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Abstract—Island-capable microgrids can potentially improve
customer reliability, but protection-related issues can adversely
affect this reliability benefit. At the same time, average annual-
ized indices often do not effectively convey a complete picture
of load-point reliabilities in microgrids integrated with multiple
weather-dependent microsources. The primary goal of this work
is to investigate the impacts of protection system and operating
conditions on the reliability indices of a microgrid. The proposed
method utilizes a short-term outage model that quantifies the
relationship between state variables and the outage rate of com-
ponent. A hybrid approach is proposed, which combines scenario
selection and enumerative analysis. Simulations on a test system
illustrate the dependence of operational reliability on factors such
as local meteorological conditions, correlation between variable
generation and loads, as well as the effects of protection system
operations. Finally, some recommendations on the parameter
settings of protection system are provided to enhance the system
reliability.

Index Terms—Microgrid, microsource, operating condition,
protection system, reliability, short-term outage model.

I. INTRODUCTION

HE penetration of microgrids has been on the rise in recent
years. While this phenomenon has been driven by many
factors, such as deployment of small-scale energy sources in-
cluding renewables, and avoidance of transmission and distribu-
tion expansion, perhaps the most compelling consideration has
been that of reliability. The availability of microsources (}1S)
at or near load points not only provide the obvious benefits of
both interruption rate and its duration [1], but also open up the
possibility of offering reliability- differentiated services.
Some researchers regard microgrid as a distribution system
with embedded 11Ss, which may operate in grid-connected or is-
landed mode. Therefore, indices defined for distribution system
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are still employed to assess microgrid reliability [2]-[4]. How-
ever, microgrid has unique characteristics in structure compared
with distribution system [5]. Thus, a series of new metrics spe-
cially designed for microgrid reliability is necessary and [6] is
such an example.

On the other hand, many ;+Ss in microgrid are intermittent and
their outputs are closely related to weather conditions, such as
wind speed and solar radiation intensity. Therefore, the avail-
able power of ySs for load recovery remains uncertain after
failure events. In [7], the contribution of wind energy to the re-
liability improvement is quantified based on the site conditions.
Similarly, in [8], the hourly mean solar radiation is used to an-
alyze the reliability of a single generation system. In addition,
storage is a vital part of microgrid, and the integration energy
storage system could significantly mitigate the negative influ-
ence of interruption [2], [9].

The existing literature related to microgrid reliability has
mainly focused on two aspects:

1) Reliability Evaluation of Distribution System with Micro-
grids [1], [10]. Microgrid point is distinct from load point
or traditional generation point. Therefore, the reliability as-
sessment of a distribution system with embedded 11Ss ne-
cessitates development of a suitable modeling and analysis
method for the microgrid. For example, a new concept,
namely, virtual power plant, is introduced to model micro-
grids in [10].

2) Reliability Assessment of Microgrid System [2]-[4], [6],
[11]. Compared with distribution systems, the restoration
process of microgrids after outage possesses its own char-
acteristics and the diversified ownerships of 12Ss should be
given due consideration. Microgrid operator is not respon-
sible for the customer who has no contract with the micro-
grid. In other words, customers may be treated unfairly in
the restoration process.

However, previous studies have failed to consider the effects
of microgrid protection on reliability evaluation process. Protec-
tion problem is still an important issue which should be prop-
erly resolved in a microgrid. Incorrect actions of protective de-
vices will reduce reliability of service. Moreover, the increase in
transfer capacity of a feeder will amplify its failure probability
[12]. We propose an efficacious approach to achieve accurate re-
liability indices while considering the state-of-the-art technical
level of microgrid protection.

The remainder of this paper is organized as follows: in
Section II, the grid mesh method is proposed to deal with
the scenario selection problem. Section III establishes the
short-term outage model for main feeder and lateral distributor.

0885-8950 © 2014 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
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Fig. 1. Hourly environmental temperature of a district located in Eastern China
in a specified year.

