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This paper proposes a load shedding model for the island microgrid based on the ranking of loads and the power stability index
(PSI). Loads are ranked based on the improved analytic hierarchy process (AHP) algorithm. Real-time measurement systems have
the function of collecting data for very important, important, and less-important loads at each bus load. From this data, the
improved AHP method is applied to rank the loads. The advantage of this method is that the subjectivity is eliminated and not
depending on the expertise of the system operator when implementing the traditional AHP method. Besides, the minimum
amount of load shedding power is calculated, taking into account both primary and secondary control methods. The objective
is to minimize the impact on power consumers and ensure that the frequency returns to an acceptable range. In addition, when
implementing load shedding, voltage quality, and stability are considered. The PSI serves as a crucial parameter for assessing the
voltage stability of microgrid buses. This index is combined with load ranking weights to obtain combined weights for the load
shedding plan. Consequently, the proposed load shedding plan prioritizes minimizing damage to customers, improving voltage
quality and stability, and ensuring frequency is within permissible limits. The 16-bus microgrid system is applied to compare with

traditional methods and to prove the efficiency of the suggested technique.

1. Introduction

The development of the world’s economy has put the oper-
ating state of the power grid very close to its stability limit.
Therefore, when unexpected situations occur, such as gener-
ator and transmission line outage, the grid operates in island
mode, and the load changes suddenly.

These situations can lead to frequency instability or col-
lapse and consequent power outages. Moreover, today’s power
grid is more complex due to the appearance of new loads and
generators requiring a higher level of safety and stability. Fre-
quency stability is defined as the ability of the system to keep
the frequency in allowable limits on all buses after a failure.
There are many methods to keep the frequency stable in the

system, such as: primary frequency control, secondary fre-
quency control, voltage regulation, resistance-reactance coop-
eration, flexible AC transmission systems devices, and so forth.
In such situations, the solution of load shedding is considered
as a last line of defence to keep the system frequency stable and
restore the frequency to an acceptable range [1-3].

Load shedding methods correspond to different opera-
tion goals. In which, the two main concerns are the economic
aspect and the technical aspect. Awad and Hafez [4], Horri
and Mahdinia Roudsari [5], Shen et al. [6], and Hussain and
Shakir Al-Jubori [7], technical factors such as frequency and
voltage quality were focused on, while economic issues such
as compensation for damage caused by disconnected loads
have not been mentioned. Besides, the voltage quality after
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load shedding has not yet been carefully considered. Mogaka
et al. [8] and Le et al. [9], the authors optimally solved the
problem of economic damage caused by the load reduction,
meeting the economic aspects of the problem. However,
power quality issues from a technical perspective still have
not been effectively evaluated.

In the competitive electricity market, suppliers and cus-
tomers can be proactive in cutting the load with a plan or
optimizing load shedding to minimize risks affecting the
interests of both parties. To do that, the loads in the system
must be calculated and prioritized appropriately. Moran [10]
and Shi et al. [11], the microgrid system with smart meters
continuously sent parameters describing the status of the
power system at each interval.

From those parameters, the system will continuously
evaluate and classify which load is the priority type of power
supply and which load is the priority to be removed when
system failure occurs. Nawaz et al. [12] load characteristics
and structures have been considered and classified based on
the characteristics and customer demands for each load, and
schedule operations to optimize operating costs in the
microgrid.

Besides, the solutions to improve the voltage stability and
quality in the power grid are also studied. Wang et al. [13],
the authors presented an adaptive dynamic programming
method based on the wind/solar equivalence model and Bell-
man principle to solve the problem of optimizing the control
variable, and correctly adjusting the voltage in real time.
Power electronics technology has strongly developed and
has many applications in improving the stability of power
systems. Reducing current can help reduce voltage loss and
improve voltage stability and quality. Line resistance and
reactance play a very important role in voltage stabilization.
A method of determining the stable region based on the line
impedance—admittance cooperation for grid-tied inverters in
weak grids has been presented in Rui et al. [14]. There, the
line impedance matching stable region was solved by Kro-
necker sum-based map theory. This leads to a simpler calcu-
lation process. However, these methods have not yet delved
into the power system frequency stability analysis and prior-
itized load considerations.

The determination of power electronics location such as
static VAR compensator (SVC) to improve voltage stability
has also been shown in Aydin and Gumus [15]. This study
presents a multicriteria decision making technique based on
the analytic hierarchy process (AHP) algorithm to determine
the optimal location of SVC. However, the problem of estab-
lishing a judgment matrix between the criteria of the AHP
algorithm is built on the opinion of the power system opera-
tor. This matrix is used to determine the priority weight of
the implementation decision. As a result, subjectivity still
exists and depends on the level of knowledge of the experts
who operate the power system.

A load shedding technique based on frequency and volt-
age stabilization is presented in Nahid-Al-Masood et al. [16].
This study presents a load shedding method to improve the
frequency response of low-inertia power grids by achieving
voltage stability. Voltage stability is determined based on the
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reactive power margin and that is the basis for determining
the amount of load shedding power. The distribution of load
shedding power is done according to the principle: the
weaker the bus voltage stability is, the higher amount of
load shedding power is. However, this study has not yet
considered the ranking and shedding of priority loads.

