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A B S T R A C T

As the demand for power reliability keeps rising in modern society, the integration of energy storage systems
into power networks increases at an unprecedented rate. Meanwhile, reliability analysis and enhancement
of a power network attracts more and more attention. This paper explores the impact of four different
energy management strategies (EMSs) on the reliability of microgrids, which play an important role in future
distribution networks. The reliability performance is analysed on different levels, including converter interfaces
and battery storage units on device level as well as power supply reliability on system level. The numerical
analysis has shown that the employed EMS can remarkably affect the reliability indices of the system. The
battery lifetime can be increased by more than 50% and annual energy loss can be reduced by up to 92%.
Since the economic decision-making depends on the components lifetime and overall system performance, this
paper provides deep insights for power engineers to properly design, plan and control future microgrids.
1. Introduction

Distributed generations (DG) has facilitated decarbonization by rev-
olutionizing power systems. Among different types of DG, renewable
energy sources (RES) and energy storage systems (ESS) compose a large
portion [1]. Supportive policies, maturing technologies and sharp cost
reductions are enabling RES to be more accessible. Solar Photovoltaic
(PV) is consistently cheaper than new coal/gas fired power plants in
most parts of the world [2]. However, its intermittent and uncertain
power generation is inevitable. An ESS connected solar system is an
effective option to improve system resilience. Compared to a central-
ized power generation plant, the location of DG is relatively flexible
and geographically distributed. These features allow a group of DG to
form a standalone network supporting local power demand, namely,
microgrid (MG) [3]. The main advantages of MG operation is that it
can improve the power reliability for local loads [4]. For instance, a
grid-connected MG can be disconnected from the utility and operate
autonomously after a grid fault [5].

Among all types of ESS, batteries are suitable in many applications
because of their relatively high quality in both power density and
energy density [6]. The high cost of batteries is, however, one of
the major concerns towards de-carbonization. Hence, battery reliability
remains a heated topic for decades. The lifetime of a battery is closely

∗ Corresponding author.
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related to its charging & discharging mechanism and state of charge
(SOC) [7]. Power management and energy management of batteries
thus play an important role in battery reliability. Meanwhile, most
DG units interface with the grid through power-electronic devices. The
lifetime consumption of employed power electronics is also affected by
the energy management strategy (EMS) [4]. It can be seen that the
reliability of MG components is closely related with the adopted EMS.

Energy management is the issue of optimal energy distribution tar-
geting different objectives subject to various constraints. In MG energy
management, the commonly considered objectives are reducing over-
all energy cost [8–15], increasing renewable penetration level [16],
minimizing environmental pollution [17,18], effectively responding
to weather changes [19], voltage and frequency regulation [20–22],
reliability improvement [8,23] and so on. The optimization scheme
developed in [9] addressed the intrinsically stochastic availability of
RES with battery storage and minimized the overall cost for microgrids
with a high penetration of RES. The optimal control strategy in [15]
considers the real-time system electricity pricing of both utility grid
and DG, in order to reduce the operation and consumption cost. Smart
metering technology is also integrated in the optimization algorithm
in [24]. An off-line strategy through an online algorithm method is
implemented in [14] to manage power flow among the storage system,
vailable online 8 September 2021
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DG and an aggregated load, with the aim of minimizing total energy
cost. The two-level algorithm in [22] employs machine learning on
first-level to minimize cost and user dissatisfaction level and proposes
transactive energy management on second-level to regulate voltage and
current, prevent rebound peak effect with low computational burden.
Probabilistic forward–backward load flow is used in [23] to minimize
energy cost while considering technical criteria such as voltage profile
and reliability. The reliability index employed in the study is based on
system failure rate and duration.

From the literature review above, it can be clearly seen that the
studied EMS mostly over simplify or ignore the reliability performance
of the MG. The existing studies on MG reliability are also limited.
In [25], the improving effect of decentralized control architecture
on system reliability is validated by using Markov chain models. On
the other hand, [26] investigates the reliability on device level, AC–
DC converters, under different topological structures and modulation
strategies. Study [27] aims to assess overall reliability of an islanded
MG through a holistic operation failure rate model. However, the
employed EMS is not clear. Although [28] aims to improve the overall
system reliability, the analysis is based on one single EMS for an
islanded MG. Since the EMS impacts on the operation of batteries, the
interfacing converters and the interaction between different elements,
a thorough reliability study, both at device level and system level, is
needed.

In addition, most existing EMS objectives are proposed at the MG
system level. With internal energy transactions occurring within the
MG, the evaluation at unit level is worth discussing too. Study in [16]
considers the operation costs for each prosumer based on the proposed
optimal peer-to-peer energy transaction. It gives a better understand-
ing of the benefits for each prosumer. However, the life cycle cost
evaluation on the employed components is overly simplified.