An enumerative analysis based hybrid approach is developed
in Section IV for the calculation of short-term reliability in-
dices. A case study is employed in Section V to illustrate the
performance of the proposed model and assessment approach.
Section VI provides some concluding remarks.

II. MODELING OF MICROSOURCES

1138 are usually viewed as alternative power sources after
failure events. Therefore, their available capacities will signif-
icantly influence customer reliability. However, many pSs in
microgrid are weather-dependent and their power outputs are
characterized as intermittent and even unpredictable. Here, two
widely installed ;«Ss, namely photovoltaic (PV) arrays and wind
turbine generator (WTG) respectively, are considered as two ex-
amples to address this problem.

The output of a photovoltaic array relies on its rated power
G rate, illumination S and environmental temperature £ [13]

Gg = g -)(E) - Grgte (D
rate

n(E) =1 - 0.0045 - (E — Eyqz.) )

where S, 18 the rated value of solar radiation, efficiency factor
n(E) is defined to quantify the impacts of F, and reference tem-
perature F,.,;. is commonly set to 25°C.

Similarly, wind turbine generator delivers rated power G,.q4e
only when the wind speed is within a special interval. Its opera-
tion modes can generally be divided into three stages according
to the wind speed V' [14]

g'f’ateav v ‘/rate S V< Vrco
G =4 Gl )y cV <V ()
0, otherwise

where V.;, V., and V,.,¢. are the cut-in wind speed, the cut-out
wind speed and the rated wind speed, respectively.

Due to the unprecise weather forecasting technology, the
available power of ;15s remains uncertain during the plan-
ning horizon. However, annual meteorological data follow a
statistical regularity. Fig. 1 shows the hourly environmental
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Fig. 2. Partitioning of the state space. (a) Two-dimensional space. (b) Three-
dimensional space.

temperature F(t) of H town located in Eastern China in a
specified year based on historical data.

All historical data including £/, S and V' can be obtained from
local meteorological department. Their combination is defined
as a scenario which is represented by o:

o= {E(t),S(t),V(t)}. 4

They are usually recorded per minute or several minutes in
the meteorological database. Therefore, the number of scenarios
N, is an extremely large value. To relieve the computational
load of the proposed model, a grid mesh method is employed in
each hour-period to implement scenario reduction.

First, the two-dimensional space in Fig. 1 is divided in the
following way:

+ The horizontal axis is divided into short periods (At)

which should not be less than the sampling time interval.

* The partition of the vertical axis is implemented by indi-

vidual step lengths represented by AE.

Second, a value E(%) is deployed for the rectangular space
shown in Fig. 2(a). All sampling values of temperature within
this space are set to F(t). Similarly, illumination S(¢) and wind
speed V(t) are handled in the same way.

Subsequently, the three-dimensional space in Fig. 2(b) is di-
vided into several cuboids. Each cuboid corresponds to a sce-
nario ¢ and only those cuboids with sampling values are in-
cluded in an hourly scenario set €1;. If scenario o}, has sampling
values of n(ay,), then

Z n{og) = i (k=1,2,...,n¢) %)

o€

where n. is the kinds of scenario in €2;.
Assuming €2 is annual scenario set, and /V,; is the total number
of scenarios, they are calculated as

Q=0 U U - Qg760 (6)
8760

N, = Z . (7
t=1
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Fig. 3. Part of microgrid system.

III. SHORT-TERM OUTAGE MODEL

A. Characteristics of Microgrid Protection

In microgrid, circuit breaker is commonly installed at point
of common coupling (PCC) and the interface points of 1:Ss, as
shown in Fig. 3. Compared with breaker, fuse is used much more
often as an additional protection and it is usually deployed at the
tie point in each lateral distributor.

The protection system isolates failure component so as to
limit failure impacts. However, 12Ss in microgrid have negative
influences on the operations of protective devices including re-
jection and malfunction. When a short circuit fault occurs on the
feeder L;:

+ The short circuit current through the main protective relay
at Pos; may be smaller than its setting value. Conse-
quently, the relay refuses to operate.

* Protection device at Posy may respond to the fault, re-
sulting in maloperation.

