCE/dt 113.175 V/μs (7.545%) - yes weak
IG(peak) 0.1734 A (−9.372%) 0.04135 A (−2.235%) yes strong

This article 1.1861 A/V (−6.243%) 0.7069 A/V (−3.721%) no strong

6. Conclusions

This paper presents a method for monitoring the health of a multi-chip IGBT module based on
module transconductance. According to the reliability model based on the module transconductance,
the transmission characteristic curve of the selected IGBT module is measured in the test circuit, and
its module transconductance value is calculated. The results show that the method can accurately
identify the type of chip failure and the type of bond wire failure, and after temperature calibration,
it can identify the aging failure process of the IGBT module without the influence of temperature. The
method proposed in this article can simultaneously monitor the chip failure and the bond wire failure
in the multi-chip IGBT module, and it is not affected by temperature. Compared with the existing
monitoring method, it has better comprehensive characteristics, can realize the failure monitoring of
the IGBT module, and improve the power inverter reliability.
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Abstract: The instantaneous overvoltages from the load side can cause damages of high-power
thyristors in conventional pulsed power supply topologies, especially in cases of numerous pulse-
forming units that operate together with discharge time intervals. The instantaneous overvoltages
from the load side, which leads to high reverse recovery currents in high-power thyristors, can be
induced by load mutations in the electromagnetic launching field. This paper establishes circuit
models of PPS topologies, and investigates effects of the initial voltage of the energy-storage capacitor,
the discharge time intervals, and the load resistance on the reverse recovery currents in high-power
thyristors. To overcome the shortcomings of conventional PPS topologies, an improved PPS topology
is developed. The improved PPS topology applies coupling inductor and resistance-capacitance
snubber techniques, which can absorb the surge energy from the load side and reduce the reverse
recovery currents in high-power thyristors. The simulation technique has been applied to validate
theoretical analysis and the proposed model.

Keywords: PPS; high-power thyristors; reverse recovery currents; electromagnetic launching field

1. Introduction

Pulsed power supply (PPS) is widely applied in the production of nano-powder [1], drilling of
hard rocks [2], electrothermal-chemical gun [3], electromagnetic railgun [4–10], etc. There are various
energy storage ways for PPS, such as capacitor bank, homopolar generator-inductor, explosive magnetic
flux compression [11]. The PPS investigated in this paper is based on the capacitor bank, which is
mainly composed of high-power energy-storage capacitors (hereinafter referred to as energy-storage
capacitors) [4], high-power semiconductor devices [12–20], and high-power pulse-shaping inductors
(hereinafter referred to as pulse-shaping inductors). High-power semiconductor devices include
high-power thyristors (hereinafter referred to as thyristors) [12–17] and high-power fast recovery
diodes (hereinafter referred to as fast recovery diodes) [18–20], as shown in Figure 1.

The investigated PPS is widely applied in the electromagnetic launching (EML) field [3–10].
There are two types of conventional PPS topologies, which are defined as type I and II PPS topologies
in this paper, respectively. Each PPS topology contains multiple pulse-forming units (PFUs) in
parallel in practical applications. Compared with the devices such as energy-storage capacitors and
pulse-shaping inductors, the semiconductor devices in conventional PPS topologies are easier to suffer
from overvoltage and high current change rate di/dt in the reverse recovery phases, which inevitably
leads to damages of them [6]. The overvoltage and high current change rate di/dt can be induced by
load mutation in the EML experiment [5]. The load mutation can lead to an open circuit or sharp
increase in resistance of the load side, which results in instantaneous overvoltage and high current
change rate di/dt in parts of pulse-shaping inductors. Due to the randomness of load mutation, a typical
phenomenon in a multiple uninterruptible discharge process is that the thyristors in conventional PPS
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topologies are not always but randomly damaged, especially in the case of numerous PFUs operating
together with discharge time intervals, although all the initial conditions and devices’ parameters keep
the same.

 
(a) 

 
(b) 

S R

Ci

SCRi

Di

Li

Thyristor 
trigger device

Rload

Figure 1. Type I pulse-forming unit (PFU) topology and its photograph. (a) Type I PFU topology;
(b) photograph of type I PFU topology.

This paper establishes circuit models of PPS topologies. Then, the reverse recovery current
characteristics of the thyristors are explored. Effects of the initial voltage of the energy-storage capacitor,
the discharge time intervals, and the load resistance on the reverse recovery currents are systematically
investigated. It is found that the reverse recovery currents in the thyristors in the type I PPS topology
are larger than those in the type II PPS topology under the same working conditions, indicating that
the type II PPS topology is more helpful to reduce the breakdown risks of the thyristors if multiple
PFUs operate together with discharge time intervals.

However, the reverse recovery currents in the thyristors in both type I and II topologies are
relatively high when sustaining instantaneous overvoltages caused by load mutations. Therefore,
the reliability of conventional PPS is relatively low in the worst cases and it is imperative to enhance
its robustness.

References [6,19] indicate that adopting a resistance-capacitance (RC) snubber circuit in parallel
with the thyristors can protect them from being damaged. It can reduce the reverse recovery currents but
consumes more useful energy because it is more sensitive to the voltage variation of the thyristors and
less sensitive to the voltage variation of the load side. If multiple PFUs operate together with discharge
time intervals, the voltage variation of the thyristors is sharper than that of the load side, which causes
more useful energy to be consumed by the snubber resistor due to the snubber capacitor presenting
a low resistance at a high-frequency range. Reference [20] proposed that an impedance matching
method can be used to protect the semiconductor devices from being damaged, which requires that the
ratio of the internal resistance of the load to its inductance is far greater than that of the inductance of
the pulse-shaping inductor to its internal resistance. In practical application, it is difficult to meet this
requirement because the load always changes under different working conditions but the pulse-shaping
inductor stays the same.
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An improved PPS topology is developed in this paper. The improved PPS topology applies
coupling inductor and RC snubber circuit techniques, which consumes less useful energy compared
with conventional approaches because it is less sensitive to the voltage variation of the thyristors and
more sensitive to the voltage variation of the load side. Besides, it also reduces the reverse recovery
currents in the thyristors by absorbing the surge energy from the load side when load mutation occurs.
Furthermore, the size of the pulse-shaping inductor can be reduced due to the coupling technique
being applied. Finally, the simulation technique has been applied to validate theoretical analysis and
the proposed model.

2. Reverse Recovery Current Models of the Thyristors in PPS

2.1. Description of PPS

The PPS is composed of multiple PFUs in parallel. Type I PFU topology and its photograph are
shown in Figure 1. In Figure 1, the capacitance of the energy-storage capacitor Ci is Ci (i = 1, 2, . . . , n),
the inductance of the pulse-shaping inductor Li is Li (i = 1, 2, . . . , n), and the resistance of the load Rload

is Rload. Generally, C1 = C2 = . . . = Cn, L1 = L2 = . . . = Ln, Rload is at mΩ level, the thyristor SCRi (i = 1,
2, . . . , n) is used as a switch, and the fast recovery diode Di (i = 1, 2, . . . , n) provides an after-flow path
for the pulse-shaping inductor Li. If a PFU is discharging and the fast recovery diode is in a cut-off
state, the current equation can be described as [21]:

Li
di(t)

dt
+

1
Ci

∫
i(t)dt + Rloadi(t) = 0, (1)

where i(t) represents the current in the circuit.
The initial conditions are as follows:⎧⎪⎪⎨⎪⎪⎩ i(t)

∣∣∣
t=0 = 0

di(t)
dt

∣∣∣∣
t=0

= U0
Li

, (2)

where U0 is the initial voltage of the energy-storage capacitor.
Typically, Rload is in the range of 5~50 mΩ, Li is in the range of 5~40 μH, and Ci is in the range of

1~6 mF, indicating that Rload
2

Li
2 − 4

LiCi
< 0. The angular frequency is ω0 = 1/

√
LiCi and the attenuation

factor is α = Rload/(2Li). Based on Equations (1) and (2), it can be deduced:

i(t) =
U0

Li

√
ω2

0 − α2
e−αt sin(

√
ω2

0 − α2t). (3)

In practical application, the discharge time of each PFU is not synchronous [6,20]. The discharge
time of PFU1 is t1, the discharge time of PFU2 is t2, and the discharge time of PFUn is tn. Therefore,
there are n − 1 discharge time intervals: ts1 = t2 − t1; ts2 = t3 − t2; . . . ; tsn−1 = tn − tn−1. The current in
the load side is a superposition of the currents in the discharging PFUs.

