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Abstract:

This paper introduces a systematic approach based on the V- shaped model-based reliability analysis for design
and planning of power electronic-based power systems (PEPS). According to this concept, the system performance
is analyzed employing the physics of failure mechanisms in each components of different units in PEPS. This will
facilitate optimal and economic design of power converters as well as economic decision-making in planning of
PEPS. Moreover, it helps to identify the weakest units and its components that can in turn help in reinforcement
planning and spare unit optimization in PEPS. The viability of the proposed approach is illustrated on a DC
distribution network and numerical analyses show how the proposed model-based reliability assessment approach
can help to do optimal planning and design of future PEPS.

I. Introduction

Green transition has gained increasing interest recently from policy makers all over the world and electrification
is one of the pragmatic and efficient approaches to make greener society of the future. New and advanced green
technologies are introduced in different energy sectors for different applications. The most important ones are
electronic transmission systems, e-transportation, renewable generations, smart homes, and power-to-gas [1]. Thus,
the future energy systems are becoming interconnected and dependent on electric power networks. Furthermore,
most of the above-mentioned technologies require power electronic converters for energy conversion, thus making
power networks more power electronic based power systems (PEPS). As a result, the performance of the energy
systems depends on the short- and long-term characteristics of power converters due to the fact that the converters
are vulnerable systems [2]-[10].

According to the filed experience, power converters can affect the power systems performance [2], [11], [12].
Depending on the design and control characteristics of the converters, they can enhance or deteriorate the power
system performance. Their characteristics are divided into short-term mainly associated with their control and long-
term mainly associated with their lifetime and thereby their failures. Control-oriented characteristics can help
interoperability of power grids with proper voltage and frequency support. Moreover, it can deteriorate the power
grid performance by inducing stability issues. On the other hand, their long-term characteristics are affected by
different stressors such as mission profiles, thermal cycling, humidity and vibration, thus casing wear-out failures,
which are in turn limiting the end of life of converters. This will affect the power delivery performance in PEPS.
The main focus of this paper is on the long-term performance of the PEPS.

There are several solutions to guarantee the desired long-term performance of the PEPS. These solutions are
performed at different levels attributed to the characteristics of devices, converters and the power system [13], [14].
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At device level, the main goal is to produce high reliable devices, e.g., power devices, capacitors, with a desired life
cycle. To do so, physics of failure analysis are adopted to identify the weakest links of each device to reinforce the
devices within manufacturing. Moreover, accelerated lifetime tests are performed in order to characterize the
lifetime model of the devices to understand the impact of different extrinsic failure stressors under different
operating conditions. This lifetime mode is employed at the coveter level to design a converter for a desired level
of reliability [15]-[22] according to its application. Mission profile analysis are employed to map the impact of
operating and environmental conditions into the lifetime model of the converter devices. The impact of switching
scheme [16], [20], [21], [23], active thermal management [4], [5], reactive power support [17], interleaving
conversion stages [24], [25], integrated design [26], age-based maintenance strategies [27], etc. on the converter
lifetime have been explored. Furthermore, at the system level, the impact of active and reactive power routing [28]—
[31] are employed to enhance the long-term performance of the PEPS.

The aforementioned approaches can be performed at different levels during planning and operation of the PEPS
to guarantee its performance. However, in order to have optimized and economic impact on the PEPS performance,
these solutions need to be coordinated in a hierarchy from device-level up to system-level. This means, for instance,
a solution at device-level may improve the converter reliability but may not have remarkable impact on the power
system performance. In this case, the economic achievements at the system-level are not appreciated compared to
the cost spent in the device-level. Furthermore, having more reliable unit may not be required from the power system
performance stand point. Therefore, it is of high importance to build a hierarchical performance assessment tool for
PEPS to map the reliability of devices and converters into the power system performance and vice versa.