This paper establishes the link between MG EMS and reliability
assessment. In the context of a PV-battery-based MG, the power reliabil-
ity can be studied from different perspectives: lifetime consumption of
batteries, ageing of power electronic devices due to thermal damage,
and loss of load due to generation uncertainty or contingencies. The
battery lifetime consumption can be obtained from battery cycle life
model and its power flow profiles [7]. The thermal damage of power
electronics is closely related to its thermal cycling, according to physics
of failure (POF) analysis [29,30]. Since PV panels and batteries connect
to the grid through power converters, the ageing of converters is
analysed in this paper [31]. According to [32,33], the thermal damage
analysis can be conducted based on device models (the most vulnerable
components) and corresponding long-term mission profiles. As for loss
of load analysis, Monte Carlo simulations can be applied to different
power sources with a specified outage rate. The power flow can be
obtained under different operation conditions and the amount of load
loss is used to assess power reliability.

The intention of this paper is to help power engineers to have a
deeper insight into the system performance at different levels, which
can facilitate optimal and cost-effective design, planning, control, oper-
ation and maintenance of future distributed power networks. The main
contributions of this paper are:

• The reliability performance of a PV-battery-based MG is analysed
under different EMSs.

• A comprehensive reliability assessment method is studied, includ-
ing battery lifetime consumption, converter ageing and overall
system reliability.

• The effects of EMS on each participating unit are also discussed.

The process of reliability assessment for a power system is shown
n Fig. 1. The rest of the paper is structured as per the flowchart.
ection 2 demonstrates four different EMSs for a community MG. The
eliability models of a battery, a power converter and a system are built
n Section 3. Numerical studies are conducted in Section 4 based on
nnual mission profiles of the MG sources and loads. It is followed
y the reliability analysis from different perspectives presented in
ection 5. Finally, the conclusions are drawn in Section 6.
2

Fig. 1. Process of reliability study for EMS.

2. The energy management strategies

The power generation in the discussed MG is from rooftop PV
panels, household batteries or community common batteries and the
utility grid. All the power sources and loads are connected in parallel
to a common ac bus, as shown in Fig. 2. The topology represents
a community composed of three household participants although it
can be expanded without losing generality. This section proposes a
battery charging & discharging mechanism which protects the battery
lifetime. Four EMSs are then proposed and compared under the same
system settings, i.e. identical PV/battery models, identical interfacing
converter topology and modulation strategies. The difference of these
EMSs is the different interaction scheme between parallel-connected
power generation units and loads.

2.1. Battery management strategy

The battery management strategy plays a critical role in coordi-
nating different generation units. It protects the battery lifetime by
imposing charging and discharging limits. These constraints also dictate
the PV power allocation as well as the power exchange with the utility.
The charging process for a battery cell can be composed of constant
current charging period and constant voltage charging period. The
charging rate for a battery source is restricted to the manufacturer’s
recommended charge/discharge rate (𝑃𝐵0) and the SOC level, following
the principles from (1) to (2) [34].

𝑃𝑐ℎ =

⎧

⎪

⎨

⎪

𝑃𝐵0 if 𝑆𝑂𝐶 < 𝑆𝑂𝐶𝑟𝑒𝑓

𝑃𝐵0𝑒
−

𝑆𝑂𝐶−𝑆𝑂𝐶𝑟𝑒𝑓
𝛿𝑆𝑂𝐶∕𝑘𝛿 if 𝑆𝑂𝐶 ≥ 𝑆𝑂𝐶𝑟𝑒𝑓

(1)
⎩
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Fig. 2. Structure of a full-power-electronics-based MG with three participants.

where 𝑆𝑂𝐶𝑟𝑒𝑓 is the threshold when constant voltage charging starts;
𝛿𝑆𝑂𝐶 is the range over which constant voltage charging occurs before
the battery is fully charged; 𝑘𝛿 is the charging rate time constant. Mean-
while, the real-time SOC of battery can be estimated by an ampere-hour
(𝐴ℎ) counting method as expressed below [35]:

𝑆𝑂𝐶 = 𝑆𝑂𝐶0 + ∫

𝑡

0

𝐼𝑏𝑎𝑡𝑡(𝜏)
3600𝐶𝑏𝑎𝑡𝑡

𝑑𝜏 (2)

where 𝑆𝑂𝐶0 represents the initial SOC, 𝐶𝑏𝑎𝑡𝑡 is the capacity of the
battery in 𝐴ℎ and 𝐼𝑏𝑎𝑡𝑡 is charging current in 𝐴. When a battery
discharges, the discharge rate is restricted by a maximum value, as
specified in (3).

𝑃𝐵−𝑚𝑎𝑥 =

{

𝑃𝐵0 if 𝑆𝑂𝐶 > 𝑆𝑂𝐶𝑙𝑜𝑤

0 if 𝑆𝑂𝐶 ≤ 𝑆𝑂𝐶𝑙𝑜𝑤
(3)

where 𝑆𝑂𝐶𝑙𝑜𝑤 is the lower threshold of SOC level, below which the
battery should stop discharging to prevent depletion.