The ranking for load shedding is also a matter of interest
to many researchers. In the paper Bajaj et al. [17], the AHP
algorithm is applied to evaluate the power quality of dis-
torted distribution networks. The cause of the distortion is
due to the presence of renewable energy DGs. The power
quality in this paper is evaluated based on the construction of
the unified power quality index to evaluate the overall power
quality of individual buses and the entire distribution grid.
The evaluation parameters include: voltage harmonics, volt-
age unbalance (VU), voltage sag, and steady-state voltage
characteristics.

The AHP algorithm is also studied and applied widely in
the field of power quality analysis and assessment. Bajaj et al.
[18], the authors presented a method to apply the AHP algo-
rithm to rank the voltage quality of the intelligent distribution
grid. The proposed method in that paper has built a process to
evaluate the overall voltage quality in the distribution grid by
building a single voltage quality index. Scores for all voltage
quality related phenomena are calculated using the AHP algo-
rithm considering multiple consumer impact criteria. These
phenomena include: voltage fluctuation (VF), voltage har-
monic distortion (VHD), VU, and so forth. In large power
grids, through supervisory control and data acquisition sys-
tems, parameters of these phenomena are collected and pro-
cessed as a basis for experts to make judgments and build
judgment matrices. Therefore, this method can be applied to
large power grids of any size, and the matrix size M will change
according to the number of buses of the grid. However, this
AHP method still has disadvantages. That is, the judgment
matrix M in this article is still built, establishing pairs of impor-
tant judgments that are still based on expert opinions and are
subjective and have not gone into deep data analysis.

The authors of the papers [19, 20] present a simplified
method of power quality assessment by combining the
important power quality index in different bus groups into
a single composite indicator using the AHP methodology.
This method is well suited for power quality assessment of
systems with renewable energy sources integrated into the
grid. In such systems, parameters such as VFs, VHD, current
harmonic distortion, frequency fluctuations, VU, power fac-
tor, and steady-state voltage profile are designed as compo-
nents of decision matrix for load bus, DG bus, and grid bus,
respectively. The AHP method was applied to calculate the
power quality phenomena importance scores of these matri-
ces. From there, the composite index is calculated.

Although these methods calculate the consistency ratio
index to evaluate whether the judgment matrix or decision
matrix satisfies the requirements of the AHP algorithm. But
in reality, the construction of the judgment matrix to calcu-
late the AHP algorithm of these methods is based on surveys
of customers, suppliers, or on the opinions of experts and
system operators. Therefore, these results may be somewhat
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subjective and depend on the operator’s level of knowledge and
expertise in electrical systems. The traditional AHP algorithm
is applied to find the overall critical score of all power quality
and voltage phenomena. This shows that this method is very
reliable in the field of rating and evaluating the quality of dis-
tributed network, especially distributed power systems with a
high level of integrated renewable energy. However, one of the
main drawbacks of the traditional AHP method is the potential
for expert bias. This is because the decision-making process
heavily relies on the input and opinions of the proposer who
may be influenced by personal biases, experiences, and beliefs.
Therefore, the final decision may not reflect the objective reality
of the situation, leading to potentially suboptimal outcomes.
Furthermore, the traditional AHP method assumes that the
decision criteria are independent of each other, which may
not be the case in complex decision-making scenarios. This
can lead to a skewed or inaccurate representation of the deci-
sion problem and ultimately result in a poor decision outcome.
Hence, it is crucial to be aware of these limitations and to take
steps to mitigate the potential for proposed bias in the AHP
decision-making process. This can include incorporating mul-
tiple perspectives and sources of information, conducting sen-
sitivity analysis, and using improved AHP models that account
for interdependent criteria. Ye et al. [21] it has proposed the use
of AHP algorithm to shed the loads in order to steady the
voltage of the system. However, this method relies heavily on
expert opinions from other platforms, so it is subjective. Rosli
et al. [22], a method of ranking and load bus shedding using
modified discrete evolutionary programming and AHP algo-
rithm is proposed. This method ranks the load buses with the
smallest power inequity and the smallest stability index. The
article has proposed a ranking and load shedding model with
good results, but this model sheds the entire load bus. In prac-
tice, this is not satisfactory. Because each load bus includes
many feeders and many types of important loads.

In this paper, we propose a load shedding model for the
microgrid based on the ranking of the shedding loads and the
PSI. The ranking of loads for shedding in the microgrid is
done by the improved AHP algorithm. The PSI helps to
improve voltage stability at the bus loads. The minimum
load shedding capacity for frequency recovery is also com-
puted. The combined weights at the load buses are calculated
to deliver the appropriate amount of load reduction power to
each load node. This delivery improves voltage quality and
minimizes damage to power consumers.