This paper aims to introduce a V-shape model-based reliability assessment approach for PEPS using the concept
of physics of failure. This approach interconnects the performance of different levels for optimal design and
operation of PEPS. This approach will facilitate identifying the weakest units and corresponding devices in the
PEPS, based on their functionality in the overall system. Therefore, it will help power converter manufacturers to
optimally design the converters for a specific application. Moreover, it aids power system planners to have economic
and optimal planning and design of PEPS for a desired life cycle as well as economic planning for maintenance and
spare unit optimization in the system. In the following, first the concept of reliability as the main long-term
performance indicator in PEPS will be explained in Section II. Then, the proposed model-based reliability
assessment tool will be presented in Section III. Section IV will illustrate the viability of the proposed reliability
assessment approach for reliable design and planning of PEPS using numerical analysis. Finally, a summary of the
paper is provided in Section V.

II.  Concept of Reliability in PEPS

Reliability is the measure of the ability of an item or a system to fulfill its functionality under specified conditions
within a specified time period [32], [33]. Following this definition, the performance of the system must be preserved
within a specified interval for a desired time period as shown in Fig. 1. The performance measures depend on the
system/item application. For example, in mission-based applications such as spacecraft, the reliability performance
is measured by the probability of survival for the target mission period. Furthermore, in a maintainable/repairable
system with the possibility of maintenance such as an automobile, it is important to have the system in the operating
state regardless of its failure at the past times. This is measured by the availability metrics, which is defined as the
probability of having a system in an operating state at a given instant [33]. According to this definition, the system
should be maintained either before failure using a preventive maintenance strategy or after failure using a corrective
maintenance approach to retain the system availability at a high value. Moreover, the performance measure can be
a physical parameter of the item/system such as the capacitance of a capacitor, in which its drop below 80% of the
rate value which indicates a failure.

Notably, the system needs to be designed/planned in such a way that its performance remains inside the defined
boundary as shown in Fig. 1. If it goes beyond the acceptable interval, an appropriate maintenance action must be
adopted. There are three remedial approaches to retain the system performance including; (i) design of the system
with proper sizing of components to guarantee its performance, (ii) prevent a failure occurrence before it reaches
the boundary using preventive maintenance approaches, or (3) return the system to the operating mode after a failure
by corrective maintenance methods. Different maintenance strategies in PEPS are explained with more details in
[27]. Depending on the system function, application and cost of maintenance/failure, an appropriate maintenance
strategy can be adopted for a given system to preserve its performance.
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Fig. 1. Definition of reliability as a performance measure in a system or an item. In a reliable system/item, the actual
performance remains inside the acceptable boundary either with proper design or by a remedial action whenever it reaches
the boundaries.
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Fig. 2. The concept of reliability in electric power systems including adequacy and security.

Defining the concept of reliability in power systems requires understanding its purpose and function. A power
network as a system of systems is aimed to support customers, both consumers and generators evermore. Since it is
a complex system, different phenomena can affect its ability to fulfil its goals. These phenomena can happen
suddenly during operation. Sudden events such as short-circuit fault, stability issues, large generation/load change
are some examples, which happen during operation. These events may have dynamic/transient impact on the system
such as rotor angle instability or static impact like overloading of lines. This concept is literally called power system
security [34]. In addition to sudden changes affecting the real-time performance of the power system, outage/failure
of any components in the power system may cause power shortage in long-term. Thus, the existing power system
facilities might not be adequate enough to support the customers. This concept is called adequacy in the power
system engineering [34]. Adequacy can be guaranteed by installing/expanding the power network in a long-term,
i.e., several years, or by suitable unit commitment and operational planning in a short-term, i.e., a few minutes and
several days up to several month. Thus, the power system reliability needs to be explored from a security and
adequacy points of view as shown in Fig. 2. Technically, the power system reliability is defined as the measure of
its ability to support the customers with acceptable level of power shortage in long-term as well as its ability to
withstand sudden changes in short-term in order to guarantee power delivery in the electrical network. Following
this definition, the power system facilities must have a specified level of availability to maintain its performance.