The battery management strategy is important in the discussion of
EMSs. The defined specifications above should be complied with in the
following proposed EMSs.

2.2. Energy management strategies

Four EMSs are proposed in this section with the objective of main-
taining power balance within the MG. The power flow coordination
scheme among PV, battery, local loads and the utility grid, however,
varies in each EMS.

2.2.1. Strategy A - independent participants
Strategy A weakens the concept of the community as a whole

and encourages individual participants to interact with the main grid
directly. The local load is firstly supported by its own PV-battery system
and then supported by the main grid if there is power shortage. On
the other hand, any redundant PV power generation will be exported
to the main grid. PV panels are thus allowed to generate their maxi-
mum available power under maximum power point tracking (MPPT)
(represented in (4)), which maximizes its utilization. MPPT tracks the
maximum available PV power under varying ambient temperature (𝑇𝑎)
and solar irradiance (𝐼𝑟) [36].

𝑃𝑝𝑣 = 𝑃𝑀𝑃𝑃𝑇 (4)

Note that the battery is only charged by the local PV power gen-
eration and the main grid is only to support the local load (𝑃 ). In
3

𝐿

Fig. 3. Participant 𝑖 operation condition for one cycle under Strategy A with 𝑛
participants.

the coordination of PV and battery, sufficient PV power generation
can support its local demand and standard battery charging 𝑃𝑐ℎ. If
the PV generation reduces, the charging rate reduces and the battery
can even discharge power if PV generation alone cannot support local
load. To prevent the battery from becoming too-deeply discharged, the
battery discharge rate is restricted by 𝑃𝐵−𝑚𝑎𝑥 and any consequent power
shortage is met by the main grid. For the sake of simplicity, the reactive
power load (𝑄𝐿) is assumed to be equally shared by PV and the battery.
In a community MG composed of 𝑛 participants, the power distribution
of one participant 𝑖 for one cycle is presented in a flow chart, as shown
in Fig. 3.

2.2.2. Strategy B - community common sources
In Strategy B, the power generation from all PV-battery units is

treated as community common power supply. The power consumption
of all loads is supported as community common power demand. The
community batteries are charged by the PV power generation as a
whole and discharge to compensate for power shortage as a result
of insufficient PV generation. The power distribution among the con-
nected batteries aims to balance their SOC levels during the course of
operation, the scheme of which is explained below.

During the battery charging period, the distribution of total PV gen-
eration to parallel-connected batteries is inversely proportional to their
real-time SOC levels. During the discharging process, the discharge
rate is proportional to the SOC level and total discharging power is to
support the common demand. The battery power distribution strategy
can be represented by the following equations.

𝑃𝑏𝑎𝑡𝑡𝑖 ∝ 1
1 − 𝑆𝑂𝐶𝑖

𝑛
∑

𝑖=1
𝑃𝑏𝑎𝑡𝑡𝑖 =

𝑛
∑

𝑖=1
𝑃𝐿𝑖 −

𝑛
∑

𝑖=1
𝑃𝑝𝑣𝑖

𝑖 = 1,… , 𝑛 (5)
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Fig. 4. Participant 𝑖 operation condition for one cycle under Strategy B with 𝑛
articipants.

here 𝑃𝑏𝑎𝑡𝑡𝑖, 𝑃𝑝𝑣𝑖 and 𝑃𝐿𝑖 are battery power output, PV power output as
well as the local load of Participant 𝑖, respectively. Note 𝑃𝑏𝑎𝑡𝑡𝑖 > 0 when
discharging and 𝑃𝑏𝑎𝑡𝑡𝑖 < 0 when being charged. The power distribution
nder Strategy B can be represented as in Fig. 4.

.2.3. Strategy C - inter-unit PV power transmission
Strategy C tries to utilize the PV generation within the community

efore exporting to the utility grid. If a participant’s local PV generation
s sufficient to support its own load and maximum battery charging
ate, the redundant PV power can be distributed to its neighbours who
equire power inputs. Every participant can generate a power request
f its available PV-battery power supply cannot meet its local power
emand. If all loads are fully supported by the community sources,
he redundant PV generation is exported to the utility grid. In the
ase when community power generation is not enough to support the
ommunity load demand, the import from the utility grid will meet the
ower requests.

The power transmission between participants only occurs when two
riterion i.&ii. are met simultaneously:

i. Redundant PV power generation appears in one participant;
ii. A power request from the community is received.

here the requested power (𝑃𝑟𝑒𝑞𝑖) of Participant 𝑖 is determined by (6)
and the redundant power (𝑃𝑒𝑥𝑡𝑖) generated from Participant 𝑖 can be
determined by (7).