The problem of effective protective strategies continues to be

a topic of active research. This section will analyze the effects
of microgrid protection on customer reliability.

B. Failures on Main Feeder

Remark 1: A virtual setting value x4 is introduced for each
main feeder. It is different from the trigger value ;. The pro-
tection system operates only when state variable z is larger
than z,;.

It is assume that x,, follows a truncated normal distribution
and its mean value is set to z.¢. The probability density func-
tion of @,y is

(-’I;op - -’I;set)2

f($0P) 252

} . Top € [0,409).
(®)

Since jo+°° J(xop)dzoy =1, K = ®(z5:/8), where O(+) is
the cumulative distribution function of standard normal distri-
bution.

Furthermore, three parameters are introduced to describe
characteristics of microgrid protection.

Definition 1: Sensitivity factor « is defined to characterize
the ratio relationship between virtual setting value ., and
normal rating value x .

The ratio «, defined as “z,.¢/zx", is used to measure the
dependence of the protection system on state variables, such
as voltage and current. Since x4.; is a virtual value, another

1
=——cxp | —
V2ro K p{

0

Fig. 4. Probability density function of the trigger value.

variable xg is introduced to limit its range. In this paper, the
short term rating value, which indicates the feeder’s capability
to handle a short term operation following contingencies, is
chosen as xg. For instance, # and xs are the rated current
and maximum allowable current, respectively, when referring to
current protection. Thus, « lies within the interval (1, zg/xn).

Definition 2: Accuracy factor 3 is defined to measure the
action zone of the protective device

rs — TN

Since variance ¢ determines the amount of dispersion, the
curve shape of f(x,,) is dependent on (3, as shown in Fig. 4.
If 2404 /6 is larger than 3, then

2T et

fzop)dae, > 0.997. (10)

0

Thus, K can be regarded as | when af3 - zx/(xs — zn) is
greater than 3.

Definition 3: Reliability factor v is defined as the annual
probability of incorrect actions of microgrid protection, which
includes both malfunction and rejection (0 < v < 1).

Consider the following three events related to the protective
device:

A 2 > Zop (protection operates), shown as the
shaded area in Fig. 4;
2z < T,y (NO action);

A
B incorrect operation of protective device.

Assuming Fr.;(«) is the conditional probability of rejection
and P,,,.;(z) is the conditional probability of malfunction

Pinc(z)= Pr{A}-Pr{B|A} + Pr{A} - Pr{B|A}
=Pr(z > 2op) - Prej(z) + Pr(z < 24p) - Prar()

x +oc
= /f(wap)dwo;fPrej(ﬂﬁ)Jr / f(@op)daop Prnai(2)
0 bt
(11

where Pj,.(z) is approximately equal to “yA¢/8760”, which
represents the average probability of incorrect operations in a
short-term At.
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When z € [0,2x], ]Ur J(zop)dz,, is much less than
]jx f(zo,)dz,,. Furthermore, P,.;(z) is negligible if the
backup protection is considered. Equation (12) is derived:

Ln(, / f Lop drop mal( ) (12)

Thus, the operation probability of protective device P(z) in
At is calculated as

/]( Top dTop [1 P?”Gj /f Lop dTop mal( )

'yAf

1
8760 (13)

/f Lop d«Lop

P(z) contains two items: one is related to the correct action
when state variable exceeds the trigger value; the other is caused
by the malfunction of protection.

For a feeder that has been in operation until time 7', its outage
probability in the next incremental At is given

Pr[(T<t<T+At)N(t>T))
Pr(t>T)

_Pr(T <t < T+ At)

B Pr(t > T)

=\ - At + o(At).

Pr(T<t<T+At|t>T)=

(14)

In (14), A is the short-term outage rate of the feeder and it
determines the probability of a failure transition in A¢. Assume
that At is of the same order of magnitude as the repair time of
the feeder, the probability of multiple failure events occurring
on the same feeder during At is negligible, i.e., the infinitesimal
quantity of higher order o(At) is negligible.