In order to fulfill the imperative of minimizing adverse
impacts on electricity consumers during load shedding events,
it is crucial to objectively assess the prioritization of loads
while concurrently enhancing voltage quality. Consequently,
a method for prioritizing loads based on an improved AHP
algorithm and the power stability index (PSI) has been intro-
duced, with the following key advantages delineated:

First, the load shedding process incorporates a systematic
ranking of loads for shedding. This ranking is predicated on
the proportion of various load types—namely, very impor-
tant, important, and less-important loads—situated on a
specific load bus. To establish this ranking, an enhanced
AHP algorithm, augmented by statistical and Spearman
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FiGure 1: Activate primary, secondary, and tertiary control after
power imbalance.

correlation techniques, is employed to formulate a correla-
tion matrix between load type criteria. This matrix, in turn,
facilitates the computation of weights (denoted as W;;) for
prioritizing loads to be shed. This approach effectively miti-
gates the subjective limitations inherent in the traditional
AHP method, which is reliant on the interpretative acumen
of experts or power system operators.

Second, a rigorous assessment is made to ascertain the
minimum amount of load shedding power required. This
computation duly accounts for both primary and secondary
control mechanisms of generators. The objective here is to
minimize the quantum of power curtailment necessary,
thereby mitigating the adverse consequences on customers,
while concurrently ensuring that the frequency is reinstated
within permissible thresholds.

Third, the quality and stability of voltage across the
microgrid network are methodically factored into the distri-
bution of load shedding power. The PSI serves as a critical
parameter for the comprehensive evaluation of voltage sta-
bility at various buses within the microgrid. This holistic
consideration ensures a judicious allocation of load shedding
power while preserving voltage quality and stability.

2. Optimizing the Amount of Shedding Power

When the microgrid system has a problem of interruption to
the utility or power grid, the generating capacity is smaller
than the load capacity, and is not enough to supply the
demand for use. That leads to a quick decline in frequency.
The activation of primary, secondary, and tertiary control
after power imbalance is shown in Figure 1. Monitors and
controllers will immediately operate to restore the frequency.
After performing frequency control processes and it is nev-
ertheless outside the allowable bounds, the last thing to do is
to reduce the amount of power consumption. This amount of
power is calculated according to Equation (1) [23, 24]:

Pgpea= 2P1j = Pg,, — P,.i = Pa, — DX (=A®a10w)

_Afélllow
—Pgi-2X——

1

- APSecondary ’
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FiGure 2: Improved AHP algorithm calculation process.

where Pgp.q is the amount of minimum load power to be
shed. Py; is the real power of the j load unit. Pg, . Pyind,
Par are the energy of storage, wind turbine, and solar
power, respectively, these forms of energy are considered
as negative loads. Pg; is the capacity of the ith generator
belonging to the supply machinery, with a regulator or speed
controller of distributed generation. DX (— Awyoy) is the
active power variation of load depending on the frequency
adjustment. Afyow =f, —fanow 1S the allowable frequency
change value. APscondary = 211 PG, i = APprimary, i 18 the total

power value of the secondary control. APpmary = 3. %fl is the

total power that can be realized in the primary control. R; is
the permanent droop (pu) of ith diesel generator

3. The Load Shedding Ranking in the Microgrid
is Established Based on the Improved AHP
Algorithm and the Power Stability Index

The load ranking in the microgrid is very important in
ensuring power supply reliability for the critical loads or
very important loads and the highest ranking in the system.
The loads in the microgrid are classified or sorted into three
types: very important, important, and less important load
groups [25].

Each feeder in the distribution network actually consists
of many loads and different types of loads: very important,
important, and less important. These load types will be mon-
itored, counted, thereby showing the percentage of load types
on the feeder. Depending on the percentage of load types,
their importance can be assessed. By the processing steps of
statistical science combined with the AHP algorithm, it helps
to convert these ratios or sorts into weights to prioritize the
loads for the load shedding problem. Thereby, this ranking
solves the requirements of the priority load and the economy
of the load reduction problem. Besides, the stability of the
load bus after shedding should also be considered. The con-
cept of PSI is used to evaluate the load nodes. From there, the
requirements of the system’s specifications after load shed-
ding are guaranteed.

From the percentages of the load types, the improved
AHP technique is applied to compute the significance
weights of each load bus. From there, ranking the order of
the load reduction buses according to the priority aspect. The

stages of the improved AHP algorithm are calculated includ-
ing the calculation of the criterion layer weights, the goal
layer weights, and the schemes layer weights [26]. In which,
the criteria layer weights represent the correlation relation-
ship between the very important load groups, the important
load groups, and the less important load groups. The scheme
layer weights represent the priority relationship between the
loads in each subload group. The improved AHP algorithm
calculation procedure is shown in Figure 2.

3.1. Criterion Layer Weight Calculation. The criterion class of
the load shedding ranking weight calculation model shows
the weighting relationship between the load groups: very
important load group (C;), important load group (C,), and
less important load group (Cs). Each data set of this load
group includes the percentage values of the respective load
categories at every load node or load bus. This data set is
considered a data set that sorts three load groups. Calculating
the weight of each load group in this sorting data set and
applying the improved AHP algorithm model contribute to
converting from a sorting problem to a ranking problem.
Each load group is calculated and has a defined weight.
The calculation procedure follows these steps:

Step 1: Build the covariance matrix C between the load
groups Cj, Gy, Cs:

Var(C;) |Cov(Cy, Gy)|  |Cov(Cy, Gs)
C = |COV(C1, C2)| Var(CZ) |COV(C2, C3)| .
|Cov(Cy, G5)|  |Cov(C,, Cy)| Var(G;)

(2)

where Var(C,), Var(C,), Var(Cs) is the variance of each data
set Cy, C,, Cs, and Cov(C;,Cj) is the covariance between the
data sets C;, C,, C; together. When the covariance between
the two criteria is not positive, take its absolute value.
Because the main purpose of calculating covariance in this
method is to consider the distance of the linear relationship
of the criteria to each other, the distance result here needs to
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be a positive number. These values are symmetrical through
the main diagonal.