𝑃𝑟𝑒𝑞𝑖 = 𝑚𝑎𝑥(𝑃𝐿𝑖 − 𝑃𝑝𝑣𝑖 − 𝑃𝑏𝑎𝑡𝑡𝑖, 0) (6)

𝑃𝑒𝑥𝑡𝑖 = 𝑚𝑎𝑥(𝑃𝑝𝑣𝑖 − 𝑃𝐿𝑖 − 𝑃𝑏𝑎𝑡𝑡𝑖, 0) (7)

Correspondingly, the system condition for one cycle under Strategy
C is shown in Fig. 5.
4

Fig. 5. Participant 𝑖 operation condition for one cycle under Strategy C with 𝑛
participants.

2.2.4. Strategy D - critical load
Similar to Strategy C, the community PV generation in Strategy D

also has the responsibility in supporting community loads rather than
exporting to the utility. In addition, it takes into account the critical
level of load demand. If critical loads are identified in a participant,
they are prioritized in power distribution. Prioritized loads are firstly
supported by its local PV-battery generation, and can also be supported
by neighbours’ PV panels and batteries. Neighbours’ batteries are to
support power requests as long as their discharge rates are within the
constraint 𝑃𝐵−𝑚𝑎𝑥.

The power transmission between participants occurs under the same
criterion i.&ii. However, the exportable power from participant 𝑖 in-
creases for prioritized loads, which are represented by 𝑃𝑒𝑥𝑡′𝑖.

𝑃𝑒𝑥𝑡′𝑖 = 𝑚𝑎𝑥(𝑃𝑝𝑣𝑖 − 𝑃𝐿𝑖 + 𝑃𝐵𝑖−𝑚𝑎𝑥, 0) (8)

The power distribution algorithm under Strategy D is shown in
Fig. 6. In the flowchart, 𝑃𝑒𝑥𝑡′𝑖 is the exportable power of Participant 𝑖
to support prioritized loads; 𝑃𝑒𝑥𝑡𝑖 is the exportable power of Participant
𝑖 to support normal loads and 𝑃𝑟𝑒𝑞𝑖 is its power request.

A summary of the proposed four strategies is shown in Table 1,
where the main differences are listed.

3. Reliability analysis

In this section, reliability analysis in PV-battery-based MGs will be

discussed from different perspectives.
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Fig. 6. Participant 𝑖 operation condition for one cycle under Strategy D with 𝑛
participants.

Table 1
Features of unit interaction and battery SOC under the proposed EMSs.

EMSs Utility Mutual Mutual Balanced
support PV support battery support SOC

A � × × ×
B � � � �
C � � × ×
D � � � ×

3.1. Battery lifetime model

Since the life cycle of batteries in a hybrid power system plays a
significant role in system expenses, battery lifetime modelling is a very
important aspect. In a project shown in [7], the major stress factors
on battery damage were identified: discharge rate, time at low state of
charge, Ah throughput, charge factor, time between full charge, partial
cycling and temperature. In this paper, the common cycle counting
method is used to estimate the battery lifetime, by focusing on current
flow and SOC of the battery. The number of cycles to failure varies
with the depth of discharge. As a result, the battery damage during
a time period needs to be calculated by appropriate summation of all
individual conditions.

The specifications of cycle to failure of a battery are usually speci-
fied by the manufacturer. For a Trojan deep-cycle gel lead–acid battery,
5

Fig. 7. Cycles to failure at different depth of discharge (DOD) of a lead–acid battery.

the number of cycles to failure 𝑁𝑐𝑡𝑓 at different depth of discharge
(𝐷𝑜𝐷) can be seen in Fig. 7 (orange marker) [37]. Polynomial regres-
sion can be used to simulate the correlation between the two variables.
Using Matlab Polyfit function, the data shown in Fig. 7 can be modelled
with the expression below:

𝑁𝑐𝑡𝑓 = 59600 ⋅𝐷𝑜𝐷4 − 160640 ⋅𝐷𝑜𝐷3 + 156030 ⋅

𝐷𝑜𝐷2 − 65670 ⋅𝐷𝑜𝐷 + 11160 (9)

This fourth-order polynomial regression has a coefficient of determina-
tion 𝑅2 = 0.9997. The closer 𝑅2 to 1, the better the model predicts the
actual value. This model is plotted in Fig. 7 and it can be seen that the
predicted value matches with the actual value closely.

During operation, the battery can experience different levels of
discharge in each individual cycle. Each 𝐷𝑜𝐷 value corresponds to a
specific 𝑁𝑐𝑡𝑓 value and the loss of battery lifetime during the operating
period is defined as given below [38].