On the other hand, the outage probability in At is the sum of
P(z) and random failure probability. Let Ay be annual outage
rate of component, A(z:) may be approximated as follows:

At
8760

)\(l)wp() ()‘0 8760) At:P()

At At

+ Ao - (15)

It should be noted that the second term in (15) corresponding
to random failure is not negligible.

In this study, voltage deviation AU and current amplitude 7
are chosen as the state variable «. Thus, A is evaluated in line
with (17):

AU = x 100%
A = max {AAU), A(I)}.

(16)
(17)

U — U]
Un

C. Failures on Lateral Distributor

According to the mean time to failure, outages that occur
on lateral distributor are divided into three categories: random
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Fig. 5. Time to failure of a lateral distributor.
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Fig. 6. Operation probability of fuse protection.

failure (I), outages caused by fuse operation (II) and instanta-
neous aging (III), as shown in Fig. 5.

Fuse operation is caused by abnormal temperature increase
which is fundamentally due to over-current through the lateral
distributor. Therefore, the action time A7’ is proportional to heat
or AT = I>. We assume that AT is expressed by a generalized
formula

AT(I) = (I - 1) 2+ AT,

I]V < 1 < IS- (18)

Since AT — 0 if I — oc, AT’ = 0. Furthermore, the curve
of function AT'(]) in Fig. 5 travels through points (/n, ATj)
and (Ig, AT). Parameters « and I’ can be calculated as fol-
lows:

Is — Iy 2
. = AT AT | ——————— 19
w=anti (5= 4
I,:\/AT(y]Nf\/ATl-IS (20)
VAT, — VAT,

where ATj represents the mean time to failure in normal con-
dition (MTTF) and AT} is the melting time when I = Ig.

On the other hand, the probability of fuse operation in the
short period At is mathematically described in (21) and graph-
ically illustrated in Fig. 6:

0, I <Iy
P(I) = { e, Iy <I<Is 21)
1, I>1Is.

Similar to the analysis on the feeder, the short-term outage
rate of the lateral distributor also contains two parts: fuse oper-
ation and random failure
At
AI) =

() 8760

P(I)
AT(T)

+ Ao (22)
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Given the repair process of the lateral distributor, only one
failure event is considered during At even if AT < At; hence,
(22) is modified as follows:

+ A At
0" 8760

_ P(I)
NI = max {AT(I), At}

(23)

The failure on the lateral distributor will contribute to the re-
liability indices of load points: 1) For the load point supplied by
this distributor, its average outage rate is summarized by A(I)
in (23). 2) Occasionally, the fuse fails to operate with a proba-
bility “1 — P(I)” when it is supposed to protect the distributor,
as shown in Fig. 6. In this case, the backup protection functions
and eventually causes the outages of some load points in other
lateral distributors, as measured by (24):

X (I) = (failure rate | fuse operates) x Pr{fuse operates}
+ (failure rate | fuse fails) x Pr{fuse fails}
=0x P(I)+ A(I) x [1 = P(I)]

=M1I) x [1 = P(I)]. (24)

IV. ENUMERATIVE ANALYSIS

In addition to the outage rate of customer, ©Ss can shorten
the average outage times at some load points.

A. Classification of Load Points

All failures types which have a contribution to the failure of
any load point are enumerated. Load point LP; is classified into
three categories according to its outage time ;. in a failure event
.(t=1,2,...,N,e=1,2,..., M, N and M are the number
of load points and the number of failure events, respectively):

1) rie = 0: LP; has no load lost.

2) rie = tgq (4 is the isolation time): LP; can be transferred
through 1S or the normally open transfer point.

3) rie = 1, (¢, is the repair time): LP; will lose power until
fault recovery.

If it is impossible to transfer all demands at a load point, the
outage time of this load point is approximated by

rie = (L— ;%) b + @:% - Ly (25)

where ;% is the percentage of recovered load.

