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Power Routing: Active Asset Management in
Power Electronics Systems

Saeed Peyghami, Member, IEEE and Frede Blaabjerg, Fellow, IEEE

Abstract—This paper proposes a power routing approach for
active asset management in power electronic-based power
systems. The proposed approach aims to expand the lifecycle of
power converters as the key assets of modern energy systems.
Moreover, it takes into account the operational costs of
converter-based generation units in order to obtain economic
dispatch in the system. As a result, the useful lifetime of
converters is enhanced, thus improving the overall reliability of
the system with respect to the operational costs of the
generations. A numerical case study on a DC distribution
system is presented to illustrate the effectiveness of the proposed
approach.

Keywords— asset management, reliability, power converter, power
routing, operational cost, reliability cost-worth, lifecycle
management.

. INTRODUCTION

Power electronics have become a key asset in modern
interconnected power and energy systems. They can affect
power systems performance in short- and long-term by posing
stability [1] and reliability challenges. From a reliability
perspective, power converters can be the source of failure,
downtime and its costs in power systems [2]-[5] in the case
they are not appropriately designed or operated. Thus, safe and
secure operation of modern power systems require advanced
asset management approaches for power converters.

Asset management in power electronics systems can be
performed using short-, mid- and long-term approaches. The
short-term methods are associated with control and stability
issues. Furthermore, the mid-term approaches are subjected to
the maintenance planning. The long-term asset management is
related to the planning and design of power electronics
systems. The main goal in these three levels is to enhance the
reliability in converter and system level with respect to the
planning and operation costs.

The converter reliability depends on various failure causes
including catastrophic and wear-out failures [6]-[8]. The
catastrophic failures are usually triggered by an extrinsic
cause; thus, it is very difficult to model and mitigate them.
Meanwhile, the wear-out failure mechanisms are intrinsic, and
controllable. The wear-out failure in power converters is
usually occur in power devices and electrolytic capacitors.
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Various failure mechanisms in power devices and capacitors
are summarized in [9]. According to field experience, these
components are the most fragile components in various
applications. Therefore, the converter reliability can be
improved by preventing the aging of converter components.

There are several methods to enhance the reliability of
converters which are essentially divided into three main
categories of design, maintenance and control domains.
Design and maintenance of converters is associated with the
planning of microgrids, and the control of converters is
attributed to the operation of microgrids. Therefore, their
mechanisms on the reliability improvement will cover both
short- and long-term effects. During design and manufacturing
the converters, their components are selected according to a
desired reliability performance, usually a life cycle with a
specific probability of survival. Moreover, recently, system
level design for reliability is presented to design a converter
with respect to the power system performance, which takes
into account the converter application and its function in power
system [10], [11]. In addition to design for reliability,
preventive maintenance approaches [12] can be employed
during the planning of a microgrid in order to do cost-effective
design of a converter for a specific period of mission.

Moreover, the converter reliability can be improved within
operation using appropriate techniques such as adaptive
switching frequency [7], advanced switching techniques,
reactive power routing [13], [14] and preventive maintenance
and active power sharing [15]. Furthermore, condition
monitoring and fault diagnostics during operation can help
enhancing the reliability of converters [16]-[18]. Moreover,
power routing among converters based on their thermal
stresses or loading conditions can have remarkable impact on
the system reliability as it can dynamically distribute the
thermal damages of the converters among them [14], [15],
[19]. This concept indeed act as an online and active
maintenance where the loading of highly damaged units can be
moved to the converters with low thermal damage.

The power routing among DC-DC converters based on
reliability considerations monitoring an state of the health
indicator is addressed in [15], [19]. Furthermore, reactive
power sharing based on the thermal damage of the converters
in AC microgrid is presented in [14]. In practice, shifting the
load of highly damaged converter to a lowly damaged one may
introduce extra operation costs. Notably, operational cost-
based power routing in microgrids has already addressed in
[20]. However, the state of the health of units is not considered
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Fig. 1. Multi-time scale asset management in modern power systems.

in this study. Therefore, in spite of lower operational costs, the
lifecycle of converters and overall system reliability can be
deteriorated. As a result, highly damaged converters may need
early replacement in order to reduce the system risk. This will
intern introduces operational planning costs associated with
the maintenance of converters. Thus, appropriate asset
management technique is requited to address the operational
costs and reliability of power converters in order to optimize
net benefits [21].