𝐿𝑂𝐿𝑏𝑎𝑡𝑡 =
𝐷𝑜𝐷=1
∑

𝐷𝑜𝐷=0.01

𝑁𝑐𝑦𝑐 (𝐷𝑜𝐷)
𝑁𝑐𝑡𝑓 (𝐷𝑜𝐷)

(10)

where 𝑁𝑐𝑦𝑐 (𝐷𝑜𝐷) is the number of full cycles at the specific depth-of-
discharge 𝐷𝑜𝐷. The end of life of the battery is reached when 𝐿𝑂𝐿𝑏𝑎𝑡𝑡 =
1. In order to count 𝑁𝑐𝑦𝑐 for a time period, the rain-flow-counting
method can be used.

3.2. Power electronics reliability

Given that DC–AC power converter is commonly used in DG in-
terfacing, its reliability modelling is analysed here. Similar to the
battery reliability model, converter reliability can also be assessed
by its lifetime consumption, which can be determined by converter
lifetime modelling and thermal performance monitoring. Because the
converter failures are dominated by the most vulnerable components,
semiconductor devices normally become the focus of reliability assess-
ment [29]. The junction temperature swing (𝛥𝑇𝑗) on semiconductors
is critical to their lifetime [30]. In power converters, the employed
semiconductor devices are insulated-gate bipolar transistor (IGBT) and
diode, whose lifetime model can be represented as given below [39].

𝑁 = 𝐴 ⋅ 𝛥𝑇 𝛼
𝑗 ⋅ 𝑒𝑥𝑝(

𝛽
𝑇𝑗𝑚 + 273.15

)𝑡𝛾𝑜𝑛 (11)

where 𝑁 is number of cycles to failure; 𝑇𝑗𝑚 and 𝛥𝑇𝑗 represent minimum
junction temperature and temperature swing of the cycle, respectively;
𝑡𝑜𝑛 is the heating time; 𝐴, 𝛼, 𝛽, and 𝛾 are constants obtained from long-
term lifetime tests. The lifetime consumption after an operating period
can then be calculated based on its thermal cycling:

𝐷 =
∑ 𝑛𝑡 (12)

𝑡 𝑁𝑡
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Fig. 8. The procedure of electro-thermal mapping in the power converter: (a) Diode
(b) IGBT (c) Look-up Table.

where 𝐷 is the thermal damage of the device under 𝑛𝑡 thermal cycles
during the operation period of 𝑡. 𝑁𝑡 is the number of cycles to failure
erived from (11) under the corresponding thermal cycles with 𝑇𝑗𝑚,
𝑇𝑗 , and 𝑡𝑜𝑛.

Since IGBT and diode experience different thermal profiles, the
hermal damage on each device needs to be calculated separately. The
otal thermal damage on a converter can then be represented by:

𝑐𝑜𝑛𝑣𝑒𝑟𝑡𝑒𝑟 = 𝑚𝑎𝑥{𝐷(𝑇 )
𝑔𝑇

, 𝐷(𝐷)
𝑔𝐷

}, (13)

here 𝑔𝑇 ∈ {1,… ,𝑀 (𝑇 )}, 𝑔𝐷 ∈ {1,… ,𝑀 (𝐷)} and 𝑀 (𝑇 ), 𝑀 (𝐷) are
numbers of IGBT and diodes in each converter; 𝐷(𝑇 )

𝑔𝑇 and 𝐷(𝐷)
𝑔𝐷 represent

the thermal damage on a single IGBT and diode respectively in the
discussed converter.

It can be seen that the thermal performance of a converter is
critical in its reliability assessment. It can be attained by directly
measuring junction temperature [40] or by electro-thermal mapping es-
timation [31]. Considering the requirement of costly temperature sen-
sors in direct measuring method, the electro-thermal mapping method
is adopted here, whose procedure is described in Fig. 8 [28]. The
thermal model of IGBT and diode should first be established, which
includes parameters for thermal impedances, turn on–off switching
energy, and V–I curves when conducting. Thermal impedances will in-
crease the junction temperature 𝑇𝑗 when dissipating power losses. The
steady-state junction temperature is mainly dependent on the thermal
resistance 𝑅𝑡ℎ while its dynamic behaviour is mostly dependent on
thermal capacitance 𝐶𝑡ℎ. The operating conditions that will affect the
junction temperature are: converter power flow, ambient temperature
and DC link voltage. The impact of DC link voltage is ignored here
for the sake of simplicity, while it can be included in future research,
as it will have influence on the losses. The thermal modelling helps
to develop a look-up table for 𝑇𝑗 monitoring. When the system in
operation, the 𝑇𝑗 profiles of every device can be obtained based on
real-time measured power flow and 𝑇𝑗 look up table. Ultimately, the
converter thermal damage profile can be created based on (11) to (13).

To identify all the thermal cycles during an operating period, rain-
flow-counting method can also be used to group the cycles with the
same specifications (𝑇𝑗𝑚, 𝛥𝑇𝑗 , 𝑡𝑜𝑛) [41]. The thermal damage on a
component is the sum of thermal damage from all thermal cycles
according to (12).