One of the popular reliability measures in power systems is load/energy loss [35]. The load loss can be measured
by appropriate indices such as Loss Of Load Probability (LOLP), Loss Of Load Expectation (LOLE), Expected
Energy Not Supplied (EENS), Energy Index of Reliability (EIR), and so on [33], [35]-[37]. Difterent countries
have specific level of loss of load depends on regulations system operators in each country. For instance, in some
European countries, the standard values for LOLE is 4 to 8 hours per year [37]. According to this definition, the
failure of some components may or may not impact the power system performance. This is due to the fact the power
system is designed with redundant units considering e.g., N-1 or N-1-1 criterion where failure of one, two or more
components cannot deteriorate the system reliability. Therefore, in the power system level, the reliability is not
defined as the probability of failure but it is a performance measure like the number of hours per year that the grid
demand is not supplied. In order to achieve a desired performance level in a power system, the components need to
be maintained appropriately to improve their availability rather than the probability of failure. Considering the
power system with a combination of different sub-systems and components, the reliability may have different
interpretation. At the device level, the probability of failure needs to be taken into account for producing high reliable
products. In the sub-system level such as a power converter, the availability is of high importance. Furthermore, in
the power system, LOLE or other measures come into account. Depending on the goal of reliability analysis in
power system, these different measures might be of interest. Particularly, one measure demands the other based on
the existing hierarchy over the function of components and sub-systems in the power system. This requires



systematic reliability evaluation from device-level up to power system-level in order to fulfill the desired
performance of the system.

III. V-shape Model-based Reliability Assessment in PEPS

The PEPS is hierarchically made up of three levels including power system, sub-system and component as shown
in Fig. 3. In this paper, the sub-systems are limited to power converters, but it can cover all other sub-systems such
as transformers and generators. Depending on its application, each converter plays a specified role in power and
energy delivery in the PEPS. They are used for interfacing renewable generations, electronic transmission systems,
charging station for e-transportation, energy storage, etc. Therefore, their impact on the performance of PEPS is
different. Furthermore, a demand for reliability in each converter is dependent on its functionality in PEPS.
Moreover, each converter is built up of various components including power devices, capacitors, cooling system,
control and protection units. Design and sizing of these components are performed based on the reliability
requirements of the converter in the PEPS. Thus, according to the converter function in the PEPS, its reliability level
will be defined and then based on this reliability measure, its components will be designed. Therefore, the reliability
modeling and assessment as well as enhancement in PEPS need to be carried out in a hierarchy like shown in Fig.
3. This approach is explained in the following sub-sections.

A. Hierarchical reliability modeling and assessment in PEPS

In the modern power networks, power converters are one of the fragile sub-systems, which are also prone to
aging failures [2], [3], [38]-[40]. Without losing generality, this section will focus on power converters failure, but
the proposed approach is extensible to other sub-systems as well. In power converters, capacitors and power
modules are the frequent source of failure 2], [3], [38]-[40]. Their life cycle and reliability depend on operating and
climate conditions, i.e., mission profiles. The lifetime of power modules is related to the number of cycles to failure
Ny, which is associated with the junction temperature and its fluctuations. The junction temperature is attributed to
the operating conditions such as converter loading and the climate condition like ambient temperature and its swing.
There are different lifetime models for power devices [2] from different manufactures and for different technologies.
Depending on the type of device and model’s data availability, a proper model can be employed for reliability
evaluation. For instance, the number of cycles to failure, Nyin power devices can be obtained by using [41]:

-0
>
System reliability
(LOLE, EENS, ...)
Power
System Level \
Maintenance

Availability

Sub t 7 I
u L—syslem A Failure probability and failure
eve A Other rate (F, 1, ...)

subsystems
{ # / T Design

A

improvement

Wear-out

modeling

Lifetime model
(N, Lo, -..)

Component Level
Other
components

Fig. 3. V-shape model-based reliability analysis in PEPS [14].
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where, AT and T are the junction temperature swing and its average value. The constants of 4, @, and § are curve
fitting constants obtained from aging tests [41]. Furthermore, the lifetime of capacitors can be obtained by [42]:
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where, L, denotes the rated lifetime under rated voltage V. and upper category temperature 7,, and L, are the
capacitor lifetime under operating voltage V, and temperature 7,. According to (2), the lifetime and consequently,
the reliability of capacitors also depend on its voltage and temperature. Both voltage and temperature are associated
with the operating condition i.e., loading of the capacitor and the ambient temperature. Notably, more accurate
models for lifetime of capacitors and power devices will take into account the vibration, humidity and other
stressors, which are important in specific applications.