2.2. The Reverse Recovery Current Models of the Thyristors in PPS

The equivalent type I PFU topology and the reverse recovery current models of the thyristors are
shown in Figure 2. Figure 2a shows that if the PPS is operating, a PFU sustains backward voltages,
equivalent to a reverse voltage source VP(t) and Rload is regarded as its internal resistance, from other
discharging PFUs. LP is an equivalent parasitic inductance in the energy-storage capacitor and lead
wires, and its typical value is in the range of 0.05~0.2 μH. Figure 2b,c show two models of the reverse
recovery currents in the thyristors in the type I PFU topology.
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Figure 2. Equivalent type I PFU topology and reverse recovery current models of the thyristors.
(a) Equivalent type I PFU topology; (b) reverse recovery current model No. 1 of the thyristor; (c) reverse
recovery current model No. 2 of the thyristor; (d) equivalent circuit of the reverse recovery current
model No. 2 when forward oscillation current occurs.

The current model No. 1 is suitable for the situation where the fast recovery diodes are not
turned on in the reverse recovery phases of the thyristors. The reverse recovery current loop is mainly
composed of: thyristor, energy-storage capacitor, load, and pulse-shaping inductor. When 0 < t < ta1,
the energy-storage capacitor is in a discharge phase, and the current i1(t) in the thyristor is positive;
when t = ta1, i1(t) begins to decrease with a slope of di1/dt = −VP(t)/Li (in practical application, Li >>

10LP, thus Lp is relatively small compared with Li and can be ignored), and i1(ta1) = IF1; when t = tb1,
i1(tb1) = 0; when tb1 < t ≤ tc1, i1(t) increases inversely with the same slope of di1/dt until it reaches the
maximum reverse value −IRM1; when tc1< t ≤ td1, i1(t) decreases in the form of exponential function
until it returns to zero at t = td1. The reverse recovery time can be written as: trr1 = td1 − tb1.

The current model No. 2 is suitable for the situation that the fast recovery diodes have been
turned on in the reverse recovery phases of the thyristors. There are two reverse recovery current
loops: thyristor, energy-storage capacitor, load, and pulse-shaping inductor; thyristor, energy-storage
capacitor, and fast recovery diode. When t = ta2, the fast recovery diode has been turned on, and i2(t)
begins to decrease with a slope of di2/dt= −[VP(t)/Li + VS(t)/LP]; when t= tb2, i2(t) decreases to zero;
when t= tc2, i2(t) reaches the maximum reverse value −IRM2; when tb2 < t ≤ td2, the current change
law is similar to that in Figure 2b; when td2 < t ≤ te2, a forward oscillation current occurs due to RLC
series resonance caused by parasitic inductance, capacitance, and resistance. The equivalent circuit
of the reverse recovery current model No. 2 when forward oscillation current occurs is shown in
Figure 2d. Due to higher reverse recovery current change rate in the current model No. 2, effects of
parasitics are more obvious and the load side presents an open circuit at this moment. Cspi represents
parasitic capacitance in the thyristor SCRi, Cdpi represents parasitic capacitance in the fast recovery
diode Di, Ccei represents equivalent capacitance of the energy-storage capacitor Ci, RΔ represents the
total parasitic resistance, and CΔ represents the total parasitic capacitance. RΔ is far less than Rload,

and C� =
CspiCceiCdpi

CspiCcei+CceiCdpi+CdpiCspi
.

The reverse recovery current in the thyristor shown in Figure 2b can be written as [22]:

i1(t) =
⎧⎪⎨⎪⎩ IF1 − (t− ta1)VP(t)/Li ta1 < t ≤ tc1

−IRM1 exp(− t−tc1
τ1

) tc1 < t
, (4)

where τ1 is the minority carrier lifetime in the base region of the thyristor.
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The relationship between the current i1(t) and the charge Q(t) stored in the N− base region of a
thyristor can be written as:

i1(t) =
dQ(t)

dt
+

Q(t)
τ1

. (5)

Based on Equations (3) and (5), it can be deduced:

Q(t) =
GU0

Liω2(1 + b2)
(e−t/τ1 + be−αt sinωt + e−αt cosωt), (6)

where G is the equivalent current gain of the thyristor and b = 1−ατ1
ωτ1

.
Q(t) equals zero at tc1 and ts1 = tc1 − tb1, then tc1 = ts1 + π/ω. Since ωts1 << π/2 and tc1 >> τ1,

Equation (7) is deduced:

τ1 =
ts1

1 + αts1
. (7)

The current model of the thyristor shown in Figure 2c is described as:

i2(t) =

⎧⎪⎪⎪⎪⎨⎪⎪⎪⎪⎩
IF2 − (t− ta2)[VP(t)/Li + VS(t)/LP] ta2 < t ≤ tc2

−IRM2 exp(− t−tc2
τ2

) tc2 < t ≤ td2,
2E

√
CΔ/(4LP −RΔ

2CΔ) exp[−RΔ(t− td2)/(2LP)] sinωΔ(t− td2) td2 < t ≤ te2

(8)

where E is the initial voltage of the total parasitic capacitance CΔ; τ2 is the minority carrier lifetime of

the base region of the thyristor; angular frequency is ωΔ = 1√
LPCΔ

√
1− RΔ

2CΔ
4LP

.
Generally, the breakdown risk increases with the reverse recovery current in a thyristor, so it is

reasonable to investigate the reverse recovery current characteristic of the thyristor. The relationship
between the breakdown risk and the reverse recovery current characteristic of the thyristor will be
discussed in Section 2.3. Which case is suitable for the reverse recovery current model No. 1 or No. 2
of the thyristor will be identified in Section 3.

2.3. Breakdown Risks of the Thyristors in PPS

If initial conditions and devices’ parameters keep the same, assuming that: in current model No. 1,
the instantaneous voltage of a thyristor is VS1 and its instantaneous power is PSCR1 when i1(t) reaches
its maximum reverse value −IRM1; in current model No. 2, the instantaneous voltage of a thyristor is
VS2 and its instantaneous power is PSCR2 when i2(t) reaches its maximum reverse value −IRM2.

Generally, the instantaneous voltage of a thyristor approximately equals to its turn-on voltage
when the current reaches its maximum reverse value, therefore, VS1 = VS2. If IRM1 << IRM2, PSCR2 =

VS2IRM2 >> PSCR1 =VS1IRM1, indicating that the instantaneous power of a thyristor with current model
No. 2 is higher than that with current model No. 1. Therefore, the breakdown risk of the thyristor with
current model No. 2 is greater than that with current model No. 1 under the same working conditions.

Documents [17,20,23] indicate that the thyristors are prone to be breakdown by sustaining
overvoltages in the reverse recovery phases. Therefore, it is meaningful to investigate the factors
affecting the reverse recovery currents in the thyristors and find approaches to reduce their peak values,
which will be explored in Section 3.

3. Factors Affecting the Reverse Recovery Currents in Thyristors and Improvement of PPS Topology

If the breakdown of a thyristor occurs, the general way is to remove and replace it with a new
one, which spends massive manpower and financial resources in a long term. Due to the randomness
of load mutation, a typical phenomenon in a multiple uninterruptible discharge process is that the
thyristors in conventional PPS topologies are not always but randomly damaged especially in the case
of numerous PFUs operating together with discharge time intervals, although all initial conditions and
devices’ parameters keep the same. Load mutation can lead to an open circuit or sharp increase in
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resistance of the load side, which results in instantaneous overvoltage and high current change rate
di/dt in pulse-shaping inductors. The instantaneous overvoltages increase reverse recovery currents in
the thyristors and cause breakdowns of them. Breakdowns of the thyristors often occur in their reverse
recovery phases, which are also related to the factors such as the initial voltage of the energy-storage
capacitor, the discharge time intervals, and the load resistance.