3.3. Reliability of power system

The power system reliability is measured as its ability to supply the
loads. This is usually assessed by adequacy indices like Loss Of Load
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Table 2
Specifications of PV and Battery in numerical analysis.

Parameters Participant1 Participant2 Participant3

PV 3 kW 3.6 kW 3 kW
Battery 20 Ah 24 Ah 20 Ah
𝑃𝐵0 3 kW 3.6 kW 3 kW
𝑉𝑏𝑎𝑡𝑡 150 V
𝑆𝑂𝐶0 0%
𝑓𝑠𝑤 (Converter) 10 kHz
IGBT (Converter) IGB20N60H3
Diode (Converter) IDV15E65D2

Expectation (LOLE) and Expected Energy Not Supplied (EENS) [42].
EENS is the amount of load that is not supplied due to power system
outage during the course of operation. In this paper, it is used for
evaluating the MG power system reliability, which is obtained by:

𝐸𝐸𝑁𝑆 =
𝑛
∑

𝑖=1
𝑃𝑖 ⋅ 𝐸𝑖 (14)

where 𝑃𝑖 is the probability of power outage during event i, and 𝐸𝑖 is
he energy not supplied in this event. The procedure of availability
rediction is discussed in [42]. A power system with lower EENS is
ore reliable as the amount of un-supplied load is lower.

. Power and energy flow

Simulations and numerical analysis are conducted based on the in-
roduced EMSs in the community MG as shown in Fig. 2. The simulated
G is composed of three household participants connected in parallel.
he power supply in every household is from a PV unit plus a battery
nit. The system specifications are summarized in Table 2. In addition,
he parameters of battery management are set as: 𝑆𝑂𝐶𝑙𝑜𝑤 = 20%,
𝑆𝑂𝐶𝑟𝑒𝑓 = 80%, 𝛿𝑆𝑂𝐶 = 10% and 𝑘𝛿 = 10. It is reasonable to assume
that every household within the community experience similar weather
conditions due to geographic proximity. The annual weather conditions
of the studied community are shown in Fig. 9(a), (b). Since PV panels
operate under MPPT, PV power output is dependent on the PV panel
rating and the local weather conditions (i.e. 𝐼𝑟, 𝑇𝑎). The PV rating is
designed in a way that the total annual PV energy largely equals annual
household energy consumption.

It is unlikely for different households to experience the same loading
profile. The detailed annual mission profiles for each household are
shown in Fig. 9(d) to (f) and the load is assumed to have a power factor
of 𝑝𝑓 = 0.9. Participant1 has an office-like load pattern. Participant2
and Participant3 has a household-like load pattern but at different
consumption levels. The PV rating in Participant 2 is higher due to its
higher annual energy consumption. Meanwhile, PV power generation
of Participant 1 and Participant 3 are identical due to their same PV
ratings (Fig. 9(c)). Note that the local data are collected on one-minute-
basis. In the following, the impact of different EMSs on the power flow
is presented.

4.1. Strategy A

The annual power sharing performance based on the proposed Strat-
egy A is shown in Fig. 10. The battery is charged for most of the days
when 𝐼𝑟 is high and discharges at night to support the load demand.
Because every participant is independent, they have their unique pro-
files of battery power flow (Fig. 10(a)) and SOC level (Fig. 10(b)). The
interaction with the utility grid is also shown in Fig. 10(c). The positive
values correspond to power injected into the community MG while
negative values correspond to power exported out of the community
MG.
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Fig. 9. Annual mission profiles: weather conditions, PV generation and local loads of
each participants in the microgrid.

4.2. Strategy B

The annual power sharing performance based on the Strategy B
is shown in Fig. 11. From Fig. 11(a), we can see that the battery
in Participant 2 has less power flow compared to Fig. 10(a). This is
because all batteries share the same target, which is to equalize SOC
levels while maintaining power balance. The reduction of power flow
through Batt 2 is compensated by Batt 1&3. The grid interaction takes
place when there is power imbalance after reaching the battery charg-
ing/discharging limits. Compared to Strategy A, participants have a
complicated interaction with the grid due to the aim of balancing SOC.

4.3. Strategy C

When a participant is allowed to transfer PV power to its neigh-
bours, the interaction of the community with the utility grid is supposed
7

Fig. 10. Annual MG performance of battery power outputs, SOC level and injected
power from the utility grid under Strategy A.

to reduce. Some redundant PV power will flow to support neighbours
load before exported to the utility. Conversely, the generated local
power requests will be met by neighbours PV power before sent out to
the utility. The simulation results based on the proposed MG settings
are shown in Fig. 12. It is found that these power distribution profiles
are the same as Strategy A. This finding is also proved by zero inter-unit
transmission record during the simulation period. This phenomenon
can be explained by the fact that there is no redundant PV power
available within the system when a power request is received. This
is usually the case when the installed PV panels are in geographic
proximity and the PV rating is related with the energy consumption.
Power requests are likely to be generated simultaneously across all the
participants and no redundant PV power is available at the same time.
However, if the installed PV in one participant has a higher rating,
inter-unit power transmission may be observed under Strategy C.