Step 2: Build the relative covariance matrix R. This
matrix is taken by converting the covariance
matrix C. The matrix R is presented as follows:

i 1 [Cov(Cy, G)|  [Cov(Cy. Gy)|T
Var(C,) Var(C,)
R — |Cov(Cy. G 1 |Cov(C,. G5
Var(G,) Var(G,)
[Cov(C1. G3)|  [Cov(Cy, G5) 1
L Var(Cj) Var(G;) _
[, Rz R
Ry Ry
_pe |Br | Ra
Ry Ry
Ry Ry
[ Rss Rss i

(3)

Step 3: Set up the correlation matrix M between the cri-
terions. This matrix shows the correlation
between load groups C;, C,, Cs. The elements
of this matrix are named the correlation factors
M;; and are calculated based on Equation (4) [9].

R; 1
My=—ode— M, =—. 4
) /Rl] X R]z Jt Mz] ( )

From Equation (4), the correlation matrix M between the
criterions is shown in Equation (5):

1 My, My
M= | My 1 My |- (5)
Ms M, 1

This correlation matrix M replenishes the judgment
matrix of the conventional AHP algorithm. Here, the matrix
M is calculated based on the statistical techniques and Spear-
man linear correlation.

Step 4: Calculate the weight of the criterion layer. From
the matrix M, this weight is calculated based on
the root method and performed similarly to the
traditional AHP algorithm [23, 27, 28].

Step 5: Check the consistency ratio (CR) of the correla-
tion matrix M. The matrix M is considered to be

a matrix of consistency when CR<0.1 and the
process of calculating this coefficient is described
in Nguyen et al. [23] and Zhu [27].

3.2. Scheme Layer Weight Calculation. The scheme layer of
the load shedding weighting model signifies the weighting
connection between the values of loads in the similar group
C, or C,, or Cs. Prejudice in decision making is the question
that needs to be reduced, and fuzzy preference theory is used
to resolve this question [26, 29]. The method of computing
the weight of the project layer (the scheme layer) includes the
following steps:

Step 1: Calculate the V; variance among the parameters
of n—1 loads in the same criterion C, except for
the ith load in the same criterion C. Vy; is com-
puted following to Equation (6).

n=1(,. _ %)\2
2t = %) with j # i, (6)

where x; is the parameter of the jth load in the same criterion
C, X is the corresponding data mean of the loads in group C,
and 7 is the number of loads of each group C.

Step 2: Build the fuzzy priority matrix P. The P;; parame-
ters of the matrix P are calculated by Equations (7)
and (8).

VLi
pij= Vit Vg (7)
pji =1 = Dpij, (8)

i,j € [1n], the larger the P;; parameter is, the higher impor-
tance for the ith load is. The crosswise parts have a parameter
of 0.5. In the computation of variance, the matrix P is simpler
to compute, and this is the single and convinced solution.
The P matrix has the structure of Equation (9):

0.5 pin =+ P

0.5 .o .
p=|Pr 7 P ©)

P P2 0.5

Step 3: Build a fuzzy priority relation consistency matrix
P. The weight of the scheme layer will be com-
puted depending on the P matrix, which is used
to switch the pairwise relationship matrix
between the characteristics of one criterion and
that of the other criterion. The parameters of the
P matrix are computed as Equation (10).
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The parameter of the elements of P matrix shows the
significance among schemes. If p;;>0.5 then x; is more sig-
nificant than x;, p;<0.5 then x; is less significance than x;,
p;;=0.5 then x; is as significance as x;. Following to the over
computation, the primary crosswise value of the consistency
matrix is 0.5.

Step 4: Compute the weight of the scheme layer. This
weight is calculated and depends on the level of
advantages and disadvantages of the scheme.
The parameters of this level get through the
parameters of the components in the P matrix.
Equation (11) is used to compute them.

1 X;> X
rij = 0.5 X ij N (11)
0 otherwise

where r;; is the priority index that scheme x; compares to
scheme x;. The priority index R; of project x; in the set of
project C is computed according to Equation (12).

n
Ri= 21y (12)
A

The weight of the scheme layer Wp(;) is computed by
Equation (13):

R .

3.3. The Combined Load Shedding Ranking Weighting
Calculation of Each Load. The load shedding ranking weight-
ing of each load is calculated depending on W ;) and Wy,
as Equation (14):

Wi = 2 Wam X Wh()- (14)
ij=

3.4. Power Stability Index Calculation. To consider the volt-
age stability of all load buses, this study also considers the
PSI. Consider a two-bus system with and without load shed-
ding in the microgrid shown in Figure 3.

