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Power system islanding

Power system-controlled islanding is one of the mitigation techniques taken
to prevent blackouts during severe outage. The implementation of controlled
islanding will lead to the formation of few islands, that can operate as a
stand-alone island. However, some of these islands may not be balanced in
terms of generation and load after the islanding execution. Therefore, a good
load shedding scheme is required to meet the power balance criterion so that
it can operate as a balanced stand-alone island. Thus, this paper developed a
load shedding scheme-based metaheuristics technique namely modified
discrete evolutionary programming (MDEP) technique to determine the
optimal amount of load to be shed in order to produce balanced stand-alone
islands. The developed load shedding scheme is evaluated and validated with
two other load shedding techniques which are conventional EP and
exhaustive search techniques. The IEEE 30-bus and 39-bus test systems were
utilized for this purpose. The results proves that the load shedding based

MDEP technique produces the optimal amount of loads to be shed with
shortest computational time as compared with the conventional EP and
exhaustive search techniques.
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1. INTRODUCTION

Controlled islanding is executed to save the power system from severe cascading failures and
blackouts [1]. One of the important criterion considered after its implementation is the power balance
criterion [2]. Each island formed during islanding execution must fulfilled the power balance criterion. In
other words, the total power generation in each island must be sufficient to cater the total load demand. This
is very important for successful implementation of islanding execution [3]. However, there are possible to
form unbalanced islands (the total load is more than the total generation) after islanding execution. In such
cases, it is very important to balance the islands to avoid any further outages that could cause the islands to
collapse. Thus, a load shedding scheme is needed to balance the islands by removing the necessary loads.
Through this, the islands will be balanced and able to operate as stand-alone islands.

There are number of controlled islanding techniques proposed by previous researchers in recent
years. Some of these techniques are ordered binary decision diagrams (OBDD) [4], [5], slow coherency
approaches [6]-[9], linear programming techniques [10]-[12], metaheuristic techniques such as binary
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particle swarm optimization (BPSO) [13], angle modulated particle swarm optimization (AMPSO) [14], tabu
search algorithm [15]. Detail explanation on the islanding techniques can be found in [16]. The main
objective of these islanding techniques is to determine the suitable islanding strategy for a power system
network. Only techniques proposed in [6]-[9] had mentioned on the utilization of UFLS load shedding
scheme for islanding execution. However, detail explanation is not provided. Other techniques do not
highlight the load shedding technique utilized to balance the islands if any unbalanced islands are formed
after the implementation of the controlled islanding. However, achieving balanced islands in terms of
generation and load balance is crucial important to ensure a successful islanding execution.

There are two common types of load shedding scheme applied in power system area, which are
under voltage load shedding (UVLS) and under frequency load shedding (UFLS) schemes [17]. The UVLS is
utilized to maintain the acceptable level of voltage in the power system, whereas the under frequency load
shedding (UFLS) is implemented to avoid any frequency drops in the power system caused by power
imbalance [18]. In this research, the developed load shedding scheme is based on the UVLS scheme.
Generally, the UVLS scheme can be implemented using the exhaustive search, conventional or
computational intelligence approaches. The exhaustive search is a basic technique that used to determine the
optimal load to be shed [19]. It combines all the possible combinations of solutions to determine the optimal
amount of loads to be shed (optimal solution). For example, if the total number of buses available for load
shedding is ten, then the possible combinations of solutions are 21° -1 = 1023. These possible combinations
will increase as the system size increases. Therefore, this technique is not relevant and impractical for large
scale power systems, as it involves with huge number of possible combinations of solutions. This will cause
the technique to consume longer time to find the optimal solution. For conventional technique, the fixed
amount of the load is shed within the time delay setting when the undervoltage in power system is detected.
However, the fixed amount is always not the best option, as in certain cases, it will end up with overshedding
or undershedding the loads. This improper load shedding amount will further lead to other stability problems
within the power system such as voltage collapse and blackouts [20]. Moreover, conventional load shedding
scheme is not practical to be applied for today’s modern and complex power system as this technique unable
to provide the optimal amount of load to be shed during load shedding execution [21]. Computational
intelligence approaches can provide the optimal amount of load to be shed to achieve balanced islands during
controlled islanding execution. These techniques are the best, robust and adaptable for to utilize in complex,
non-linear problems such as load shedding problem. Metaheuristics technique which is under computational
intelligence techniques are utilized in this research to determine the optimal amount of load to be shed, in any
unbalanced islands formed during controlled islanding implementation.

Several number of metaheuristic techniques have been proposed for load shedding scheme
in the power system application. Among them are PSO technique [22], firefly algorithm [23], ant colony
optimization [24], genetic algorithm [25], ant lion optimizer [26] and multi objective particle swarm
optimization (MOPSQ) [27]. All of these load shedding schemes determine the optimal load and location to
be shed in order to maintain the secure power system operating state. For controlled islanding
implementation, there are no detailed explanation highlighted on the load shedding scheme utilized with its
implementation. Therefore, this paper proposes a new load shedding scheme based metaheuristics technique,
namely modified discrete evolutionary programming (MDEP) technique to determine the optimal amount of
load to be shed to obtain a balanced stand-alone islands after controlled islanding implementation. Minimal
power imbalance is used as the objective function in the proposed technique.