Figure 3 shows two simplified PFU topologies. Figure 3a shows the type I PFU topology and
Figure 3b shows the type II PFU topology. It is displayed that the difference in the two types of PFU
topologies is the locations of the fast recovery diodes.

Ci

SCRi

Di

Li

Rload

 

Ci

SCRi

Di

Li

Rload

 
(a) (b) 

Figure 3. Two simplified PFU topologies. (a) Simplified type I PFU topology; (b) simplified type II
PFU topology.

3.1. Validation of the Two Current Models of Thyristors

To validate the circuit models No. 1 and No. 2 of thyristors, the simulation circuit of type I PPS is
established in software Simplorer as shown in Figure 4. ESLi represents the series parasitic inductance
of the energy-storage capacitor Ci, ESRi represents the series parasitic resistance of the energy-storage
capacitor Ci, RLi represents the series parasitic resistance of the pulse-shaping inductor Li. The devices’
parameters of PPS are shown in Table 1, and n is the number of PFUs.
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Figure 4. Simulation circuit of type I PPS.

188



Electronics 2020, 9, 1292

Table 1. Devices’ parameters of PPS.

Ci (mF) ESLi (μH) ESRi (mΩ) Li (μH) RLi (mΩ) n

1 0.2 2 5 0.5 10

Figure 5 shows the simulation current curves of the thyristors and fast recovery diodes in type
I PPS topology. The initial voltage of the energy-storage capacitor U0 = 5 kV, the discharge time
intervals ts1 = ts2 = . . . = tsn−1 = tsn = ts = 100 μs, the load resistance Rload = 50 mΩ, and other devices’
parameters keep the same as those in Table 1. SCR1 represents the current curves of the thyristor SCR1,
. . . , SCR10 represents the current curves of the thyristor SCR10, and D1 represents the current curves
of the fast recovery diode D1, . . . , D10 represents the current curves of the fast recovery diode D10.
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Figure 5. Simulation current curves of the thyristors and fast recovery diodes in type I PPS topology.
(a) Current curves of the thyristors; (b) current curves of the fast recovery diodes.

The two current models of thyristors mentioned in Section 2.2 can be validated in Figure 5a. It is
displayed in Figure 5b that the currents of the fast recovery diodes D3–D9 are zero, indicating that
they are not turned on; the current of the fast recovery diode D2 is relatively small, indicating it is
slightly turned on; the currents of the fast recovery diodes D1 and D10 are relatively large, indicating
that they are fully turned on. Based on Figure 5a,b, it is found that if the peak values of the reverse
recovery currents in the thyristors SCR1 and SCR10 are greater and their reverse recovery time values
are shorter than those of the others due to the fast recovery diodes D1 and D10 being fully turned on.
It is revealed that there are forward oscillation currents in the thyristors SCR1 and SCR10, thus the
current models No. 1 and No. 2 of the thyristors in PPS are validated. It is also exhibited that if the fast
recovery diodes, especially D1 and D10, are turned on in type I PPS topology, the peak values of the
reverse recovery currents in the thyristors are increased, which results in appearance of the forward
oscillation currents and increases the breakdown risks of the thyristors.

3.2. Effects of the Initial Voltage of the Energy-Storage Capacitor on the Reverse Recovery Currents in Thyristors

Figure 6 shows the simulation current curves of the thyristors in the type I PPS topology with
different initial voltages of the energy-storage capacitor based on the simulation circuit shown in
Figure 4. The initial conditions and devices’ parameters keep the same as those in Section 3.1, except
that the initial voltage of the energy-storage capacitor varies. Since there are two thyristor current
models in the type I PPS topology, the thyristors SCR1 and SCR6 are selected as the research objects to
observe the effects of the initial voltage of the energy-storage capacitor on the reverse recovery currents.
The thyristor SCR1 and the fast recovery diode D1 are in PFU1. The fast recovery diode D1 is turned
on under this condition. The thyristor SCR6 and the fast recovery diode D6 are in PFU6. The fast
recovery diode D6 is not turned on under this condition.
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Figure 6. Simulation current curves of the thyristors in the type I PPS topology with different initial
voltages of the energy-storage capacitor. (a) Current curves of the thyristor SCR1; (b) current curves of
the thyristor SCR6.

Figure 6a illustrates that the peak value of the forward oscillation current in the thyristor SCR1
increases with the increase of the initial voltage of the energy-storage capacitor. It is also revealed that
if the initial voltage of the energy-storage capacitor increases, the peak value of the reverse recovery
current in the thyristor SCR1 and its reverse recovery time increase. Besides, the peak value of the
reverse recovery current in the thyristor SCR1 is larger and its reverse recovery time is shorter than
those of the thyristor SCR6. It can be inferred that the smaller the initial voltage of the energy-storage
capacitor is, the less likely the thyristor will be damaged.

3.3. Effects of the Discharge Time Intervals on the Reverse Recovery Currents in Thyristors

Figure 7 shows the simulation current curves of the thyristors and voltage curves of the load
side in the type I PPS topology with different discharge time intervals. The initial conditions and
devices’ parameters keep the same as those in Section 3.1 except that the discharge time intervals vary.
The thyristors SCR1 and SCR6 are also selected as the research objects.
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Figure 7. Simulation current curves of the thyristors and voltage curves of the load side in the type I PPS
topology with different discharge time intervals. (a) Current curves of the thyristor SCR1; (b) current
curves of the thyristor SCR6; (c) voltage curves of the load side.
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Figure 7a illustrates that the peak values of the reverse recovery and forward oscillation currents,
and its reverse recovery time of the thyristor SCR1 do not increase but vibrate with the increase of the
discharge time intervals. Figure 7b illustrates that the peak values of the reverse recovery and forward
oscillation currents in the thyristor SCR6 increase with the increase of the discharge time intervals. It is
also displayed that the forward oscillation current gradually occurs with the increase of the discharge
time intervals, indicating that the fast recovery diode D6 is gradually turned on. Figure 7c illustrates
that the voltage amplitude of the load side decreases and its ripple increases with the increase of
the discharge time intervals, which indicates that the reverse voltage source VP(t) sustained by the
thyristor is not stable, resulting in the phenomenon shown in Figure 7a.

It can be inferred that with the increase of the discharge time intervals, the number of the turned-on
fast recovery diodes increases, and the number of the thyristors with forward oscillation currents
increases, but the amplitude of VP(t) reduces and tends to a stable amplitude finally, which indicate that
the breakdown risks of the thyristors increase, and a similar result is given in [20]. It should be noted
that with the increase of the discharge time intervals to a certain extent, VP(t) is no longer a flat-topped
wave, which will fail to meet the working requirements of the load side in practical application.

3.4. Effects of the Load Resistance on the Reverse Recovery Currents in Thyristors

Figure 8 shows the simulation current curves of the thyristors in the type I PPS topology with
different load resistances. The initial conditions and devices’ parameters keep the same as those in
Section 3.1 except that the load resistance varies. The thyristors SCR1 and SCR6 are also selected as the
research object.
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Figure 8. Simulation current curves of the thyristors in the type I PPS topology with different load
resistances. (a) Current curves of the thyristor SCR1; (b) current curves of the thyristor SCR6.

Figure 8a,b illustrates that with the increase of load resistance, there is a decrease in the peak
values of the reverse recovery currents in the thyristors SCR1 and SCR6. Similarly, their forward
oscillation currents exhibit reduction in peak values, and the moments of entering the reverse recovery
phases are delayed. In Figure 8b, the forward oscillation current in the thyristor SCR6 even disappears
when Rload = 50 mΩ. It can be inferred that with the increase of the load resistance, the number of the
thyristors with forward oscillation currents decreases. Therefore, the breakdown risks of the thyristors
in PPS can be reduced by increasing the load resistance.