From Figure 3, we have:

SL:PL +]QL:VLIZ’ (15)
Vi=Vs-L,Z. (16)
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VL8, I Vi£ép
-7
:
) v
|Z|L@ = Rij+]Xij ’PLS _ jQLS
LS: Load shedding
Pp+jQ
FIGURE 3: A two-bus system.
where:
P, -jQ
I =———. 17
L= (17)

If the network has load shedding, then Equation (17) is
rewritten as:
(PL - Pshed) _j<QL - Qshed)

I, = , 18
. = (18)

where Py,.q is the load shedding power at the j node. i is the
power transmission bus. j is the power obtaining bus. R;; is
the line resistance connecting the two buses i and j. Py is the
load power at bus j.

Substituting I; from Equation (18) into Equation (16),
we get:

Vi Vi - [(PL = Pgrea) ;/]*'(QL = Quhed)] (19)
L

Separate into real and imaginary parts, we get:

_ [Vallvs|

V. 2
PL_Pshed_TCOS(9_55+5L) —| ZL‘

Cos (0),
(20)

| 2

_ [VillVs|
VA

V
Qp — Qqped = Sin(0 - 85 + J,) - | ZL Sin ().

(21)

From Equation (20), we have:

|Vs|[Vi|Cos(€ = 8)  Z(PL = Pihed)
Vv 2 _ = 0, 22
Vil Cos(6) i Cos(6) (22)

with § =65 — 6, is the angle of the phase difference between
the two buses i and j. € is the polar argument angle of the line
ij. V, is the node voltage and needs to be a real value.
Equation (22) is a quadratic equation. In this equation, the
uppercase delta (A) in algebra represents the discriminant of
a quadratic equation. The discriminant of this equation pre-
sents in Equation (23).

A I:VSCOS(H - 5)] > AZ(Pp — Pgea) (23)

Cos(0) Cos(0)

For Equation (22) to have a solution V7, it must satisfy the
condition A > 0 and this problem is presented in Equation (24):
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[VsCos(0 — 8)]* — 4Z(Py, — Pg,eq)Cos(0) > 0, (24)

. (25)
Cos(0) "

In the microgrid, because the voltage is not too high and
due to the distribution grid’s characteristics, the R/X value is
relatively high. Therefore, the X;; value can be neglected.

4R"(PL - Pshed)cos(g)

[VsCos (8 — 6)]> = —~ >0, (26)

Cos(0) -
[ViCos(0 = 8)) = 4Ry (P, — Pag) 20, (27)
4R;i(Py = Preq) < [VsCos(0 - 5)]%. (28)

o 4Rij(PL - Pshed)

PSI = <1 (29)

[VsCos(0 — 8))* —

From Equation (23), it can be seen that the larger the Pgp,eq
(i.e., the larger the amount of power load shedding) is, the
closer to 0 the PSI coefficient (i.e., the more stable the system)
is. In other words, the closer to 0 the PSI value of the bus is, the
more stable the bus is. It should be noted that, in the PSI value
calculation equation, the Pg,.q value can include the amount
of load shedding power and the power of the distributed
generator DG (if any) at the j bus [22, 30].

PSI weights are calculated to indicate the relative stability of
the load buses. The higher the PSI is, the more unstable the
system is. From that data, this paper considers the stability of
the nodes, and calculates the weights of the load shedding prior-
ity. Therefore, in this paper, we prioritize load shedding for the
load buses with high PSI values to bring it back to the stable level
when there are failure situations in the microgrid system. PSI is
calculated for each load bus applying Equation (29). The
improved AHP weighting will rank the shedding of loads in order
from small to large. In that case, the PSI will rank the unstable
load bus from large to small. For the convenience of calculation
and homogenization, this paper will convert the PSI index into
PSI weight. This weight is calculated according to Equation (30):

WPSI - I - PSI (30)

4. The Proposed LoadShedding Method Uses
the Improved AHP Algorithm and PSI

For the load shedding problem, many stages need to be calcu-
lated and implemented to ensure optimal load shedding. In this
study, there are three main stages that are carried out: load
ranking, load shedding capacity calculation, and load shedding
capacity classification. The steps are presented in Figure 4.

From the outcome of the weight calculation of the crite-
rion layer, the project layer, and the PSI weight, the com-
bined load shedding weight W, ; of each L; load object is
calculated by Equation (31):

Wi =W X Wi, j € [1n], (31)

where the Wpg(;) value is the PSI weight of the ith respective
load buses.

The amount of load shedding capacity at the load nodes
is calculated according to the following Equation (32):

K.
Psped.r, = Kshed 1, Pshed = 57— -Pshed: (32)
'ZlKi
P

wherePg;,.q 1, is the capacity of load shedding of the ith load
node (MW); Pgeq is the minimum total load shedding
capacity (MW); Kgheqr, is the load shedding weight of the
ith load node; Py, is the load power L;. K; is calculated using
the following equation:

WL,i PLi

i=3n _1L°\n :
i=1 W, it Py,

(33)

The delivery of the load shedding power to the load
nodes must satisfy the following constraints: The load shed-
ding capacity at the load nodes Pgeq;, must not be larger
than the capacity of the load node Pgq 1, <Py ; the smaller
the load bus with the combined load shedding ranking
weighting is, the larger the load shedding capacity is and
vice versa. The loads belonging to the Very important load
group are treated as base load and cannot be reduced.