B. Heuristic Sequence Approach for Load Recovery

There is a restriction on the load amount that can be trans-
ferred through ;+3s or the normally open transfer point. Two pri-
ority rules are used in determining the load recovery sequence:
electrical distance and load importance. It is attempted to first
restore an important load point that is within a short electrical
distance of an alternative power source. The electrical distance
Z;; is defined as the accumulated value of series impedances of
the feeders between LP; and alternative power source G;:

Zij = (Ri+jX)
A

(26)

where R; and X are the resistance and reactance of feeder /; A

is the set of the feeders between LP; and G ;.

A heuristic sequence approach based on the electrical dis-
tance is designed and detailed steps are given as follows.

Step 1) Determine the available capacity of G; during Af.
For ;LS, GJ‘ is (1 — AgAt)GS or (1 — AgAt)GpV,
here A is its outage rate; For the transfer point or
PCC, G is limited by the capacity of feeder.

2) Generate the load recovery sequence for each G;
according to |Z,;|. For load points with the same
|Zi;], the important one have a higher priority be
recovered.

3) If G; = 0, go to step 6; otherwise, go to step 4.

4) IfG; > d,;(l—.’l?i%),Gj = Gj—di(l—l‘,j%),aj.,;% =
1 and then go to step 5, here d; is the load demand
of LP;; otherwise, ;% = ;% + G /d;-100%, and
go to step 6.

5) ¢ = ¢+ 1, or move to the next load point in the
sequence of (;; and then go to step 3.

6) If 1 < Ng (Vg is the number of alternative power
sources), then j = j + 1,4 = 1, and then go to step
3; otherwise, end the process.

Step

Step
Step

Step

Step

C. Short-Term Reliability Indices

Load point requires all components between itself and the
power supply point to be operating normally. Consequently, its
average short-term outage time w, average failure rate £ and
outage time 7 are calculated by (27), (28) and (30) respectively:

wi 711 12 T1M A1
wo _ 721 22 7”‘2.1\;1 . )\2 (27)
wN N1 TN2 TNM Am
M
& = Z)\e hire), (i=1,2,...,N) (28)
e=1
1, Tie = 0
h(fie) — { 07 Tie = 0 (29)
Wi
= —. (30)
&

Short-term reliability indices for microgrid system are de-
fined in line with the ones utilized for distribution system, such
as system average interruption frequency index (SAIFT), system
average interruption duration index (SAIDI), and energy not
supplied index (ENS) [15]. Their corresponding expressions can
be described as follows:

SAIFI = i <n(gk) . M

k=1

N ZN wilog) - my;
SAIDI = nloy) - ==L ) (32)
; ( * Z?:l m;
N, N
= Yoing di(ow) 'Ti((fk,))
ENS = n(og) - : (33)
; ( ' ZZN:I myq

where m; is the number of customer at LP;.
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Step2 ‘ Calculate uS output and analyze power flow ‘
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e e
| Step4
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|
|
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:|Sh0rt-term outage rate of load poim‘ ‘ Average outage time of load point ‘

Fr Fromm e |

StepS I Calculate o, ¢ and r based on equations (27), (28) and (30) l

Sy

Step6 k> N7 NO
YES

Step7 I Evaluate reliability indices according to equations (31)~(33) ‘

Fig. 7. Flowchart of the evaluation procedure.

D. Solution Process

Enumerative analysis embedded in a heuristic sequence ap-
proach is employed to evaluate the operational reliability of the
microgrid. The flowchart of the solution process is shown in
Fig. 7 and the solution steps are as follows.

Step 1) Generate the scenario set 2 by the grid mesh method
in Section IT and determine n(oy, ) for each scenario.

Step 2) Calculate power outputs of 11Ss based on meteoro-
logical data and analyze power flow.

Step 3) Enumerate M kinds of failure events which con-
tribute to customer failure.

Step 4.1) Calculate the short-term outage rate of feeders
and lateral distributors based on the analysis in
Section II; then, evaluate their impacts on load
points, which is measured by A.(e = 1,2,... M).

Step 4.2) Recover from loss of load by using the heuristic se-
quence approach proposed in Section IV; and then,
analyze average outage times of load points accord-
ing to their classification, as explained in Section ['V.