3.5. The Reverse Recovery Currents in the Thyristors in Type II PPS Topology

The simulation circuit of type II PPS is shown in Figure 9 and the simulation results are shown in
Figure 10. Figure 10a shows the simulation current curves of the thyristors in the type II PPS topology,
and its initial conditions and devices’ parameters keep the same as those in Section 3.1. Figure 10a
illustrates that the peak values of the reverse recovery currents in all thyristors are almost consistent in
the type II PPS topology. Similarly, their reverse recovery time values are almost consistent, and there
are no forward oscillation currents. Comparing Figure 10a,b, it is found that no matter whether the
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fast recovery diodes are turned on or not, there is no increase in the peak values of the reverse recovery
currents and appearance of the forward oscillation currents in the thyristors in the type II PPS topology.
Comparing Figures 5a and 10a, it is found that the peak values of the reverse recovery currents in the
thyristors, especially SCR1 and SCR 10 in the type II PPS topology, are lower than those in the type I
PPS topology.
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Figure 9. Simulation circuit of type II PPS.
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Figure 10. Simulation current curves of the thyristors and fast recovery diodes in conventional PPS.
(a) Current curves of the thyristors in the type II PPS topology; (b) current curves of the fast recovery
diodes in the type II PPS topology; (c) current curves of the thyristor SCR1 in type I and II PPS topologies.
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To analyze the reverse recovery currents in the thyristors in type I and II PPS topologies, the
thyristor SCR1 in PFU1 is selected as a research object, and the simulation results are shown in
Figure 10c. SCR 1.1 represents the simulation current curve of the thyristor SCR1 in the type I PPS
topology when the initial voltage of the energy-storage capacitor U0 = 5 kV, the discharge time intervals
tr = 100 μs, and the load resistance Rload = 50 mΩ. SCR 1.2 represents the simulation current curve of
the thyristor SCR1 in the type I PPS topology when the initial voltage of the energy-storage capacitor
U0 = 4 kV, the discharge time intervals tr = 100 μs, and the load resistance Rload = 50 mΩ. SCR 1.3
represents the simulation current curve of the thyristor SCR1 in the type I PPS topology when the
initial voltage of the energy-storage capacitor U0 = 5 kV, the discharge time intervals tr = 100 μs,
and the load resistance Rload = 40 mΩ. SCR 1.4 represents the simulation current curve of the thyristor
SCR1 in the type I PPS topology when the initial voltage of the energy-storage capacitor U0 = 5 kV,
the discharge time intervals tr = 120 μs, and the load resistance Rload = 50 mΩ. SCR 2.1 represents the
simulation current curve of the thyristor SCR1 in the type II PPS topology when the initial voltage of
the energy-storage capacitor U0 = 5 kV, the discharge time intervals tr = 100 μs, and the load resistance
Rload = 50 mΩ. SCR 2.2 represents the simulation current curve of the thyristor SCR1 in the type II
PPS topology when the initial voltage of the energy-storage capacitor U0 = 4 kV, the discharge time
intervals tr = 100 μs, and the load resistance Rload = 50 mΩ. SCR 2.3 represents the simulation current
curve of the thyristor SCR1 in the type II PPS topology when the initial voltage of the energy-storage
capacitor U0 = 5 kV, the discharge time intervals tr = 100 μs, and the load resistance Rload = 40 mΩ.
SCR 2.4 represents the simulation current curve of the thyristor SCR1 in the type II PPS topology when
the initial voltage of the energy-storage capacitor U0 = 5 kV, the discharge time intervals tr = 120 μs,
and the load resistance Rload = 50 mΩ.

It can be revealed that the peak values of the reverse recovery currents in the thyristor SCR1 in
the type II PPS topology are smaller than those in the type I PPS topology under the same working
conditions, and no forward oscillation currents in the thyristor SCR1 in the type II PPS topology are
found. Comparing Figures 5 and 10, the peak values of the reverse recovery and forward oscillation
currents in the thyristors in the type I PPS topology are also influenced by the fast recovery diodes.
However, the influence of the fast recovery diodes on the peak values of the reverse recovery currents
in the thyristors in the type II PPS topology can be ignored, and the forward oscillation currents are
even not influenced by the fast recovery diodes.

It can be concluded that the influence of the initial voltage of the energy-storage capacitor,
the discharge time intervals, and the load resistance on the reverse recovery currents in the thyristors
in the type II PPS topology is smaller than that in the type I PPS topology, thus the breakdown risks of
the thyristors can be reduced.

3.6. Improvement of PPS Topology

The breakdown risks of the thyristors in both type I and II PPS topologies, which are caused by the
instantaneous overvoltages from the pulse-shaping inductors of other discharging PFUs due to load
mutations, are relatively high. The load mutation occurs in the EML experiment due to the armature is
out of or broken in the railgun barrel, which leads to an open circuit or sharp increase in resistance of
the load side. The load mutation can cause high current change rates, which lead to instantaneous
overvoltages of the pulse-shaping inductors. The instantaneous overvoltages can result in high reverse
recovery currents in the thyristors, and cause damages of them in conventional topologies.

Based on the simulation circuits of PPS shown in Figures 4 and 9, it is found that the thyristors
in both type I and II PPS topologies easily suffer from the instantaneous overvoltages from the
pulse-shaping inductors. Therefore, it is meaningful to explore approaches to protect the thyristors
from being damaged.

The common method is to increase the number of thyristors in series. It is a practicable way,
but requires higher output power and increases the complexity of trigger circuits. Furthermore, due to
the amplitudes of the instantaneous overvoltages from the pulse-shaping inductors being different in
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different working conditions, which results in different amplitudes of the reverse recovery currents in
the thyristors, it is not easy to determine the number of the thyristors in series, especially when the
cost is considered.

To overcome the shortcomings of the conventional PPS topologies, a new PPS topology is
developed. By applying the coupling technique, the pulse-shaping inductor is designed as a coupling
inductor. Then, an RC snubber circuit is added between the common connection point of the two
windings of the coupling inductor and the ground, which absorbs the surge energy from the load side.
Based on the decoupling theory, the simplified model of the coupling inductor in PFUi is shown in
Figure 11. If the inductance of one winding is Lai, the other is Lbi, and their mutual inductance is Mi,
then a negative inductance with value −Mi is formed between the common connection point of the
two windings and the RC snubber circuit. The negative inductance can be equivalent to a capacitance
with value Ceqi, which can be deduced as:

−jωMi =
1

jωCeqi
, (9)

where ω represents angular frequency.
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Figure 11. Simplified model of the coupling inductor in PFUi.

Based on (9), the equivalent capacitance is written as: Ceqi =
1
ω2Mi

, thus the total capacitance Ctotali
of the ef branch is:

Ctotali =
CeqiCsnubberi

Ceqi + Csnubberi
. (10)

If the voltage of the equivalent capacitance Ctotali is Uci(t), then the energy absorbed by the ef
branch from t0 to t is:

W(t) =
1
2

Ctotali[uci
2(t) − uci

2(t0)] + Ctotali(Rsnubberi + Rci)

∫ t

t0

[
duci(τ)

dτ
]2dτ, (11)

where Rci is the parasitic resistance of the equivalent capacitance Ctotali, and Rsnubberi is the resistance of
the snubber resistor Rsnubberi.

Due to the ef branch consuming a relatively small part of the useful energy, it can be ignored
when PFUi is operating and there is:

Li = Lai + Lbi + 2Mi. (12)

Figure 12 shows the simulation circuit of the improved PPS. The initial conditions and devices’
parameters keep the same as those in Section 3.1, Lai = Lbi = 2 μH, coupling factor of the inductor k = 0.25,
Csnubberi =10 μF, and Rsnubberi = 30 Ω. The switch S is open at t = 2 ms, resulting in an open circuit at the
load side.
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Figure 12. Simulation circuit of improved PPS.