4.4. Strategy D

Since Strategy D allows batteries to support neighbourhood loads,
the chance of inter-unit power transmission increases. As a result, the
battery operation conditions and grid interaction performance will be
different from Strategy C. In the simulation, the load of Participant 1 is
classified as the high-priority load and batteries in Participant 2&3 are
thus required to support Participant 1. The power distribution results
are shown in Fig. 13(a)–(c) and the inter-unit transmission is shown
in Fig. 13(d). It can be seen that Participant 2&3 transfer power to
Participant 1 from time to time, while no transmission occurred for

normal loads.
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Fig. 11. Annual MG performance of battery power outputs, SOC level and injected
power from the utility grid under Strategy B.

5. Reliability analysis and discussions

In this section, the MG reliability will be discussed from different
perspectives: battery lifetime consumption, converter thermal damage
and system reliability. The evaluation of the proposed EMSs will be
based on the simulation results obtained in the last section.

5.1. Battery lifetime consumption

The operating condition of the batteries during one year operation
is recorded in their SOC profiles. The number of cycles across the
operating period at a specific DoD can be calculated based on a rainflow
algorithm. Fig. 14 has shown an example of cycle counting for the
battery in Participant 1 under Strategy A.

After obtaining the number of cycles, the damage to the battery,
which is mainly due to discharge depth, can be analysed. The lifetime
consumption analysis is shown in Fig. 15. According to the figure,
Strategy A and Strategy C experience the same power flow, which
leads to the same lifetime consumption on batteries. According to the
results, Strategy D also causes similar battery damage as Strategy A
due to the little power transmission between participants. The major
difference can be found in the performance under Strategy B, as shown
in Fig. 15(b). The battery in Participant 2 suffers 14% less damage than
other participants. In comparison, it suffers 14% more damage under
Strategy A.

It can be concluded that the contribution of energy consumption
level on battery lifetime consumption can be altered by the EMS.
Although Participant 2 consumes more energy, its battery unit will
suffer less damage under a different EMS, i.e. Strategy B. This can
8

Fig. 12. Annual MG performance of battery power outputs, SOC level and injected
power from the utility grid under Strategy C.

provide a new perspective in system design and maintenance planning.
Moreover, the asset ownership shall also be considered in decision-
making. Strategy B is more recommended to utility ownership rather
than the private ownership, since Participant 2 enjoys longer battery
service time with the sacrifice of neighbour batteries.

5.2. Converter reliability

Because different EMSs lead to different power flow through the
interfacing converters, the accumulated thermal damage on the con-
verters also varies. For a full-bridge three phase DC/AC converter, its
thermal damage can be estimated based on the lifetime model discussed
in Section 3.2. According to [39], the parameters of (11) are chosen as
follows: 𝐴 = 9.34 × 1014, 𝛼 = −4.416, 𝛽 = 1290, and 𝛾 = −0.3. PLECS
is employed to create the electro-thermal look-up table based mapping
on the specified semiconductor type. The rain flow counting described
in [41] is adopted here to estimate the converter damage based on the
annual mission profiles.

The converter annual thermal damage based on the simulated
power flow is shown in Fig. 16. It can be seen that the converter damage
behaves similarly when the participants are relatively independent
(Strategy A&C&D), according to Fig. 16(a), (c) and (d). Both PV2 and
Batt2 converters suffer from more damage than their neighbouring
counterparts, due to the higher energy consumption in Participant 2.
Meanwhile, the thermal damage on the battery converter is 37% higher
than PV converter in Participant 2.

However, Strategy B (Fig. 16(b)) causes dramatic damage reduction
on the battery converter in Participant 2. It drops to the same level
as other battery converters. It now suffers less damage than the PV
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Fig. 13. Annual MG performance of battery power outputs, SOC level and injected
power from the utility grid under Strategy D.

Fig. 14. Battery discharge cycles counting of DoD levels after one year operation in
Participant 1 under Strategy A for the mission profiles given in 9.

converter by 71%. This reduction can be explained by a closer look
on the battery power distribution.

A typical weekly power flow under Strategy B is shown in Fig. 17.
By focusing on a typical day in June (circled), the output power of
a battery under strategy A varies among different participants, where
Participant 2 discharges more power due to the higher power demand
and higher 𝑃𝐵−𝑚𝑎𝑥. The corresponding SOC level drops to the mini-
mum threshold quickly and then stays idle. By contrast, the battery
9

Fig. 15. Battery lifetime consumption measured by LOL index during one-year
operation for the mission profiles given in 9.

in Participant 1 discharges at a relatively constant rate until fully
discharged. This difference causes the variant thermal cycles and in
turn thermal damages on the battery converters as shown in Fig. 16(a).
As for Strategy B, all batteries within the community share the same
duty. The battery power flow is maintained balanced and the SOC levels
are kept as identical as possible. In the circled period, Participant 1&3
increases their power discharge to support the load in Participant 2. As
a consequence, the three batteries suffer similar thermal damages.