Since, the lifetime of power devices and capacitors depends on the converter loading, the system level analysis
are required to specify the converter operating conditions. Therefore, the first step in the hierarchical reliability
modeling shown in Fig. 3 is to perform power flow analysis based on the employed energy management strategy at
the power system level. Once the operating mission profiles are determined for each converter, they need to be
mapped into the thermo-mechanical domain to obtain the thermal variables, e.g., junction temperature in (1), and
capacitor voltage in (2), which are affecting the lifetime of the converter devices. Thus, the second step is to perform
electro-thermal modeling in the sub-system level to find the thermal stress on each device. At the device-level, the
thermal stresses are assigned to the specific and dominant failure modes in each device. Notably, each device has
different failure modes and mechanisms, which need to be modeled by a suitable lifetime model. This paper
considers a general lifetime model for each device as given in (1) and (2). However, one can extend the approach
considering different failure modes to generate more accurate reliability model. The failure modes of capacitors and
power modules are discussed in [43]. The obtained thermal variables in the sub-system level can be used to obtain
the consumed lifetime under given mission profile for a given failure mode. To find a time to failure for a given
failure mode associated with the given lifetime model in a component, uncertainty analysis needs to be performed.
This can be done using stress-strength analysis to obtain the probability of failure for a specific failure mechanism
in order to model the impact of manufacturing and model uncertainties on the reliability of component operating
under the given mission profile [44]. Thus, the device-level analysis will map the thermal stresses to the reliability
and/or failure rate function for each failure mechanism.

After predicting the reliability of devices, the next step is to define the failure rate and availability of the converter
based on the failure rate of its components. The availability modeling for converters with different failure modes
and types are discussed in [14]. The final step in the PEPS reliability assessment is to combine the availability of
converters with the energy availability of prime generation movers and the load profiles. This is to obtain the amount
of loss of load/energy due to unavailability of the different components. This step can be performed by coevolving
load profile with the generation system model [14], [36]. The result can be reported by a suitable reliability index
such as LOLE, EENS, etc.

Fig. 3 shows the proposed V-shaped model-based reliability assessment in PEPS. The first stage is a
decomposition of the PEPS to its sub-systems, components and failure modes. Thus, the system is decomposed into
sub-systems. In this step the power flow analysis is performed to define the load profile of each converter. Then,
the converter is decomposed to the component level. In this step, electro-thermal mapping is performed to identify
the stress of devices. finally, the dives are decomposed to different failure mechanism and failure modes to find the
corresponding lifetime associated with the applied stress. The second stage of the proposed V-shape model is the
composition of the reliability models form different failure mechanisms of each device up to PEPS. Thus, the failure
rate of different failure modes is combined to find the total failure rate of each device. Then, the failure rate of
devices is used to model the availability of the converters. Finally, the availability of the converters is convolved
with the load model to assess the PEPS performance measured by an index like LOLE, EENS, etc.



B. Model-based reliability enhancement in PEPS

Reliability assessment is usually performed in two cases; first, before system construction for planning and
design purposes, and second during operation for reliability enhancement, expansion planning and maintenance
planning. The main goal in both cases to design and operate the PEPS economically by optimal solutions. Once, the
system performance is evaluated in both cases, the second step is to check (1) if the reliability level is acceptable,
and (2) whether the obtained reliability is economically feasible/attractive. Otherwise, appropriate actions need to
be taken to address these issues, which are discussed in the following.

During planning and design of the PEPS, it is required to guarantee the system performance like to have LOLE
lower than e.g., 7.5 hours per year. According to the selected devices with the corresponding reliability and failure
rates, the LOLE will be evaluated. If it is higher than the desired level, there could be two techniques to preserve it.

1) The first one is to reinforce the system’s weakest links. Since, the proposed assessment tool is a model-
based approach considering the physics of failure mechanism, it facilitates identifying the weakest sub-
systems, their weakest components, and the corresponding weakest failure modes. Therefore, power system
planner can select high reliable sub-system, here converter, to guarantee the PEPS reliability. Furthermore,
the power converter manufacturers can design the converters for a specific application with the demanded
reliability by the PEPS planner. In this case, the manufacturers can customize their products, thus more
economic and optimal converters can be designed. Having coordination between power system planner and
power converter manufactures will increase the proficiency of the whole supply chain.