This paper will propose an active asset management
method for power electronic-based power systems using an
appropriate power routing strategy. The proposed approach
will enhance the converter and system reliability with respect
to the operational costs. The remainder of this paper is
organized as follows. Section II presents the concept of asset
management in power electronics system in different time
scales. Section III presents the details of the proposed power
routing method as an active asset management strategy in
power electronics systems. The effectiveness of the proposed
approach is illustrated on a DC power electronic-based power
system in Section [V. Finally, the outcomes are summarized in
Section V.

II. ASSET MANAGEMENT IN MODERN POWER SYSTEMS

According to ISO 55000, asset management generally
refers to a coordinated activity of an organization to realize
value from assets. Furthermore, based on CIGRE joint Task
Force JTF23.18, asset management in power systems is the
central key decision-making for the power system assets to
maximize long-term benefits with respect to high level of
service quality, and acceptable level of risk. To achieve these
goals, asset management in power networks is classified into
three categories; short, mid, and long-term as shown in Fig. 1.

A. Short-term asset management

Short-term asset management in power systems refers to
time intervals of several hours down to microseconds. The

activities in short-term asset management is divided into
operational planning and real-time operations. Operational
planning refers to the utilization of existing facilities in the
power network to support the grid demand in next hour/hours.
This is performed based on economic dispatch with respect to
the desired system reliability. According to the forecasted
demand, available units, generation and operation costs,
emission costs, etc., the optimization is performed and
generation scheduling is carried out using a unit commitment
program.

Then, the selected facilities with the planned conditions
will be operated in real time. These facilities are managed in
such a way that the short-term performance of the system is
achieved. Short-term performance includes power quality,
stability and operational reliability. The main concern in this
stage is system security which is related to the asset outage
management. Power systems must be operational due to any
sudden contingency in the system. Thus, contingency analysis
needs to be performed to ensure system safe and secure
performance. This include both static performance such as
power quality, e.g., voltage and frequency violations, as well
as dynamic performance including different types of stability.
The relevant asset management activity in this level is called
security assessment and management. The operator will
analyze the system security level based on any likely
contingency and plan any remedial action for any case of an
unsecure event. Remedial actions could be corrective or
preventive according to the severity of the outage. Some
preventive actions could be network splitting and generation
rescheduling, etc. Moreover, corrective approaches could be
isolating faulty regions, load shedding, etc. Protection
approaches against faults to protect devices and customers, as
well as restoration of isolated areas, can be part of corrective
security management.

B. Mid-term asset management

Furthermore, operation of huge number of devices in power



systems which are supposed to work for ever to deliver power
to the customers requires appropriate maintenance methods to
guarantee acceptable level of risk in the system. The system
devices are prone to wear-out. Furthermore, improper
operation may deteriorate their performance. Moreover, some
devices have limited lifecycle due to physical limitation of
materials. Therefore, malfunction of these devices may cause
power loss and even power cut in the network. In order to
prevent or at least reduce the impact of above-mentioned
factors on the risk of system, appropriate maintenance
activities are required. In some references this is called life
cycle management, or even asset management. In this paper, it
is called mid-term asset management as shown in Fig. 1, since
maintenance is usually performed in the time interval of a few
months to one year.

There are two types of maintenance in power systems;
corrective and preventive. Corrective maintenance, so-called
run-to-fail maintenance or reactive maintenance, is performed
after a failure occurrence. This is the easiest technique but the
most non-optimal one among maintenance approaches since it
introduces higher downtime and costs. The main goal of
corrective maintenance is to return the system to the operation
state regardless of downtime. In contrary, preventive
maintenance, as it is obvious from its title, refers to the
maintenance activities to prevent failure occurrence using
proper techniques. This strategy can be performed: (1) in a
fixed calendar time, (2) variable time based on an indicator
related to the system life, and (3) based on the state of health
of the system. In the first approach, based on the operator
experience in different cases, fixed time is considered to
repair/replace the devices. In the second one, the devices are
maintained based on time in-use like the number of kilometers
in a car to change the engine oil, or the number of cycles to
failure in a battery/semiconductor device. The drawback of
these two approaches is that they are not optimal and cost-
effective as they do not monitor the real health state of the
device. Depends on the failure and degradation mechanisms, a
device may be replaced much earlier than its end-of-life or may
fail before maintenance. Therefore, predictive maintenance is
introduced to monitor to state of health of a device using a
proper life indicator, e.g., on state collector-emitter voltage in
a semiconductor device, to predict the residual life and then
plan for its maintenance. Notably, the preventive maintenance
is applied for aging failures, while catastrophic failures which
are not detectable by an indicator, needs to be managed by
corrective maintenance after failure occurrence. This needs
spare unit management to ensure acceptable level of system
risk.