5. Testing System Model—Results

The microgrid system is applied for calculation with the
suggested technique. This system has 16 buses, 6 sources,
and 8 loads [23, 24]. The single-line diagram of the microgrid
is shown in Figure 5.

The case study is that the microgrid suddenly discon-
nects from the main grid, and operates in island mode.
This interruption causes the frequency quality to degrade.
After implementing frequency control solutions, but the fre-
quency has not recovered to the suitable range, load shed-
ding must be done. The minimum amount of shedding
power is calculated according to Equation (1).

APgp 4= 11.98 + (=0.3) + (=2) + (-0.5)

198X 0.02% (=0.3) o —6X(-03)
60 7 0.05%60
-1x(-0.3)
- 0.4=2.1788 MW.
0.05 X 60
(34)

Through the measurement and data acquisition system,
the results of the percentages of the load types at the load
nodes are presented in Table 1.

Based on the percentage of each type of load. Equations from
(2) to (5) are applied to calculate the matrices C, R, M. The values
of the criterion layer weights are presented in Table 2.
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The step of
calculating
the amount
of shedding
is based on
the
frequency
variation

psi= 4ri(P-Pg)

[|Vi|Cos(6-8)]?

K, Wy Py,
Pshed, ;= Kshed,L-Pshed = _'_fl‘, K'FS""’ wi Ki=5 1 ¥, <
i=1 =1 Wi i1k

Step of load shedding weights
3 processing by improved AHP algorithm -

7
N -

FIGURE 4: Flowchart for calculating the combined load shedding weighting and distribution.

[0.0017 0.0013 0.0003
C={0.0013 0.0016 0.0003
| 0.0003 0.0003 0.0006 |
[1.0000 0.8247 0.53257]
R={0.8051 1.0000 0.4675 (35)
1 0.1949 0.1753 1.0000 |
[1.0000 1.0121 1.65187
M= |0.9880 1.0000 1.6330
1 0.6050 0.6124 1.0000 |

CR of the correlation matrix M is checked by applying
[23, 27]. The results show that A, =3, CR=0, CI=0. The
fact that CR is always absolute zero, which shows the outstand-
ing advantage of the improved AHP method. In traditional
AHP, the CR check step indicates the consistency of the judg-
ment matrix, if this value is not met, it is necessary to repropose
the judgment matrix and perform all calculation steps again.
Hence, that shows the superior efficiency of the improved AHP
method compared with the traditional AHP method.

From the values of the loads in Table 1, Equations from
(6) to (13) of the scheme layer weight calculation process
are applied to calculate the values: the variance Vp; the
fuzzy priority matrix P, the fuzzy priority relation consis-
tency matrix P, the priority index R; of the scheme layer,
the weight of scheme layer. The results are performed in
Table 3.

Equation (14) is used to calculate the load shedding ranking
weighting W; of each load. Equations (29) and (30) are applied
to calculate the PSI index and the PSI weight. The calculated
data of the test system are extracted from PowerWorld software
[31]. Equations (31) and (32) are used to calculate the com-
bined load shedding weight W ; of each L; load for the ranking
and distribution of the amount of shedding power at the load
buses. The results are presented in Table 4.

To express the efficiency of the suggested technique, the
voltage and frequency quality values are checked. Two cases
will be included in the test simulation as follows:

Case study 1: Compares the recovery frequency of the
proposed method and the under-frequency load shedding
method (UFLS). For the case study, the load shedding capac-
ity according to the UFLS method [32, 33] and the proposed
technique are 4.0732 and 2.1788 MW, respectively. The
results of frequency assessment show the effectiveness of
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3 5.000 MW
-2.0000 Mvar
5 10
1.0605 MW 4
0.0923 Mvar
1.9535 MW 2.0930 MW
0.2372 Mvar 0.2512 Mvar
1.5349 MW
0.1758 Mvar 11
g &
0.3000 MW
0.0000 Mvar 15 5,663.98 $/ MWh
1.1721 MW 1.8140 MW
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8 43000 MW 13 2.000 MW
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1.2000 MW
0.9000 MW 14
0.5000 Mvar 0.0837 Mvar
0.5000 MW
0 Mvar
Figure 5: The single-line diagram of the IEEE microgrid system 16 bus.
TasLE 1: The percentage of loads in the system.
Loadbus  Veryimportant Important load (C,) Less important load
Li load (C) (%) (%) (C3) (%)
Load 3 0.170 0.291 0.539 L' zﬁgn
Load 4 0.220 0.245 0.535 criterion i
Load 5 0.290 0.232 0.478 layer
Load 7 0.280 0.163 > 0.557 > weights
Load 9 0.220 0.228 0.552
Load 10 0.180 0.272 0.548
Load 12 0.260 0.182 0.558
Load 13 0.240 0.206 J 0.554 )
L