The simulation voltage curves of pulse-shaping inductors with high voltage spikes in the type II
PPS topology are shown in Figure 13a. It is displayed that the high voltage spike of the pulse-shaping
inductor L9 is formed in the after-flow phase when load mutation occurs, while the high voltage
spike of the pulse-shaping inductor L10 is formed before its after-flow phase. It is also exhibited
that the value of the high voltage spike of the pulse-shaping inductor L10 is greater than that of the
pulse-shaping inductor L9, which will inevitably cause the thyristor SCR9 to suffer from the high
voltage spike of the pulse-shaping inductor L10.
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Figure 13. Simulation current curves of the thyristor SCR9 and voltage curves of the pulse-shaping
inductors L9 and L10. (a) Voltage curves of the pulse-shaping inductors L9 and L10 in type II PPS
topology; (b) current curves of the thyristor SCR9 in type II and improved PPS topologies.
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The simulation current curves of the thyristor SCR9 is shown in Figure 13b. In Figure 13b,
SCR9 represents the current curve of the thyristor SCR9 in the type II PPS topology without load
mutation, SCRloadmutation represents the current curve of the thyristor SCR9 in the type II PPS topology
with load mutation, and SCRimproved represents the current curve of the thyristor SCR9 in the improved
PPS topology with load mutation.

Figure 13b illustrates that the peak value of the reverse recovery current in the thyristor SCR9 in
the type II PPS topology with load mutation at about 5 times larger than that without load mutation,
and the peak value of the reverse recovery current in the thyristor SCR9 in improved topology with
load mutation is almost equal to that in the type II PPS topology without load mutation. Therefore,
it is reasonable to apply the improved PPS topology to reduce the breakdown risks of the thyristors
and improve the reliability of conventional PPS.

To sum up, the thyristors in conventional PPS topologies have larger peak values of the reverse
recovery currents if sustaining instantaneous overvoltages from the pulse-shaping inductors of other
discharging PFUs caused by load mutation in the reverse recovery phases, while the thyristors in the
improved PPS topology have lower peak values of the reverse recovery currents due to the RC snubber
circuits can absorb the surge energy from the load side when load mutation occurs.

3.7. Test Results of EML Experiments

The test layout of the EML experiment is shown in Figure 14. In the experiment, the load is an
electromagnetic railgun, which is mainly composed of a copper barrel and an aluminum armature.
The resistance of the electromagnetic railgun is very small, which is at the mΩ level. The control system
sends charging signals to the chargers initially; then, the chargers provide energy for the energy-storage
capacitors; next, when the preset voltage of the energy-storage capacitors is reached, the control system
sends charging-stop signals to the chargers, and the charging process is over; ultimately, when the PPS
receives a firing signal from the control system, the PFUs discharge according to the preset discharge
time intervals. The currents in the thyristors can be measured by Rogowski current probes which can
send their collected results to the data analysis system. The data analysis system can automatically
analyze the measured current data and present it for the testers.

Control 
System

Chargers

Railgun

Armature

Rogowski 
Current Probs

Data Analysis 
System

PPS

Figure 14. Test layout of the EML experiments.

The measured current curves of the thyristors in type I PPS topology are shown in Figure 15.
Figure 15a shows the measured current curve of a thyristor in the type I PPS topology when the initial
voltage of the energy-storage capacitor U0 = 5 kV and the discharge time intervals tr = 200 μs. It is
observed that the thyristor in Figure 15a has a reverse recovery current with the peak value −3.93 kA.
The thyristor has not been damaged in this case. Figure 15b shows the measured current curve of a
thyristor in the type I PPS topology when the initial voltage of the energy-storage capacitor U0 = 8 kV
and the discharge time intervals tr = 200 μs. It found that the armature is broken in the barrel and the
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thyristor is damaged. Figure 15b illustrates that the damaged thyristor is in a low resistance state and
loses its reverse blocking capability.
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Figure 15. Measured current curves of the thyristors in the type I PPS topology. (a) Current curve of
the thyristor without being damaged; (b) current curve of the damaged thyristor.

The photograph of the damaged thyristor is shown in Figure 16. The maximum forward and
reverse breakdown voltages of the thyristor are far greater than its working voltage. It can be inferred
that the breakdown of the thyristor occurs in its reverse recovery phase. The breakdown of the thyristor
is caused by the instantaneous overvoltages from the pulse-shaping inductors of other discharging
PFUs. Once the breakdown of the thyristor occurs, it will suffer from a large current in a long time due
to the disappearance of the reverse recovery blocking capability, which also inevitably causes damage
to it. Therefore, it is meaningful for the designers of PPS to consider the load mutation and develop
new topologies.

 

Figure 16. Photograph of the damaged thyristor.

4. Conclusions

In this paper, the reverse recovery currents in the thyristors in PPS are investigated, which is
helpful to reduce the breakdown risks of the thyristors. Two cases of the reverse recovery currents are
analyzed initially. Then, the effects of the initial voltage of the energy-storage capacitor, the discharge
time intervals, and the load resistance on the reverse recovery currents are explored.

The research results are as follows: large initial voltage of the energy-storage capacitor leads to
large reverse recovery currents, which increases breakdown risks of the thyristors; large discharge
time intervals increase the number of the thyristors with forward oscillation currents, which increases
the breakdown risks of the thyristors; large load resistance leads to less number of the thyristors with
the forward oscillation currents, which reduces the breakdown risks of the thyristors. It is also found
that the type II PPS topology is more helpful to reduce the breakdown risks of the thyristors under the
same working conditions. However, the reverse recovery currents in the thyristors in both type I and II
topologies are relatively high when sustaining instantaneous overvoltages caused by load mutations.

To overcome the shortcomings of the conventional PPS topologies, an improved PPS topology is
proposed, which consumes less useful energy compared with conventional approaches and absorbs
the surge energy from the load side more quickly when load mutation occurs. Therefore, the improved
PPS topology can reduce the reverse recovery currents and breakdown risks of the thyristors.
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Abstract: Due to the diversity of distributed generation sources, microgrid inverters work under
complex and changeable conditions. The core device of inverters, an insulated gate bipolar transistor
(IGBT), bears a large amount of thermal stress impact, so its reliability is related to the stable operation
of the microgrid. The effect of the IGBT aging process cannot be considered adequately with the
existing reliability evaluation methods, which have not yet reached the requirements of online
evaluation. This paper proposes a fusion algorithm for online reliability evaluation of microgrid
inverter IGBT, which combines condition monitoring and reliability evaluation. Firstly, based on the
microgrid inverter topology and IGBT characteristics, an electrothermal coupling model is established
to obtain junction temperature data. Secondly, the segmented long short-term memory (LSTM)
algorithm is studied, which can accurately predict the aging process of the IGBT and judge the aging
state via the limited monitoring data. Then, the parameters of the electrothermal coupling model are
corrected according to the aging process. Besides, the fusion algorithm is applied to the practical
case. Finally, the data comparison verifies the feasibility of the fusion algorithm, whose cumulative
damage degree and estimated life error are 5.10% and 5.83%, respectively.

Keywords: segmented LSTM; microgrid inverter; IGBT reliability; online evaluation; fusion algorithm

1. Introduction

The microgrid can take full advantage of the high efficiency and flexibility of the distributed
generation, which can maintain the balance of load power and achieve a certain degree of optimal
management. Inverter in microgrid plays a key role in power conversion, transmission, and storage,
showing its reliability particularly crucial in practical application [1,2]. Insulated gate bipolar transistors
(IGBTs), with fast switching speed, simple driving circuits, and large current capacity, have been
widely used in microgrid inverters [3]. Due to the diversity of distributed generation sources and
the complexity of operation mode, IGBT, the core device of a microgrid inverter, often bears a lot of
thermal stress cycles. Under complex working conditions, the performance of IGBT will gradually
degrade, which is a critical factor of inverter fault [4–6].