According to the maintenance strategies, various
maintenance actions can be taken to reduce the system risk.
Depending on the component characteristics, failure type and
residual life, the applied action can be passive or active. For
instance, in a component with a redundant structure, e.g.,
redundant power converter, it can be operated in a de-rated
mode until the failure clearance. This approach can be an
active solution for reducing the system risk. Another active

GRID BUS

> Wide area 4\
b monitoring !

¥ Operational . )

[IGELTINEI I —

__planning

Outage S I
management |

U

Unit =
commitment

|

Local control:
Droop control

Secondary control

Fig. 2. Short-term asset management in power electronics-based power
systems; control and operational planning.

approach can be reduction of stress level in a device with high
degradation process employing health indicator. This approach
can be part of predictive maintenance, where until taking a
proper decision making, de-loaded operation can actively
reduce the system risk. This technique is used in this paper for
reducing the risk of failure in power electronic-based power
systems. For instance, in a generator with aged shaft, de-loaded
operation until proper maintenance action can reduce the risk
of loss of whole generation. In other words, maintenance may
take time due to component delivery, expert personal
availability, high-level decision-making process, thus in this
case de-loaded operation is better than full-load operation with
the high risk of outage. Moreover, passive approaches can be
repair or replacement of a component based on a maintenance
strategy.

C. Long-term asset management

Furthermore, the next phase of asset management is the
long-term facility planning. This phase is associated with the
development, expansion and reinforcement of power grids
considering load growth, emerging technologies, grid
modernization, etc. This phase requires long-term technical,
technological, economical and societal analyses for decision-
making for adding new facilities, extending power grids, etc.

This paper focuses on the short-term and mid-term asset
management in power electronic-based power systems. The
basic structure of short-term asset management in modern
power electronic-based power systems is shown in Fig. 2. This
includes operational planning for economical and reliable
power sharing among different units. The scheduled reference
signals are sent to the units. The units regulate the output
power accordingly. Furthermore, the units are responsible for
voltage and frequency regulation based on their participation
in the grid control defined by the operator. Moreover, the wide
area monitoring system is employed to monitor the status of
the gird in terms of voltage, frequency, component outage,
load, fault, etc., to help the operators for properly managing the
system security.

The goal in short-term asset management is to



economically dispatch the load among converter-based units
considering the operational costs of prime sources.
Furthermore, the goal in mid-term is to extend the lifecycle of
power electronics converters by appropriately monitoring
converter health status and then expanding their lifetime by
preventing overstressing the converters. This can be part of
preventive maintenance where by an active strategy, the
converter lifetime is extended. Notably, the converter lifetime
expansion is carried out with respect to the operational costs of
units. Thus, the converter-based generation units as the key
assets of power system can actively be managed to optimally
and reliably operate. This can not only expand the lifetime of
the power converters, but also enhance the reliability and
reduce the power system risks in an optimal way with respect
to the operational costs. The proposed asset management
approach is explained in the following section.

III. PROPOSED POWER ROUTING FOR ACTIVE ASSET
MANAGEMENT

Fig. 3 shows the proposed short- and mid-term asset
management structure for a converter-based generation. The
proposed approach includes three main parts:

1- Real-time power routing approach,

2- Converter lifetime expansion with proper health
monitoring,

3- Economic dispatch modeling operational costs in
short-term.

According to the proposed approach, the power sharing of
generation units is performed based on the operational costs of
prime energy source and the reliability of the converters as the
fragile components in the system. First, the thermal damage of
the converters is calculated. A life indicator such as thermal
damage or residual life is then obtained. This indicator can be
periodically calculated, e.g., every hour or every month. For
the units with high damage, the stress level will be reduced by
de-loading the unit. However, this may cause additional
operational costs for other units carrying the de-loaded
demand. Thus, in the next step, the operational cost of
generation unit is modeled and according to the output power
of units, the operational costs for the shared demand is
obtained. Finally, a power routing approach is employed to
adjust the output power of the units to reduce the operational
costs and thermal damage of the units. As a result, the lifecycle
of converters is enhanced and the operational costs are
optimized. The details of the proposed approach are explained
in the following sub-sections.