2) The second approach is to keep the system as it has been designed, and plan for replacement of converters
at appropriate time periods. Again, since the proposed method is a model-based approach, the PEPS planner
can identify the weakest units in the system and its time-dependent impact on the power system. Thus, the
planner can plan for suitable number of spare units at proper times for timely replacement of the units to
retain the overall PEPS reliability according to the desired performance.

Notably, the first solution is much suitable for systems with limited operation time like a ship, e.g., 20 years.
However, electric network is supposed to operate evermore, thus, all of the components need to be timely replaced.
Therefore, the second solution is much preferred for electric network like distribution power systems. Defining
replacement times and hence designing converters for that time period need to be economically analyzed.

Furthermore, during operation, the system reliability needs to be evaluated as there are various uncertainties
affecting the system performance such as unpredicted failure, and aging of units. Thus, the LOLE will be examined
every year based on the reliability model and system past performance. If the LOLE goes beyond the desired value,
a proper maintenance strategy should be taken in order to retain the system performance. There are various types of
maintenance strategies mainly divided into corrective and preventive maintenance [27]. If the impact of a converter
on the system performance is negligible, corrective maintenance will be taken. Based on this strategy the converter
will be replaced whenever it fails. However, if the converter failure deteriorates the system overall performance,
i.e., LOLE, preventive maintenance strategies need to be applied. Preventive maintenance strategies are calendar-
based, age-based, and condition-based. They may need different maintenance costs, which are associated with the
size of system, failure characteristics, converter functionality in PEPS, etc. Depending on the induced damage on
the system due to failure of unit, one of these maintenance approaches will be applied to replace/repair the converter
before a failure occurrence.

IV. Numerical Analysis/ Example

This section will present several case studies illustrating the concept of model-based reliability assessment and
enhancement in PEPS. First, the concept of reliability assessment and design for reliability will be discussed.
Afterwards, the reliability improvement by re-designing the system will be presented. The test system is a DC
distribution power network as shown in Fig. 4(a) with an interlinking distribution unit, i.e., grid inverter,
Photovoltaic (PV) and Fuel Cell (FC) units. The corresponding converter structures are shown in Fig. 4(b-d) and
the specifications of the converters are adopted from [13]. Furthermore, the mission profiles of PV unit and the total
load profile are given in Fig. 5.
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Fig. 5. Mission profiles in the DC distribution system shown in Fig. 4: (a) solar irradiance (Irr), (b) ambient temperature, and
(c) accumulated load profile.

A. Reliability assessment and design for reliability

The main goal is to design the DC system in Fig. 4 to guarantee its long-term performance for more than 10
years. To achieve this goal, the reliability of the system is assessed at the first step. The assessment takes into account
the power converters as the most failure prone units of the system and other components are considered to have
higher reliability. The reliability of converters is obtained using stress-strength analysis according to [44] for the
selected devices according to [13]. First, the reliability of fragile components like power devices (IGBT and diode)
and capacitors are predicted. Then, the total converter reliability is obtained using reliability network analysis.
According to this approach, the PV, FC and grid converters reliability functions are obtained as shown in Fig. 6. It
is obvious that the capacitor bank is the dominant component for PV and FC converter, while the grid inverter
suffers from poor reliability of power diodes. Furthermore, the B lifetime, i.e., the period with the probability of
failure of 10%, of the converters are 11.1, 13.2 and 15.1 years respectively for PV, FC and grid converters. It seems
that from the converter point of view, they can guarantee the main goal of having 10 years of long-term reliable
operation. However, it needs to be evaluated by system level measures to examine the system performance.
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Thus, it is of high importance to map the converter reliability into power system reliability. The main measure
for the power system reliability is the number of hours per year that the system can supply its demand without power
cut that is called LOLE. The LOLE is associated with the power availability, component availability and the load
profile. The availability (or unavailability) of the converters is obtained based on their reliability and shown in Fig.
7(a). It is obvious that the aging of converter components increases its unavailability over the operation period.
Convolving these unavailability functions with the availability of solar energy and the load profile given in Fig. 5
will define the system LOLE as shown in Fig. 7(b). The LOLE prediction procedure is explained in [14]. According
to Fig. 7(b), the LOLE is increased by the aging of units. If the standard level for LOLE is considered to be 7.5
hours per year, the system become unreliable after 8.5 years. Since, the LOLE is measure annually, then the system
needs to be re-designed or maintained by the 8" year of operation. According to these analysis, secure design of a
PEPS requires to assess the overall system performance. For instance, the system aims to operate reliably more than
10 years. According to Fig. 6, the converters have B lifetime of higher than 10 years. However, the system becomes
unreliable after 8 years. Therefore, the converter-level measures like B lifetime cannot guarantee system-level
performance. In the next subsection, it is discussed how to use the system-level performance measure for better
design of a PEPS.