It is thus clear that the converter service time depends on the
local load level as well as the adopted EMS. At participant level,
the PV converter is to be replaced later than the battery converter
in Participant 2 under Strategy A&C&D, while to be replaced earlier
under Strategy B. At system level, the converter (e.g. Batt2 converter)
ageing can slow down under a different EMS (Strategy B). In summary,
the maintenance planning cannot effectively be scheduled without
considering the adopted EMS. Meanwhile, the electricity bills merely
based on power metering cannot reflect the real energy cost, where
the converter damage also plays an important role.

5.3. Power system reliability analysis

Power system reliability is assessed based on the incidence as-
sociated with the power outage, i.e. Expected Energy Not Supplied
(EENS) [43,44]. The impacts of utility grid forced outage rate (FOR)
and battery FOR are both analysed in this section. The PV and grid
failure rates are controlled variables when investigating battery fail-
ures. According to [45], the controlled variable is chosen as 0.05 of
FOR.
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Fig. 16. The annual thermal damage of converters during one-year operation for the
mission profiles given in 9.

5.3.1. Outage of utility grid
Because the utility grid provides backup power to the community

MG, its reliability level will affect the EENS suffered in the community
MG. Different annual outage hours of the grid are assumed and the
corresponding EENS are shown in Fig. 18. It is obvious that as the grid
failure rate increases, the annual load loss increases. Although the MG
has batteries as energy storage, it still suffers tremendously from load
loss in islanded mode.

In islanded mode, Strategy B causes more load loss in all the
participants because the power sources within the community exchange
power with the grid more often than other strategies. This coincides
with the finding in Fig. 11(c). It can also be seen that under Strategy
D, Participant 1 has a lower rate of change of EENS due to the extra
support from neighbours’ batteries. Note that its overall higher EENS
value under Strategy D can also be attributed to its reliance on batteries,
which has a FOR rate of 0.05 in this simulation.

In summary, Strategy B is not recommended for a MG connected to
a weak grid. Meanwhile, if there is critical load in the MG, an advanced
energy storage system is suggested, which can reduce the impact of grid
failure on power reliability.

5.3.2. Outage of batteries
Since battery lifetime consumption behaves differently under dif-

ferent EMSs, it further affects the power reliability of the system as
a whole. Different outage rates of the batteries are assumed and the
corresponding EENS is shown in Fig. 19. While the load loss increases
consistently as battery failure rate rises for Strategy A&B, Strategy
C has a (up to 220%) higher rate of change of EENS. In addition,
battery failure has a higher impact on critical loads, i.e. Participant 1,
10
Fig. 17. Weekly MG performance of battery power outputs and SOC level from the
utility grid under Strategy A&B.

Table 3
Reliability performance review of the proposed four EMSs.

EMSs Battery lifetime Converter System
consumption ageing reliability

A Correlated with energy consumption
level

–

B Balanced across network; Battery
units can save >50% lifetime in large
energy consumers

Up to 92% more load loss at a
higher utility grid failure rate

C Correlated with energy consumption
level

Up to 220% higher increase rate
of load loss at a higher battery
failure rate

D Correlated with energy consumption
level

Up to 7 times higher impact on
critical load supply

under Strategy D. These phenomena can remind the participant that
the system has more reliance on batteries under Strategy C&D but the
effect of Strategy C becomes more obvious under a higher failure rate.

6. Conclusions

This paper has analysed the reliability performance of a community
MG from multiple perspectives. The battery lifetime consumption and
converter thermal damage are used as the criterion on device level

assessment. Meanwhile, the EENS indicates the system level reliability.
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Fig. 18. Obtained system reliability with the annual EENS for four EMSs under varying
utility grid forced outage rate (FOR) from 0.05 to fully islanded.

The proposed four different EMSs are assessed from these three perspec-
tives and their impacts are thoroughly analysed and compared, which
can be summarized in Table 3.

It is found that the EMS can alter device lifetime consumption even
under the same level of load demand. Different EMSs also affect the
power supply reliability level under contingencies. This paper provides
a new perspective for MG management and maintenance planning.
Moreover, it suggests to the energy market operator that the device
consumption level and power supply reliability will play an important
role as the grid integrates more DG. Future studies can integrate
advanced optimization algorithms in the design of EMS. It can also be
developed into an on-line reliability assessment strategy which adjusts
the EMS in real-time to achieve higher cost efficiency.

Ethics statement
The authors hereby confirms that the submitted work is not related

to the animal and/or human subjects.
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Fig. 19. Obtained system reliability with the annual EENS for four EMSs under varying
battery forced outage rate (FOR) from 0.05 to 0.22.
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