Data for calculating
scheme layer weights
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TasLE 2: The values of the criterion layer weights.
G & G
(i) 0.3856 0.3810 0.2333
TasLE 3: Project priority index and scheme layer weights.
Load Li Riof Py Riof Py Riof P Wpyjof very Wpyof Wi of less
important load important load important load
Load 3 0.5 1.5 7.5 0.0156 0.0469 0.2344
Load 4 6 5.5 6.5 0.1875 0.1719 0.2031
Load 5 1.5 6.5 0.5 0.0469 0.2031 0.0156
Load 7 3.5 0.5 2.5 0.1094 0.0156 0.0781
Load 9 6 7.5 4.5 0.1875 0.2344 0.1406
Load 10 2.5 3.5 5.5 0.0781 0.1094 0.1719
Load 12 4.5 2.5 1.5 0.1406 0.0781 0.0469
Load 13 7.5 4.5 3.5 0.2344 0.1406 0.1094
n
% Ri 32 32 32
Priority index of each load in )
each load group N Scheme layer weight

TabLE 4: Calculation results of weights: Wj;, Wpgy, and W, ;, the rank of the buses, and the amount of shedding power at the load buses.

Load bus L; Wi PSI Whost WL Rank Pgreasri (MW)
Load 3 0.0786 0.0205 0.9795 0.0770 7 0.27501
Load 4 0.1852 0.0526 0.9474 0.1755 2 0.17418
Load 5 0.0991 0.0235 0.9765 0.0968 5 0.40248
Load 7 0.0664 0.0044 0.9956 0.0661 8 0.35351
Load 9 0.1944 0.0181 0.9819 0.1909 1 0.18940
Load 10 0.1119 0.0403 0.9597 0.1074 4 0.38875
Load 12 0.0949 0.0045 0.9955 0.0945 6 0.25371
Load 13 0.1695 0.0274 0.9726 0.1649 3 0.14176
Total 2.1788

the proposed technique compared to the UFLS technique.
These outcomes are displayed in Figure 6.

In case study 1, the UFLS method is compared with the
proposed method in terms of load shedding power and fre-
quency recovery. Although the recovery frequency of the
UFLS method is better than that of the proposed method,
the amount of load shedding power is 86.95% larger, which
causes economic loss due to the shedding. Besides, the fre-
quency after shedding according to the proposed method has
recovered to the allowable range (59.7-60.3 Hz).

The simulation results show that: although the recovery
frequency of the suggested technique is not as good as that of
the UFLS technique, these parameters still recover to the

allowable range. The amount of load shedding power is
less than the UFLS method. That supports to reduce the
economic losses affected by load shedding for electricity
customers.

Case study 2: Compares the recovery voltage parameter
between the suggested technique (Improved AHP_PSI) and
the improved AHP method. The voltage value at buses when
comparing the suggested technique and the improved AHP
method is shown in Figure 7.

In case study 2, the recovery voltage of buses when shed-
ding load by the proposed method is better than the original
improved AHP method. With the same amount of shedding
power, when applying the shedding method based on the
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FIGURE 6: Microgrid recovery frequency after implementing load shedding according to the proposed method and UFLS method.
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FiGure 7: The comparison of the recovery voltage parameter at the
load buses between the proposed method and the improved AHP
method.

improved AHP and PSI, the recovery voltage values at all load
buses are higher than the load shedding method based on the
improved AHP. Specifically, according to the improved AHP
and PSI method, the voltage values after shedding at the buses
are as follows: Bus 3 (0.9832 pu), Bus 4 (0.9796 pu), Bus 5
(0.9863 pu), Bus 7 (0.9918 pu), Bus 9 (0.9896 pu), Bus 10
(0.9836 pu), Bus 12 (0.9830 pu), Bus 13 (0.9831 pu). Mean-
while, according to the improved AHP method, the voltage
values after shedding at the buses are as follows: Bus 3 (0.9827
pu), Bus 4 (0.9790 pu), Bus 5 (0.9859 pu), Bus 7 (0.9917 pu),
Bus 9 (0.9895 pu), Bus 10 (0.9832 pu), Bus 12 (0.9825 pu), and
Bus 13 (0.9816 pu).

Therefore, it can\be said that the technical factor of PSI
considered in the studyis effective and can meet the technical
aspect of the load shedding power distribution technique. In
addition, to check the voltage stability region, the P~V char-
acteristics of the research cases: no load shedding when island,
shedding according to the imprhyed AHP method, and shed-
ding according to the improved AHP method combined with
PSI value, are presented in Figure 8.\

From Figure 8, it can be seen that the voltage stability
region of the shedding method based or\i‘*t\he improved AHP
and PSI is better than the improved AHP and the case of no
load shedding. Therefore, the proposed method will help the
system have a better voltage stability reserve.