Step 5) Calculate the short-term reliability indices of load
points by (27), (28) and (30).

Step 6) Check whether all scenarios have been analyzed.

Step 7) If “No”, move to the next scenario; if “Yes”, eval-
uate the short-term reliability indices of microgrid
system based on (31)—(33).

V. CASE STUDY

A. Test System

The benchmark system in [16] with some modifications is
employed as the test system and detailed distributions will be
given in the following sub-sections.
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Fig. 8. Benchmark 0.4 kV microgrid network.

TABLE 1
PARAMETERS OF MAIN FEEDER
No. | R(Q/km) | X(Q/km) | C(nF/km) | L(km) |Iy(A) | Is(A)
Ly 0.579 0.367 9.93 0.282 100 125
L, 0.164 0.113 413 0.442 100 125
Ly 0.262 0.121 405 0.061 50 63
Ly 0.354 0.129 285 0.056 38 48
Ls 0.336 0.126 343 0.154 38 48
Lg 0.256 0.130 235 0.024 38 48
Ly 0.294 0.123 350 0.167 38 48
Lg 0.339 0.130 273 0.032 50 63
Lo 0.399 0.133 302 0.077 38 48
Ly 0.367 0.133 285 0.033 38 48
L 0.423 0.134 310 0.049 38 48
Ly 0.172 0.115 411 0.130 50 63

a) Network: This system comprises 11 nodes, 12 feeders
and 10 load points. Fig. 8 shows the one-line diagram of the
system, which has two tie lines, Lg and L.11. Feeder parameters
are listed in Table I, in which feeder length is reduced to 1/10
of the parameters specified in [16]. For lateral distributors, their
lengths are 0.05 km. Iy is set to 30A for /; and 25A for others.
Ig is set to 60A for /1 and 50A for others.

Reference voltage is 0.4 kV. AUy and AUg are set to 5%
and 10%, respectively.

b) Customer and load data: Table II lists the peak load at
each load point. Two typical customer types, namely residential
and commercial loads respectively, are simulated and their typ-
ical daily load profiles are displayed in Fig. 9.

¢) Microsources: Three types of uSs with total capacity of
34 kW are deployed in the system, as described in Table II1. En-
ergy storage system does not generate power in grid-connected
mode. S,qze is 1000 W/m2. Vei, Viate and V., are set to 2.5
m/s, 10 m/s and 18 m/s, respectively. Annual wind speed and
illumination are shown in Fig. 10.

d) Reliability data: Table1V lists the reliability parameters
of components. In addition, « is set to 1.6 for AU and 1.16 for
I, 3is 6 and -y is 0.001.

B. System Reliability

In Table V, five cases are designed for comparison: peak load
value is used in Case 3 and Case 4; and ;S capacity is used
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TABLE II
LOAD PARAMETERS
Residential Commercial
Node
No. Load value Number of Load value Number of
/kVA customers /kVA customers ‘
1| 7504155 50 2.50+-0.50 2 woTTR AR S
Hour (h) Hour (h)
2 - - - - (@) ®
3 2.76 +j-0.69 50 2.24+;-1.39 2 . . . L
Fig. 10. Annual meteorological data. (a) Wind speed. (b) Illumination.
4 4.32+;-1.08 50 — —
5 7.25+,-1.82 50 — —
TABLE V
6 5.50+,-1.38 50 — — FIVE CASES UNDER DIFFERENT CONDITIONS
7 — — 0.77+;-0.48 2 Sh
8 5.88+;:1.47 50 _ _ Conditions ort-rts(r)r;le;)utage Operating condition | pSs included
9 — — 5.74+j-3.56 2 Case 1 Yes Yes Yes
10 | 4.77+;-1.20 50 0.68+,-0.42 2 Case 2 No Yes Yes
11 3.31+;:0.83 50 — — Case 3 No No Yes
Case 4 No No No
100 100
9% 9% Case 5 Yes Yes No
80 80
10 1 TABLE VI
pog 60 p, 60 COMPARISON OF SYSTEM RELIABILITY INDICES
50 50
" " Reliability SAIFI SAIDI ENS
i i indices (int/cus-yr) (hr/cus-yr) (kWh/yr)
4 5 Case 1 0.2137 0.0963 2.2793
1 o 10 e nerciiiicall Case 2 0.1684 0.0861 2.1009
Residential Load “ommercial Load
0 4 8 12 16 20 24 0 4 8§ 12 16 20 24 Case 3 0.1684 0.0881 4.4586
Hour (h) Hour (h)
Case 4 0.1684 0.2070 10.7790
Fig. 9. Typical load profiles: residential load and commercial load.
Case 5 0.2426 0.2360 5.1475