A. Proposed power routing approach

The proposed power routing approach relies on the droop
control method. According to the droop approach, the
frequency can be proportionally controlled by output power in
AC grids following (1), where w, wy are the actual and
reference angular frequency, k, is the droop gain and P is the
output power. Similarly, in DC grids, the voltage is controlled
proportional to the output power following (2), where V, V) are
the actual and rated DC voltages.
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Fig. 3. Proposed active asset management in power electronics-based
power systems.
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Obviously, there are different methods to perform power
routing where their static performance will be identical to the
droop methods. Therefore, from reliability and operational
cost perspective, their performance is identical. Thus, in this
paper, the basic form of these controllers is employed and it is
called conventional method in this paper.

This technique takes into account the rated power (current)
of the units to prevent overloading. However, according to the
lifetime of power devices, not only does the load level affect
its reliability, but also the loading fluctuations may limit the
life expectancy of power converters [4]. Thus, even the
conventional approach prevents the overloading of converters,
it may not avoid overstressing and aging of units [14].
Therefore, the reliability-oriented methods have been
presented to address this issue, where the loading of converters
are controlled using (3) and (4) for AC and DC grids [14], [15].

w=w,- LP 3)

max

V:VO_LP

max ( 4)

where D is the thermal damage of corresponding unit and D,
is the maximum damage of the units. According to this
method, the loading of highly damaged unit is shifted to the
lowly damaged one. This can improve the system reliability
while it may cause higher operational costs. In fact, there is a
compromise between reliability and operational costs in
microgrids. To address this issue, the reliability/cost-based
control approach is proposed in this paper.

D C
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where C is the operational cost of corresponding unit and Cigx
is the maximum operational cost of the units in the grid.
Notably, the damage and cost values are updated in on hourly
base. This can be done either in a central way using central
control unit, or distributed way, sharing the data among
sources, or independently using a fixed value for D, and
Chax- In this paper, the third approach is adopted, however, this
can reduce the response time, while it does not require a
communication system. In the following, the converter
damage analysis and operational costs model are presented.

B. Converter lifecycle model

The reliability and damage of a converter depends on its
loading and climate conditions [22]. These conditions cause
wearing out of converter components, thus limiting its useful
lifetime. According to the field returned data, capacitors and
semiconductor devices are the two most fragile components in
power converters [23]-[25]. The semiconductors lifetime can
be modeled as the number of cycles to failure, N that the device
withstands without according a failure. According to (7), this
depends on the junction temperature variations A7j, its
minimum value 7}, and its heating time #,, [26], [27].

. L, (7
T, +273.15

Jjm

N=A-ATj“-exp(

where 4, a, , and y are obtained based on field experience or
from lifetime tests [26], and 4 = 9.34E14, a = -4.416 , f =
1285, and y = 0.3. Thereby, the thermal damage of a
semiconductor device is obtained using minor rules as:

D(:em ) — i 8
2y (8)

t

where D¢ denotes the thermal damage on the semiconductor
devices experiencing n; power cycles within the period of ¢.
Moreover, N, is the number of cycles to failure in the applied
loading profile which is associated with Tj,, ATj, and t,,
obtained from (7). The wear out of power devices such as
Insulated-Gate Bipolar Transistor (IGBT) and diodes can be
obtained suing (8).

Moreover, the wear out of the capacitors can be estimated
employing its lifetime model, e.g., using lifetime model
represented in (9) [28].

T.-T, —n,
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L =L 2" |=x 9
w r [VJ ()

where, L,, V,, and T, denote the nominal lifetime, voltage and
temperature of capacitor, and L, = 5000 hour, V, = 450V, and
T, = 105°C, n; = 10, n; = 3. Moreover, L., Ty, and V,, are the
lifetime consumption, temperature and voltage due to applied
mission profile. As a result, the capacitor damage, D’ under
given operational conditions can be obtained as:

per =%

t w,t

AT,
“w (10)

where, AT, is the time interval w that the capacitor experiences
T\, and V,, and the corresponding lifetime consumption will be
L,, based on (9).