Generally, the IGBT reliability analysis is carried out from Physics-of-Failure (PoF). Studies have
shown that the fluctuation of junction temperature is the main reason for IGBT failure. Owing to the
different coefficients of thermal expansion (CTE), the thermal stress inside the IGBT structure is uneven,
resulting in damage to the bond wires, the solder layer, and the interior of the chip [7,8]. There are
two ways to obtain junction temperature online: direct measurement and indirect measurement [9,10].
Direct measurement is to obtain junction temperature data by embedding integrated sensors inside the
IGBT module. In the process of designing and producing IGBTs, manufacturers need to consider the
electromagnetic compatibility of integrated sensors. Hence, this method has the disadvantages of data
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transmission delay and high cost in actual projects. Indirect measurement means to estimate the junction
temperature of the IGBT in real-time by establishing an electrothermal coupling model, which has the
advantages of low delay and strong online monitoring capabilities. In addition, the infrared thermometer
can also be used to measure the IGBT 3-D temperature distributions, but it is often disturbed by the
package structure [11]. The electrothermal coupling model estimates the junction temperature in real-time
through power loss without intruding into the package. However, the electrothermal coupling model of
the IGBT is generally established based on the IGBT’s technical manual. The IGBT is constantly aging
owing to fatigue damage during operation, which makes the pre-established electrothermal coupling
model no longer adapt to the current IGBT state. In [12], the author proposed a mathematical analysis
method for fundamental frequency junction temperature fluctuation based on equivalent sine half-wave
loss. However, the converter IGBT junction temperature was estimated without updating the parameters
of the electrothermal coupling model in time. In [13], when predicting the life of the IGBT in a static
synchronous compensator (STATCOM) via the electrothermal coupling model and rainflow counting
algorithm, the influence of the IGBT aging process was not considered. In [14], an adaptive thermal
equivalent circuit model for estimating the junction temperature of the IGBT is proposed, which can
correct the parameter deviation of the electrothermal coupling model caused by the aging of the solder
layer. However, multiple temperature sensors between the substrate and heat sink must be installed,
which has a weak anti-interference ability to the external environment. In general, the electrothermal
coupling model is very suitable for online monitoring of the IGBT junction temperature, but there is
currently no effective means to correct the effect of the aging process in the online monitoring process.

Since IGBT aging has a non-negligible influence on reliability evaluation, IGBT condition
monitoring can provide new ideas for the correction of electrothermal coupling parameters.
IGBT state parameters include gate threshold voltage, module thermal resistance, collector current,
collector–emitter voltage, short-circuit current, etc., which can reflect the aging state of IGBT [15,16].
In [17], the on-state collector–emitter voltage at the inflection point was used to detect the degradation
of the bonding wire, and experiments had shown that the method is not disturbed by the external
environment temperature. In [18], the aging process of the solder layer was monitored through the
thermal resistance of the IGBT module, and the equivalent thermal network model parameters were
updated in real-time accordingly. In [19], the author detected the IGBT chips in the multi-chip IGBT
power module through the gate turn-on threshold voltage and accurately judged the number of faulty
chips for early warning. In [20], the aging state of the IGBT was monitored by monitoring the difference
of the short-circuit current, and the experiment proved that this parameter was little affected by the
junction temperature. The above studies show that the IGBT state parameters can accurately reflect the
state of health and have strong anti-interference, but these studies are carried out under the conditions
of sufficient monitoring data.

The aging cycle of IGBT is very long, which means that a large amount of condition monitoring
data is needed to identify the aging stage. In the process of online evaluation of IGBT reliability, it is
impossible to obtain a large amount of monitoring data in a short time. In order to evaluate the IGBT
state more efficiently, the application of data-driven (DD) can extract more health information from
the historical data of the state parameters. DD is to predict the time series of observation parameters
through traditional numerical techniques (Kalman filters [21], particle filters (PF) [22], regression [23],
and statistical methods [24]), machine learning (neural networks [25], decision trees [26], and support
vector machines [27]), and other approaches. In [22], a prognostic method based on Mahalanobis
distance (MD) and PF methods were used to predict the remaining useful life (RUL) of IGBT, with an
error of 20%. In [25], two machine learning methods, neural network (NN) and adaptive neuro-fuzzy
inference system (ANFIS), were adopted to predict the RUL of IGBT via information beyond half-life.
The errors calculated using NN and ANFIS are 19.04% and 30.91%, respectively. At present, few studies
are adopting NN to predict and analyze the aging process of IGBTs, and the accuracy of prediction
needs to be improved [28].
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Motivated by the analysis described above, this paper improves the long short-term memory
(LSTM) algorithm according to IGBT aging characteristics to obtain the segmented LSTM prediction
network. Combined condition monitoring and reliability evaluation, a PoF and DD fusion algorithm
is proposed for online reliability evaluation of microgrid inverter IGBT. First, the segmented LSTM
accurately predicts the aging state curve of the IGBT based on the limited monitoring data, and the
IGBT aging state is judged in real-time. Next, parameters of the electrothermal coupling model are
updated to correct the influence of the aging process, which guarantees the junction temperature data
is consistent with the actual working conditions. Further, the rainflow counting algorithm makes
statistics on the thermal stress distribution via the junction temperature data. Finally, combined with
fatigue damage theory and the life prediction model, a reliability evaluation is carried out.

This paper is organized as follows. Section 2 establishes an electrothermal coupling model for the
topology of the microgrid inverter and verifies the model by the power loss and junction temperature
data of the manufacturer. Section 3 illustrates IGBT fatigue damage theory and accelerated aging
experiments, and studies the segmented LSTM prediction network suitable for the IGBT aging process.
Section 4 introduces the proposed fusion algorithm flow and analyzes an actual case via the fusion
algorithm. Verification and comparison are presented in Section 5. Section 6 draws the conclusion.

2. IGBT Reliability Modeling

2.1. Electrothermal Coupling Model

Bonding wire peeling and solder layer cracking are two main failure modes of IGBTs, which
mainly caused the junction temperature inside the device [29]. Therefore, the junction temperature is
the crucial data to study the performance degradation and reliability analysis of microgrid inverter
IGBTs. Figure 1 illustrates the flow chart of establishing the electrothermal coupling model, which can
output real-time junction temperature data. The IGBT power loss model is derived by combining the
microgrid inverter topology and IGBT operating characteristics. The equivalent model of the IGBT
thermal network is derived based on the physical structure of the IGBT module and the internal heat
conduction process. Eventually, the real-time junction temperature fluctuation data of the IGBT under
the current operating conditions can be output.

Figure 1. Electrothermal coupling model

Set the DC side voltage to 1100 V, the external ambient temperature to 50 °C, the switching
frequency to 10 kHz, and the duty cycle to 0.4. The electrothermal coupling model refers to the
IRG4BC30K IGBT datasheet, which is produced by Infineon. In Table 1, compared with the data output
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by the Infineon-IGBT simulation tool under the same conditions, the model is verified by power loss
and junction temperature.

Table 1. Electrothermal coupling model verification.

Verify Content IGBT Switching Loss (W) IGBT Conduction Loss (W) Junction Temperature (°C)

Infineon-IGBT simulation tool 8.010 7.682 68.83
Electrothermal coupling model 8.276 7.799 69.81

Error 3.32% 1.52% 1.42%

2.2. Life Prediction Model

In order to evaluate the reliability and life of IGBT modules, manufacturers and researchers generally
carry out accelerated aging tests and put forward a series of IGBT module life models based on test data
and failure mechanisms, such as the Lesit model, Bayerer model, and Coffin–Manson model.

• The Lesit model considers both the junction temperature fluctuation and the average value, and its
mathematical expression is:

Nf= A·
(
ΔTj

)−α· exp
( Eα

k·Tm

)
(1)

where A is the model correction coefficient, α is the junction temperature fluctuation index, k is
the Boltzmann constant, and Eα is the excitation energy of the IGBT module chip [30].

• The Coffin–Manson model involves three factors: maximum temperature, junction temperature
fluctuation, and cycle frequency [31]. Its mathematical expression is:

Nf= A·f −a·
(
ΔTj

)−b·G(Tm) (2)

where A is the fitting constant, a is the cycle frequency index (typical value is about 1/3), and b is
the junction temperature fluctuation index (standard value is about 2).