B. Reliability enhancement and re-design

It is expected that the system to operate reliably more than 10 years, while its reliability is limited to 8§ years
according to the LOLE index. Therefore, there is two solutions to guarantee desired performance of the system;
either replacement of fragile units before entering the 8" year, or redesigning of the system at the beginning. To
decide the best solutions the cost will matter. However, for both solutions, it is required to identify the weakest unit
and its weakest components. It is not easy to determine the weakest units based on their reliability and/or availability
functions. For instance, the PV converter is the weakest unit according to Fig. 6 and Fig. 7(a) as it has the lowest
B¢ lifetime and high unavailability compared to other units. However, as discussed in [45], the FC converter is the
weakest unit in the system. Therefore, to guarantee the system reliability over the target period, one can replace the
FC converter before the 8" year of operation. Another solution is to reinforce the FC converter from reliability stand
point. According to the FC converter reliability shown in Fig. 6(b), the capacitor bank is the fragile link of the
converter. It is designed with 5x220puF electrolytic capacitors for upper and lower cells of the converter shown in
Fig. 4(c). in order to enhance the converter reliability, the capacitor banks are reinforced with 6x220uF capacitors.
The capacitor banks reliability and the total converter reliability are obtained with the new design as shown in Fig.
8(a). It is obvious that the FC converter reliability is improved compared to the initial design, where the B lifetime
is increased from 13.2 years to 18.1 years. The overall DC system reliability with the new design is shown in Fig.
8(b) implying that the overall system LOLE stays under standard value of 7.5 years with the 12 years of operation.
Thus, the desired performance of the system is achieved by the re-design of the system.
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Notably, the analysis in this section is suitable for long-term reliability planning which is of high importance for
optimal decision-making for design and operation of PEPS. The proposed model-based reliability assessment tool
facilitates optimal design of PEPS and converters for different applications. The converter design with respect to
the power system performance provides economically sizing of converter components. For instance, the discussed
example showed how reinforcement of capacitor bank of FC converter can improve the overall system performance.
Moreover, the proposed V-shape reliability assessment tool facilitate identifying the weakest links and the
corresponding weakest components. This will in turn aid the system reinforcement during planning, planning for
maintenance during operation, i.e., replacement of the weakest units or the components, and spare unit planning
based on the identified weakest components. These are all helping optimal enhancement of the system long-term
reliability. The optimal solution could be selected by economic analysis.

V. Summary

Model-based system engineering is a systematic technique for analyzing and design of a system. This concept is
adopted in this paper for power electronic based power systems (PEPS). The main goal is to assess the reliability of
PEPS considering the physics of failure mechanisms in all devices in each sub-system. The proposed model-based
reliability assessment tool facilitates mapping the reliability of the components of each converter to the performance
of the PEPS. Thus, optimal design, planning and reinforcement of PEPS can be achieved. Furthermore, the proposed
approach can be employed to identify the weakest sub-systems and the corresponding weakest links. This will help
power converter manufacturers to design a converter with respect to its application and function in the power system.
Moreover, it can be beneficial for power system planners to design PEPS and plan for maintenance of weakest units
and plan for required spare units based on the identified fragile components in the system. The concept of model-
based reliability assessment is illustrated by an example on a DC distribution system. The future research needs to
focus on short-term performance of the system combined with long-term performance to guarantee both security
and adequacy of the future power grids with more penetration of power electronics.
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