TABLE III
LOCATIONS AND CAPACITIES OF MICROSOURCES
Node No. Type of uS Grate KW
3 Photovoltaic 4
5 Photovoltaic 5
6 Wind turbine generator 9
8 Energy storage 10
10 Photovoltaic 6
TABLE IV
COMPONENT RELIABILITY DATA
Component (or System) 2o t, ty
Power utility 0.015 /yr 8h 0.2 h*
Microsources 0.2 /yr — 0h
Main feeder 0.1 /yrkm lh 0.1h
Lateral distributor 0.2 /yrkm lh 0.01 h**

* is the required time for switching to islanded mode; ** is AT} .

in Case 3. The concept of operating condition here includes
two meanings: meteorological condition and load demand with
time-varying characteristic.

The simulation results in Table VI indicate that:

1) SAIFIis determined by component failure rates; therefore,
the cases without considering the short-term outage model
have the same value for SAIFI, such as Case 2, Case 3 and
Case 4. However, SAIFI deteriorates when the protection
effect is considered (Case 1 and Case 5). In addition, the in-
terruption frequency in Case 1 is lower than Case 5. This is
due to the improvement of power flow distribution caused
by adding ;:Ss in Case 1.

2) The uS has a positive effect on the interruption duration
and loss of load which can be verified by comparing Case
1 with Case 5, or also the difference between Case 3 and
Case 4.

3) Case 3 is related to the conventional approach widely used
in microgrid reliability evaluation. Compared with the pro-
posed approach (Case 1), it underestimates the interruption
frequency. In addition, it achieves a pessimistic conclusion
about ENS owing to the fact that peak values of loads are
used.

4) Case 4 corresponds to the distribution network without any
15. More customers inside it are suffering a high risk of
outage compared with Case 1. Also, Case 4 underestimates
the interruption frequency due to the fact that the effects of
protection system are neglected.
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TABLE VII
Two CASES WITH DIFFERENT TYPES OF MICROSOURCES

. Meteorological
Conditions uS type condition Load
Case 6 PV and WTG Yes All commercial
Case 7 All PVs Yes All commercial

z n(ak)a)i (/h)

Load Points

Fig. 11. Average annual outage times of load points in four cases.

C. uS Dpe

Case 6 and Case 7, as described in Table VII, are designed to
investigate the influence of different 1S types. The results are
compared in Fig. 11.

Some inferences are deduced as follows:

1) Reliability improvement will benefit most of the customers
in microgrid according to the comparison between Case 1
and Case 4. However, the development of microgrid has
limited effects on load point closed to the main source (i.e.,
LP,).

2) Bus No. 8 is selected as the slack bus in the islanded mode.
Therefore, customers near this bus can have a relatively
high expectation on reliability improvement, such as L.P7
and LPg in Case 1, Case 6 and Case 7.

3) Compared with Case 6, Case 7 changes the 145 at No. 6 bus
from a wind turbine generator to a photovoltaic array. It can
be concluded that all customers in Case 7 have better in-
dices. It is because the characteristic of PV output is tightly
fitted to the daily load curve of commercial load. In other
word, the types of 1S should be elaborately designed ac-
cording to the load profile of each point while planning the
microgrid system.

D. Meteorological Condition

The meteorological data given in Fig. 1 and Fig. 10 is col-
lected in H town (Eastern China). If this microgrid is located
in G town (Southern China), reliability indices are compared in
Fig. 12.