• The Bayerer model takes many other variables into account, in addition to the maximum junction
temperature and junction temperature fluctuations considered by the Coffin–Manson model.
Its mathematical expression is:

Nf= K·
(
ΔTj

)−β1 ·e−
β2

Tjmax+273 ·tβ3
on ·Iβ4 ·Vβ5 ·Dβ6 (3)

where K is the model correction coefficient, β1–β2 is the junction temperature fluctuation index and
the maximum junction temperature index, and β3–β6 is the power cycle heating time, the device
withstand voltage rating, the bonding wire current, and the index of the bond wire diameter [32].

Currently, the Lesit model is mostly applied in the life prediction of IGBT life. Its expression is
simple and consistent with the results of the aging experiment. Moreover, it has an excellent online
monitoring capability in conjunction with rainflow counting. Although the Bayerer model is more
accurate than other models, it is impossible to apply to online monitoring due to many parameters
being difficult to measure.

3. IGBT Aging Monitoring

3.1. Fatigue Damage Theory

IGBT needs to withstand a large number of thermal stress cycles during operation. Assume that
Nf is the number of failure cycles of the IGBT under a stress cycle with constant amplitude. When the
number of cycles that it bears the stress cycle is N (N is less than Nf), the fatigue damage of the IGBT
can be expressed by the cumulative damage degree as follows [33]:
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D =
N
Nf

(4)

If the device endures multiple constant amplitude stresses, and the number of impacts generated
by each constant amplitude stress is Ni, the cumulative damage degree can be expressed as follows:

D =
k∑

i=1

Di =
k∑

i=1

Ni

Nf, i
(5)

when the cumulative damage D reaches 1, it indicates that the device fails due to fatigue damage.
In the actual working process of the microgrid inverter, the solder layer of the IGBT is prone to fatigue
damage, and the thermal resistance increases with the aging process of the device material. Due to the
influence of the IGBT aging process on the life prediction, it is necessary to update the thermal network
parameters of the electrothermal coupling model in time. According to the aging law of the IGBT
module, increasing the thermal model parameters by 10%–50% can simulate different aging stages [34].

3.2. Accelerated Aging Test

Since the aging process of IGBT is very long, in order to obtain relatively accurate aging data in a
short time, it is necessary to conduct an accelerated aging test on IGBT. During the experiment, the device
is in a state of high-speed switching, so the device can withstand a large number of thermal stress
cycles in a short time, which accelerates the aging failure. The aging process of IGBT will change the
electrical parameters, so parameters measured easily can be selected to predict the aging process of IGBT.
Among these parameters, collector–emitter voltage is the most suitable precursor for aging prognostic,
considering online measurement, calibration, accuracy, linearity, and sensitivity [26]. When IGBT is
turned off, parasitic transistors produce a transient voltage, which interacts with the IGBT collector
voltage to produce the transient peak voltage in Figure 2a. The analysis of aging data in the National
Aeronautics and Space Administration (NASA) laboratory shows that the collector–emitter peak voltage
(Vce_peak) is closely related to the degradation, so Vce_peak can be employed to monitor the aging process
of IGBT.

 

(a) 

 

(b) 

Figure 2. (a) Collector–emitter turn-off voltage waveform. (b) Insulated gate bipolar transistor (IGBT)
accelerated aging experiment platform.

This paper uses the accelerated aging experimental data set published by NASA Prognostics
Center of Excellence (PCoE) to study the aging prediction network model and apply the best model in
the actual example [35]. The experimental platform of the NASA accelerated aging test for IRG4BC30K
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is shown in Figure 2b, and the test parameters are listed in Table 2. Therefore, the setting of the
accelerated aging test is very close to the actual working condition of IGBT. The parameters measured
by the accelerated aging experiment contain collector current, collector–emitter voltage, gate voltage,
and packaging temperature. Vce_peak was sampled and extracted to obtain the aging monitoring data
set until the device failed.

Table 2. Accelerated aging test parameters.

Types Setting

IGBT type IRG4BC30K
PWM duty cycle 0.4

Switching frequency (kHz) 10
Package temperature (°C) 260–270

Gate voltage (V) 10

3.3. Segmented LSTM Algorithm

In recent years, with the continuous development of deep learning (DL), relevant models are
gradually applied to fault time series data. DL is a kind of deep neural network model with multiple
nonlinear mapping levels, which can abstract and extract features of input signals layer by layer and
dig out more profound potential laws [36]. As one of the DL networks, having the inherent potential
of fully mining the data time-series information, a recurrent neural network (RNN) has been widely
used in time series prediction [37]. A convolution neural network (CNN) can also achieve the purpose
of time series prediction by constructing samples, but vast amounts of data are needed, which cannot
match the aging characteristics of IGBTs.

RNN introduces the concept of a time sequence into the design of a network structure, making it
more adaptable in the analysis of time-series data. However, RNN has many disadvantages, such as
gradient disappearance, gradient explosion, and reduced long-term memory. As an improved model
of RNN, LSTM can make up for the shortcomings of RNN. IGBTs can be affected by factors such as high
temperature, high pressure, and harsh environment during the working process. Besides, its continuous
stress impact will cause fatigue damage to the device. Therefore, the IGBT aging state gradually changes
with time, which indicates that the current device aging state will be affected by the previous one.
So, IGBTs aging prediction can be abstracted as a time series prediction problem.

In real projects, the monitoring device cannot collect a large amount of aging data in a short time,
which is not conducive to real-time evaluation of the aging state of IGBTs. The LSTM algorithm can
predict the aging process of IGBT according to the monitoring data. The prediction framework is shown
in Figure 3, and the parameter settings are listed in Table 3. The first 25% of the data set was used as
training data to train the LSTM time series prediction network, and the remaining 75% data verified
the prediction results in Figure 4. It can be found that the forecast data in the early stage coincided
with the observed value, but the forecast data in the later stage deviated far from the observed data.
Finally, the root mean squared error (RMSE) of the LSTM prediction was 0.27824.

Table 3. Hyperparameter settings of long short-term memory (LSTM) networks.

Types Setting

Initial Learn Rate 0.001
Learn Rate Schedule piecewise

Max Epochs 50
Gradient Threshold 1

Learn Rate Drop Period 25
Learn Rate Drop Factor 0.1
Execution environment GPU

Optimizer Adam
Verbose 0
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Figure 3. Aging time series prediction framework based on LSTM.

Figure 4. The first LSTM prediction.

In response to this problem, this paper proposed a segmented LSTM prediction algorithm, and the
flowchart is illustrated in Figure 5. During the first LSTM prediction, the first 1/3 data of the prediction
data (P1) was retained and combined with the original training data (T1) to form the training data of
the second LSTM prediction (T2). During the second LSTM prediction in Figure 6, the first 1/2 of the
prediction data (P2) and T2 were combined into the training data set for the third LSTM prediction (T3).
During the third LSTM prediction shown in Figure 7, all aging prediction data (P3) was consistent with
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the measured data. After three-segmented LSTM predictions, the final comparison of prediction data
and monitoring data is presented in Figure 8, and the RMSE was only 0.1153. The segmented LSTM
algorithm had higher prediction accuracy under the condition of limited training data, which meets
the needs of microgrid inverter IGBT condition monitoring and reliability analysis.

Figure 5. The segmented LSTM prediction flowchart.

Figure 6. The second LSTM prediction.
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Figure 7. The third LSTM prediction.

Figure 8. The result of the segmented LSTM prediction.

4. IGBT Reliability Online Evaluation Fusion Algorithm

4.1. Algorithm Flow

As shown in Figure 9, the framework of the online reliability evaluation fusion algorithm proposed
in this paper consisted of three parts. The first part is the reliability analysis based on PoF. The influence
of wind speed and ambient temperature is considered through SCADA data, and then the wind turbine
model and electrothermal coupling model are used to obtain real-time junction temperature data.
The second part is the DD condition monitoring. Vce_peak monitoring data is used for segmented LSTM
prediction to estimate the aging process of IGBT. According to the obtained aging curve, the thresholds
of different aging stages are divided. Compare the threshold and monitoring data to determine the
aging stage in real-time, and select the corresponding electrothermal coupling model, which considers
the impact of the aging process and improves the accuracy of microgrid IGBT reliability assessment.
The third part is the life prediction. The junction temperature fluctuation data is processed by the
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rainflow counting algorithm to obtain the distribution of the fluctuation amplitude and mean value.
In the end, the Lesit life prediction model could efficiently use the output data of the rainflow counting
algorithm and combine fatigue damage theory for life prediction.