Finally, the average thermal damage per converter’s
component, D, is obtained as:

1 2 Csem M)
Dbee—e—ZUW+ZUWJaU
M( )+M( P)( j - J

where, M denotes the number of each component in the
convert.

C. Operational costs model

The operational costs of energy units depend on different
factors based on the initial energy source, environmental
pollutions, maintenance costs, etc. Operational costs, C are
usually modeled by a second-order quadratic expression as
[20]:

C(P)=a+b-P +c-P’ (12)

where, the term a is in charge of no-load costs, b is associated
with the maintenance costs, ¢ is attributed with the fuel and
emission costs. During shifting the load of one unit to the other
unit the decremental cost of first unit will be smaller than the
incremental costs of the second one. Therefore, load
adjustment may improve the reliability of the system, while it
can introduce higher operational costs.

The proposed approach relies on optimizing the reliability
per costs of operation in the system. According to this
approach, the unit with higher thermal damage should support
lower power to enhance the system reliability. On the other
hand, the unit with higher operational costs will support low
power to decrease the overall operational costs. As a result,
there is a compromise between operational costs and the
reliability of the system, and the system can be operated in an
optimal point maximizing the reliability while minimizing the
operational costs. This can be implemented by an advanced
droop control given in (5) and (6) for AC and DC grids. In the
following a case study is provided in DC grid to show the
performance of the proposed control scheme to enhance the
reliability and costs of operation.

D. System reliability model

In order to illustrate the impact of proposed power routing
on the overall reliability of the system, the power system risk
assessment approach is adopted in this paper [29], [30].
According to the system level reliability, the unavailability of
different units needs to be analyzed. The unavailability is the
probability that a components or system is in down state.
According to this definition, it is important to analyze the
current state of the component regardless of failure occurrence
in past operation. To model this concept, the unavailability, U
is defined as (13):
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where 1 and u are the failure rate and repair rate of the
component. The failure rate is calculated based on stress-
strength analysis and the damage analysis given in (8) and (10)
for converter components. The reader can find procedure of
failure rate prediction for power converters in [31].
Meanwhile, repair rate is the reciprocal of the time spent to
repair or replace a component. Therefore, it is essential to bring
up a component once it fails and the unavailability is the
function of both failure frequency and replacement time.

Once the availability of the components and units have
been obtained, their probability can be convolved with the load
profile to obtain the number of hours per year that the load
cannot be supplied due to the power shortage. This is called
Loss Of Load Expectation (LOLE), which can be calculated
using (14) [32]:

8760
LOLE=YP(C <L) (14)

i=1

where, P; is the probability that the load L; is greater than the
generation capacity C;at time interval i over the 8760 hours of
a year. P; is the function of a combination of the unavailability
of different generation units. More detail expression on how to
calculate LOLE is provided in [31].

IV. DC DISTRIBUTION SYSTEM CASE

In this section, a simulation on a DC power electronic-
based power system is presented. The DC grid includes a solar
photovoltaic (PV) unit, fuel cell (FC) stack, microturbine (MT)
and battery storage as shown in Fig. 4. The structure of
converters for the energy sources is shown in Fig. 5. The PV
system specifications are given in TABLE I. The solar
irradiance and ambient temperature are shown in Fig. 6(a, b)
respectively. Furthermore, the annul load profile is shown in
Fig. 6 (c). The operational cost of energy units is given in Fig.
7 according to cost model expressed by (12). Moreover, the
converter specifications are summarized in TABLE II.
Notably, the proposed approach is applicable for AC power
systems as well without losing generality. Worth to mention
that in the analysis the battery charging/discharging efficiency
in considered to be 100% with fast ramp rate.

To performed the analysis, the converters are simulated in
Matlab Simulink to analyze their thermal behavior. The
thermal characteristics are, then, used in a program in Matlab
to perform power flow analysis. Once the power flow analysis
is done, the mission profiles are obtained and the system level
reliability analysis and cost worth analysis are carried out to
demonstrate the effectiveness of the proposed approach on the
system performance.

TABLE I PV SYSTEM SPECIFICATIONS.