6. Discussion

The traditional load shedding method uses UFLS rélays,
when the frequency drops below the frequency threshold
setting, the relay will shed a predefined amount of power.
This makes the load shedding can exceed the amount of
power required to be shed under certain circumstances
(due to load shedding as a percentage of the load) and lead
to a large frequency difference, which causes more waste and
damage to customers. Because of the higher amount of shed-
ding power, the recovery frequency value of this method is
higher than that of the proposed method. Meanwhile, the
amount of shedding power of the proposed method ensures
that the frequency will recover to the allowable value, so the
amount of shedding power and the frequency recovery value
will be less. However, this value is still within the allowable
range. As a result, due to less power shedding, there is less
damage to customers. In addition, the proposed shedding
method also considers the types of priority load and the
index of power stability to enhance the voltage quality
when shedding. Moreover, even if the amount of power
shedding of the proposed method and that of the UFLS
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FIGURE 8: P-V characteristics of case studies: no loads shedding, i-AHP, i = AHP_PSI.

method are equal, the proposed method still has the advan-
tage that it considers the priority of loads, or the critical loads
in order to rank the shedding priority. In parallel with that, it
also takes more PSI index into account to improve the volt-
age quality. Meanwhile, the UFLS method has not received
interest.

In practice, the proposed load shedding model requires a
measurement system in order to quickly and accurately col-
lect parameters of the power of the loads in the system. From
the measured values collected, it helps to calculate the power
ratio of the priority load types. Then, depending on Spearman
correlation transformation and improved AHP algorithm to
calculate the load ranking. Meanwhile, load shedding based
on power flow distribution can still be done to restore the
system’s frequency and reduce the current or power transmit-
ted on the lines, which helps to improve the stability of the
power system. However, this method does not consider the
priority loads in the system as well as the damage caused by
the load shedding. The error and reliability of the measure-
ment system, which collects data for the improved AHP algo-
rithm, determine the error and reliability of the problem’s
solution. Therefore, it is necessary to have solutions to limit
the errors caused by measurement and eliminate noise
parameters in the data collection process. This will be an
interesting research topic in future works.

The improved AHP method and the traditional AHP
method both use the AHP hierarchical model to calculate
the priority weights. The improved AHP method uses Spear-
man correlation and statistical techniques, thus ensuring

high reliability and absolute consistency. The improved
AHP method improves some of the following issues:

(1) First, in the traditional AHP method, the elements in
the judgment matrix are derived from the opinions of
experts or operators in the power system, so these
opinions depend heavily on their understanding.
One of the main drawbacks of the traditional AHP
method is the potential for operator bias. This is
because the decision-making process heavily relies
on the input and opinions of the operator, who
may be influenced by personal biases, experiences,
and beliefs. For the improved AHP, the data will be
collected and processed by using statistical techni-
ques and correlation, especially Spearman correla-
tion, so reliability is increased, and subjectivity is
significantly reduced. Hence, this method does not
depend on the opinion of experts, but the ratio of
priority loads collected by each load node.

(2) Second, for the traditional AHP method, after calcu-
lating the weights of the object, there is a need to check
the consistency of the judgment matrix, if the consis-
tency is not reached (i.e., greater than 0.1), it is neces-
sary to repropose the judgment matrix. For the
improved AHP, the data processed by statistical tech-
niques creates a correlation matrix, which has abso-
lute consistency (i.e., the CR is zero). This shows the
objectivity of the improved AHP method and proves
the effectiveness of the improvement.



Mathematical Problems in Engineering

(3) Third, the improved AHP algorithm is quickly calcu-
lated based on statistical and correlation expressions.

The recovery voltage value at the load buses shows that
the load shedding according to the proposed method has a
better recovery value. This is due to the effect of load shed-
ding distribution considering the PSI, thereby proving the
efficiency of the suggested technique. In addition, the sug-
gested technique has prioritized load reduction with low WL,
j weight and high PSI weight, so it can ensure the economic
and technical aspects of the load reduction problem at the
same time.

The PSI index affects to the recovery voltage value and
the ability expand the voltage stability region. In this study,
because the amount of load shedding power of the two cases
study is equal, the proposed method has a better value of
recovery voltage, and a better voltage stability region. How-
ever, this magnitude is not very much. Therefore, depending
on the priority and the research problem is frequency stabil-
ity or voltage stability, the PSI weight in the overall weight
formula is more or less. This issue needs to be studied more
in future studies.

7. Conclusions

The proposed load shedding technique is built on the
improved AHP algorithm and the PSI index. The improved
AHP method is applied to reduce subjectivity by replacing
the judgment matrix based on expert opinions with a fuzzy
priority correlation matrix based on statistical techniques
and Spearman correlation. This algorithm used a combina-
tion of data analytics and traditional multicriteria decision
analysis to transform data from a sorting problem to a rank-
ing problem. This method is applicable to the case where the
system implements load shedding taking into account the
percentages of load types. It accurately, objectively, and con-
sistently calculates load shedding weights, which will help
reduce the damage to electricity customers and suppliers.
The outstanding advantage of the improved AHP method
compared to the traditional AHP method is that the consis-
tency of the criteria comparison matrix is absolute. There-
fore, there is no need to waste time checking for consistency
and reproposing the criteria comparison matrix when the
original matrix is not consistent. Besides, the combination
with the PSI index aims to improve the stability of the system
and optimize both economic and technical aspects.

In future work, the weight calculation will be com-
puted and updated continuously according to the forecast
of the load graph. From there, the load shedding plan will
be executed proactively and accurately to ensure that the
cost affected by the load shedding is minimized in all
situations.
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