Figure 9. Flowchart of the reliability evolution fusion algorithm.

4.2. Case Analysis

In order to show the working principle of the fusion algorithm more clearly, this paper took
the wind power generation system in the microgrid as an example (specific parameters are listed in
Table 4) and analyzed the reliability of its inverter IGBT. The wind speed and ambient temperature
recorded in the SCADA database within one year were imported into the wind turbine model and the
electrothermal coupling model to derive the real-time junction temperature curve of the inverter IGBT.
Meanwhile, the segmented LSTM algorithm predicted the aging process through the monitoring data
of Vce_peak. Perform zero-order retention and averaging of aging data to extract more obvious aging
trends. The estimated aging process is presented in Figure 10, and the thresholds for different aging
stages are enlisted in Table 5.

Compare the threshold value and the monitoring data to determine the aging stage of the IGBT
in real-time, and then select the corresponding aging correction factor in Table 5. Substitute the
aging correction coefficient into the thermal resistance update equation to update the thermal
network parameters of the electrothermal coupling model, which ensures the accuracy of the junction
temperature data. The thermal resistance update equation is as follows:

R = Rinitial(1 + a ·rm) (6)
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where Rinitial is the initial value of thermal resistance, a is the aging factor (typical value is about 0.5),
r is the aging process coefficient (regular value is 0–1), and m is temperature stress factor (standard
value is 1) [38].

Table 4. Wind power system parameters.

Types Parameters

Rated power (kW) 20
Cut-in wind speed (m/s) 3
Rated wind speed (m/s) 11

Cut out wind speed (m/s) 25
Grid-side voltage (V) 690
DC side voltage (V) 1100

Grid-side frequency (Hz) 50
IGBT switching frequency (kHz) 10

IGBT Type IRG4BC30K

Table 5. The threshold voltage of IGBT aging stages.

Threshold Voltage Forecast (V) Observed (V) Aging Correction Factor

Health status 10.323 10.323 -
Aging stage 1 9.939 9.927 0.2
Aging stage 2 9.554 9.532 0.4
Aging stage 3 9.170 9.134 0.6
Aging stage 4 8.786 8.741 0.8
Aging stage 5 8.402 8.346 1.0

Figure 10. IGBT aging process.

After the above steps, the junction temperature data after aging correction can be obtained.
As shown in Figure 11, the rainflow counting method was used to extract the mathematical distribution
of junction temperature fluctuation ΔTj and the average value of junction temperature Tm, which are
the critical data for the next reliability evaluation and life prediction. Compared with the uncorrected
junction temperature data, the corrected junction temperature data was more in line with the actual
working conditions, and the thermal stress load distribution obtained accordingly was more accurate.
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Finally, the Lesit life prediction model was used to predict the maximum number of thermal
stress cycles Nf, i that the aging IGBT can withstand under various operating conditions, and then the
cumulative damage and estimated life of IGBT were calculated with Equation (5).

Figure 11. (a) Uncorrected thermal stress load distribution. (b) Corrected thermal stress load distribution.
(c) Observed thermal stress load distribution.

5. Comparison and Verification

Previously, the proposed fusion algorithm has been used to evaluate the reliability of the microgrid
inverter IGBT. In order to fully explain the advantages of the proposed fusion algorithm for online
evaluation of IGBT reliability, which combines PoF reliability analysis with DD condition monitoring,
the results of a health assessment were first compared with historical statistical data. Then, the life
prediction results were compared with that of other correction algorithms.

In order to study the reliability of IGBTs, scientific research institutions and scholars have made
statistics on the failure and damage causes of a large number of IGBTs. Table 6 lists the average cumulative
damage degree statistics for the same type of IGBT in one year. View the weighted average cumulative
damage and life prediction results as the mathematical expectation of the evaluation results.
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Table 6. Historical statistics of IGBT cumulative damage.

Data Sources Year Number of Samples Cumulative Damage Degree

WMEP [39] 1998–2000 209 0.189
1989–2006 1028 0.085

LWK [39] 1993–2006 5719 0.042
CARROLL [40] 2005–2010 9110 0.020
FISCHER [41] 2003–2017 2316 0.150

5.1. Comparison and Verification of a Health Assessment

This paper used DL algorithms (LSTM), traditional time series prediction algorithms (ARIMA),
and the proposed algorithm (the segmented LSTM) to predict the aging of the monitoring data, and
make aging corrections in the process of reliability evaluation. Table 7 shows a comparison of the results
of aging correction using different prediction algorithms. Without aging correction, the cumulative
damage error reached 45.51%, which overestimated the IGBT health status. After aging correction
based on the actual aging parameter observation data, the cumulative damage error was only 3.88%,
which indicates the effectiveness of the fusion algorithm. It can be found that monitoring the aging
state and updating the parameters of the electrothermal coupling model in time could significantly
improve the accuracy of the reliability evaluation.

Compared with the LSTM algorithm and ARIMA algorithm, the segmented LSTM algorithm
could predict the aging process of IGBT more accurately, and the cumulative damage error after
correction was only 5.10%. Thus, the fusion algorithm based on the segmented LSTM still had excellent
adaptability in the case of insufficient monitoring data. The fusion algorithm could effectively correct
the influence of the aging process on the reliability evaluation of the IGBT, and the evaluation result
could genuinely reflect the health status of the IGBT.

Table 7. Comparison of health assessment.

Algorithm Type Cumulative Damage Error

Mathematical Expectation 0.0490 -
No correction 0.0267 45.51%

Observation data correction 0.0471 3.88%
Segmented LSTM 0.0465 5.10%

LSTM 0.0398 18.78%
ARIMA 0.0341 30.41%

5.2. Comparison and Verification of Life Prediction

In the existing literature, some correction methods have been tried to predict the life of the same
type of inverter IGBT. The expected life span is between 17.71 and 28.50 years. The predicted lifetime
obtained by the fusion algorithm proposed in this paper is 22.22 years, which is consistent with the
prediction results of the existing literature. So as to compare the accuracy of each correction algorithm,
the errors between the life prediction results and the mathematical expectation are calculated in Table 8.
The prediction error of the fusion algorithm is only 5.83%, which is far lower than other correction
algorithms. Therefore, the fusion algorithm based on the segmented LSTM can correctly predict the
life of the IGBT based on its health status.
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Table 8. Comparison of life prediction.

Algorithm Type Life Perdition (Year) Error

Mathematical Expectation 20.408 -
Proposed fusion Algorithm 21.598 5.83%
Multiple PoF algorithm [42] 22.000 7.80%

Segmented network
update algorithm [43] 28.500 39.65%

Single PoF algorithm [34] 17.710 22.63%

6. Conclusions

This paper proposed an online IGBT reliability evaluation fusion algorithm for microgrid inverters,
which combined the PoF reliability analysis with DD condition monitoring to eliminate the influence
of aging on a reliability analysis. For solving the contradiction between the IGBT aging cycle and
observation scale, the segmented LSTM algorithm was studied on the framework of the original LSTM
algorithm. Based on limited aging monitoring data, it could accurately predict the aging process of
the device and judge the aging stage, which is the basis for real-time updating of the electrothermal
coupling model parameters. The case analysis shows that the combination of condition monitoring
and reliability analysis dramatically improved the accuracy of the assessment. In the case of limited
monitoring data in actual projects, segmented LSTM can more accurately correct the impact of the
IGBT aging process than other traditional algorithms. Statistical data and algorithm comparison verify
the feasibility and superiority of the fusion algorithm. The proposed fusion algorithm reduces the
dependence on the length of the monitoring data time series and improves the accuracy of reliability
evaluation, which meets the requirements of the online reliability evaluation.
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