Parameter Value
Panel Rated Power 345 W
Number of Series panels in string 5
Number of Parallel strings 3
Open Circuit Voltage 64.8 V
Short Circuit Current 7.04 4
MPPT Voltage 547V
MPPT Current 6.26 4
Voltage temperature Coefficient -0.27 %/K
Current temperature Coefficient 0.05 %/K

—

MT Inverter 5 g Microturbine
kw = (MT)
400V DC

Fuel Cell System

Nz

Load

Battery System 5
kw

Photovoltaic
System 5 kW

Fig. 4. Structure of a DC power electronic-based power system with different
converter topologies and energy sources.

The converters reliability functions under the given mission
profiles shown in Fig. 6 and energy management strategies is
predicted using stress-strength analysis presented in [31].
Afterwards, the converters unavailability functions are
obtained. The unavailability of converters under three power
sharing strategies is illustrated in Fig. 8. It is shown in Fig. 8(a
and b) that by using a reliability-oriented load sharing
approach compared to the conventional one the unavailability
of FC and battery is decreased.
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Fig. 7. Operational cost of different units shown in Fig. 4.

Moreover, the unavailability of the MT is increased, which
implies the shifting of the load of battery and FC to the MT.
As a result, the system reliability measured by LOLE (loss of
load expectation) is decreased as shown in Fig. 9. LOLE shows
the number of hours per year that the load cannot be supplied
due to the failure of failure of any components, thus the lower
LOLE indicates the higher system reliability. According to
Fig. 9, if the standard level of LOLE to be considered as 8 h/y,
then, the system reliable span — the period that the system stays
reliable — is 16 years. This means the reliability-oriented

TABLE II POWER CONVERTER COMPONENT AND SPECIFICATIONS.

Battery capacity -

Converter Parameters Micn(';ilr};bine PV Converter FC Converter CBo:::/t::tyer
Rated power S kW S kW Skw Skw
Switching frequency 20 kHz 20 kHz 20 kHz 20 kHz
DC Bus voltage 400 V 400 V 400 V 400 1V
Input voltage 150 Vac, (50 Hz) 220 - 320 Vdc 72-110 Vdce 300-335 Vdc
Output capacitor 2x220 puF (C,) 2x220 puF (C,) 5%220 puF (Cy, Cy) 2x220 puF (C,)
ESR per capacitor @ 100 Hz 041 Q 0.35Q 0.24 Q 041 Q
Capacitor thermal resistance, 19.5 K/'W 19.5 K/'W 28 K/'wW 19.5 K/'w
and time constant 10 min 10 min 10 min 10 min
DC inductor - 1 mH 1 mH 1 mH
IGBT IGB20N60H3 IGB10ON60T IGB15N60T IGB15N60T
Diode IDVI5SE65D2 IDV20E65D1 IDV20E65D1 IDVI5SE65D2
- - 2000 Ah
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Fig. 8. Unavailability of converters due to wear-out failure under load
sharing schemes of (a) conventional, (b) reliability-oriented and (c)
reliability/cost-based.
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Fig. 9. Overall reliability (LOLE) of the microgrid shown in Fig. 4.

approach extends the system reliable span by 4 years.
Moreover, the operational costs of units are summarized in
TABLE III. Using the reliability-oriented approach, increases
the overall operational costs by 21% according to TABLE III.

The unavailability function of units using the proposed
reliability/cost-based approach is shown in Fig. 8(c). The
unavailability function of battery and FC is lower than the
conventional approach shown in Fig. 8(a). Meanwhile, it is
higher than the reliability-oriented technique shown in Fig. 8
(b). The overall system reliability measured by LOLE is
improved compared to the conventional one as shown in Fig.
8. However, reliability enhancement compared to the
reliability-oriented technique is limited. As shown in Fig. 8,
the system becomes unreliable after 14 years using the
proposed method. Moreover, the operational costs are given in
TABLE III, where it is 6% higher than the conventional
approach, while it is 15% lower than the reliability-oriented

TABLE III ANNUAL OPERATIONAL COSTS (8$/y).

Power Sharing Reliability ~ Reliability/cost

Conventional )
Strategy oriented based
Fuel cell (FC) 1,100 830 955
Battery storage 530 430 485
Microturbine 2,215 1,590
1,235
(MT)
Total 2,865 3,475(21%) 3,030(6%)
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Fig. 10. Reliability cost-worth analysis, LOLE: loss of load

expectation (reliability index), and the cost in per unit (pu) represents

the operational costs normalized per 3,000 $.
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Fig. 11. The normalized total cost of reliability and operation. Costs
are normalized per 3,000 $ - VOLL is 35 $/kWh.

technique. This case study shows that there is a compromise
between reliability and operational costs of units.