The following conclusions could be easily drawn from this
comparative study:

1) Even for microgrids with the identical network, 1:Ss and
load demands, we could not expect the same reliability
profit. It is because that the operation of microgrid is also
related to the meteorological condition at its location.

IEEE TRANSACTIONS ON POWER SYSTEMS

Il H town
] Gtown ™|

0.025

SAIFI

15

N
o
Y

Fig. 13. Monthly load demand of LP; .

2) The same level of reliability cannot be expected all the year
around. As shown in Fig. 12, this microgrid system has the
highest reliability in February.

E. Fuse Protection

Fuse may operate when load demand exceeds the capacity of
lateral distributor. This subsection will analyze the impacts of
load fluctuation on reliability computation. Assuming the load
demand is normally distributed as N (, ) around the projected
demand 4, and the variance ¢ is set to /10, the simulation of
LP; in one month is given in Fig. 13. In addition, load rate ( is
introduced to reflect the safety margin of lateral distributor

¢ =2 < 100%.
IzV

Let A represent the contribution of fuse action to the average
failure rate of LP; (£7) and it is calculated by

4o
. N2
A= / /\(_I) - eXp [— %] df
Vore 2e
Iy

Ig

(34

I-TIx 1 1 [

~ / Is—In max{AT, At}
In

—(I_”’)Q] dr.

21e 2e2

(35)

Subsequently, &1 is evaluated by (28) and its function of ¢
and ¢ is described in Fig. 14. The contours beneath the surface
indicate the ranges of { and ¢ to keep &; in a certain level. For
example, If ¢ is larger than 0.78 (¢ = 2.5 A), the short-term av-
erage failure rate of LP; reaches 0.0038 /h and then increase sig-
nificantly. Therefore, a warning that lateral distributor /; needs
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Fig. 14. Average annual outage times of LP; .
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Fig. 15. Relationship between system reliability indices and .
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Fig. 16. Relationship between system reliability indices and .

to be replaced by a line with thicker conductors should be sent
to the operator.

F. Protection System

Results in Fig. 15 indicate that system reliability deteriorates
along with the increase of reliability factor «. It is necessary
to decrease incorrect probability of protective devices. Other-
wise, the benefit of microgrid development on customer relia-
bility will degrade.

To decrease malfunction probability of protection system,
T se¢ should have a margin away from z, as given in Fig. 16.
Furthermore, protection system has no positive effects on reli-
ability improvement on the condition that the repair time is set
to the same value for outages caused by various reasons.

1-6 T T T T T T T 8
1 1 1 1 1 1 1
1 1 1 1 1 1 1
1 1 1 1 1 ' '
: : ! ) : —-©—SAIFI
1.2( ___I____‘|‘___T____l'____l___'+SA]DI ——_“6
| | l | —E-ENS
| i i |
1 ]
I
1
1
1
]

SAIFI / SAIDI
ENS (KWh/yr)

Fig. 17. Relationship between system reliability indices and 3.

The results in Fig. 17 imply that system reliability improves
as the increase of 3. The action zone of the protective device
should be limited to a certain range. Otherwise, the outage fre-
quency of customer will increase.

In conclusion, the accuracy, sensitivity and reliability of mi-
crogrid protection system need be improved in order to benefit
customers inside it.

VI. CONCLUSION

This paper investigates the reliability evaluation issue in mi-
crogrids. The proposed approach is based on a short-term outage
model which is specially designed for main feeder and lateral
distributor. The evaluation results for the test system demon-
strate that both the frequency and the duration of interruptions
could be affected by operating conditions. Furthermore, the pro-
posed reliability evaluation strategy provides a feasible solution
to quantify the effects of incorrect actions of protection system
on the reliability assessment.

However, this paper ignores the diversity of failure effects
caused by different factors, such as protection system and
random failure. In addition, it was assumed that a component
can be repaired in a specified short period without considering
whether maintenance work can be carried out or not.
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