These results for the 12" year of operation are presented in
Fig. 10. The LOLE shows the system reliability in 12" year,
where the lower LOLE shows a better reliability. Following
Fig. 10, the LOLE is decreased by using the reliability/cost-
based approach and the reliability-oriented approach
respectively. Meanwhile, the operational costs are increased
for the case of employing reliability/cost-based and reliability-
oriented methods. Therefore, higher reliability demands for
higher costs. However, the cost of reliability enhancement in
more reliable conditions is higher than less reliable conditions.
As shown in Fig. 10, improving the reliability by 2 h/y form
conventional approach to the reliability/cost-based approach
needs 6% of annual operation costs, while improving the
reliability from reliability/cost-based approach to the
reliability-oriented approach by 0.95 h/y demands for 15% of



operation costs. While the reliability enhancement is almost
halved, the corresponding costs are almost tripled. This is due
to the fact that, in this case, the MT need to provide more
power as its damage is low as it is also shown in Fig. 6(a),
while its operational cost is high according to Fig. 9.
Therefore, it is of high importance to provide reliability worth-
cost analysis to find an optimal point where the reliability is
enhanced with minimizing the operational costs.

In order to find the optimal approach from economic
perspective, the LOLE is converted to the unreliability cost by
the concept of Value of Lost Load (VOLL). This indicator
measures the cost of damage due to the power shortage [33],
[34]. There are different approaches to calculate power
shortage damage. In this paper a simple approach is adopted to
illustrate the impact of power routing strategy on system
performance [33]. In general, the cost of unreliability can be
obtained by:

C

damage

=P-LOLE-VOLL (15)

where P is annual peak load in kW and VOLL is value of lost
load in $/kWh. VOLL depends on the load type and it has
different values for different countries and it varies from 3 to
60 $/kWh. An average VOLL equal to 35 $/kWh is considered
and the total cost of system including cost of damage and cost
of operation is illustrated in Fig. 11. It is obvious that the
reliability-cost based approach gives lower costs and is an
optimum approach. However, there is an upper limit for costs
or damage on the converter depends on the converter
parameters, operating conditions and operational costs. In the
boundary conditions, this approach will tend to either
conventional approach if the costs of operation is high, or
reliability-based method if the damage is high. This is
automatically performed by the proposed droop control.

Therefore, employing the proposed approach enhances the
reliability of the system with respect to the operational costs of
the units. Unlike the conventional power sharing approach for
power electronic-based systems, the proposed approach takes
into account the thermal damage of the units and their
operational costs. Therefore, not only it prevents the
overloading and over-stressing the units, but also it enhances
the overall system reliability, and at the same time decreases
the operational costs. This method can automatically provide
operational planning services such as reliability services,
economic dispatch, and autonomous operation to the islanded
microgrids specially, thus enhancing self-organizing capability
of power electronic systems.

V. CONCLUSION

This paper has proposed an active asset management
approach using an adaptive power routing method for power
electronic-based power systems. The proposed power routing
approach takes into account the operational costs in order to
achieve economic dispatch among converter-based units as
well as the state of health of power converters to extend their
lifecycle. Therefore, not only it prevents the overloading and

over-stressing converters, thus enhancing the overall system
reliability, but also it optimizes the operational costs of
generation units.

According to the numerical analysis on a DC distribution
system, moving from conventional to reliability based- power
routing approach, the system risk, i.e., LOLE, is decreased
from 8.60 h/y to 5.65 h/y, thus the system reliability is
improved. However, the operational costs are increased by
21% per annual operation costs. Meanwhile, the proposed
power routing approach enhances the lifetime of the converters
by appropriately sharing the thermal stresses over converters
with respect the operational costs. This approach introduces
better system reliability, 2 h/y lower LOLE compared to the
conventional approach, and lower operational costs, 15%
compared to the reliability-oriented approach. The impact of
early replacement costs added to the operational costs and
maintenance strategies together with the de-loaded operation
of PV system and its contribution in system reliability and
operational costs will be focused in the future work.
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