2. DEVELOPED TECHNIQUE

Power generation deficit may occur in any islands formed during controlled islanding. This situation
happens when the total power generation is less than the total load demand. In order to maintain the power
balance criterion in each island, a load shedding scheme is required. In this paper, a load shedding scheme
using modified discrete evolutionary programming (MDEP) is developed to determine the optimal amount of
load to be removed in order to fulfil the power balance criterion in the islands. The general steps involved in
the load shedding scheme is shown in Figure 1. Referring to Figure 1, in the first step, the power imbalance
in each island is calculated using the (1),

ZPIMB = ZPGEN - (ZPLOAD + ZPLOSS) (l)

where Py is the total power generation, P, 4p is the total load demand and P, s is the total power losses
for an island.
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Figure 1. Steps involved in load shedding scheme

If any power imbalance is noticed in the island, the slack bus will act to compensate the power
imbalance. This process will continue until the slack bus reached its maximum limit. If the power imbalance
(power deficiency) still occurs, then other generators will fulfill the power imbalance. In this step, the
remaining power imbalance is shared equally by the generators. This process continues until all the
generators reach their maximum limit. If the power imbalance is still present after all these steps have been
executed, then the proposed load shedding scheme is initiated. The implementation of the load shedding
scheme will ensure the power balance criterion is met in each island formed. Details of the proposed load
shedding scheme will be explained further in the following section.

3. METHODOLOGY

In this research, the proposed modified discrete evolutionary programming (MDEP) is chosen
because the selection of the buses during load shedding action involved with discrete numbers such as bus 2,
bus 4 and bus 7. The proposed load shedding scheme based discrete optimization technique capable to
determine the optimal loads that needs to be shed in any island where power imbalance is found. Details of
the proposed technique are described further in this section.

3.1. Modified discrete evolutionary programming (MDEP) load shedding scheme

The modified discrete evolutionary programming (MDEP) technique is used to develop the load
shedding scheme in this research. The process involved in determining the optimal loads to be shed using the
MDEP technique is illustrated by the flowchart shown in Figure 2. Based on Figure 2, the initial populations,
x, are generated randomly from the available buses for load shedding either as single or different
combination number of buses. The example of randomly generated initial populations is shown in Table 1.

Table 1. Example of random initial populations for MDEP load shedding scheme
No. of randomly chosen buses  1%bus 2™ bus 3“bus n"bus

1 A

2 A, Ay

3 A, As Ag

n A, Ag Aq Ay
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Based on Table 1, random bus, 4;, is chosen from the total available buses for load shedding. Once
the random number of initial populations is generated, the fitness function will further be calculated for each
initial population. Minimal power imbalance is used as the fitness function (objective function) and Equation
1 is used to calculate this fitness function. Then, the algorithm will check if there were any populations
whose fitness function value is less than the desired power imbalance value. If there is any population meet
with this criterion, it will re-generate a new random initial population. Only the random initial populations
which the fitness function value is same or greater than the desired power imbalance is selected as the
feasible initial populations. Then, the iteration started by mutating each bus in the random initial
populations, x,, diagonally from the available buses for load shedding. Table 2 shows the example of the
mutation technique applied in a diagonal form.

Table 2. Mutation process in MDEP load shedding scheme

Random initial population As Az An
1 1% bus is randomly changed rio A, An
2 2" pus is randomly changed Ay ri2 A,
3 3" bus is randomly changed Ay A, Fin
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Referring to Table 2, each bus from the random initial population (A1, A2... An) is mutated and replaced by a
random value, ri, from the available buses for load shedding. For example, if the initial population contains
three buses, the mutation process will produce another new three mutated load shedding solution (new
populations), as illustrated in Table 2. The same process will be applied for all generated initial populations.
Then, the fitness function for each new population is calculated. If any population with fitness value lower
than the desired power imbalance is found, the null value is set to the population, showing that the population
is not a feasible load shedding solution.

Next, the combination of the new populations with the initial populations is carried out and the best
20 populations, x, with minimal fitness function are ranked and selected for the next iteration. The process
continues until it reached the maximum number of iterations specified. Finally, the 20 final best solutions, Xun
with minimal power imbalance are selected as the best load shedding solution.

The first load shedding solution from the final best solutions, xu, is selected as the optimal load
shedding solution and checked if any buses violated the allowable voltage limits. The solution is considered
as the optimal load shedding solution if no bus on the island violates the allowable voltage limit. Otherwise,
the algorithm will select the next best solution from the final list and repeat the same process until the
optimal load shedding solution is obtained for the island. By this approach, the optimal load shedding
solution will be obtained for the load shedding scheme.

4, RESULTS AND DISCUSSION

The IEEE 30-bus and 39-bus test systems are used to demonstrate and validates the developed
MDEP load shedding technique. The 30-bus test system consists of 6 generators and 41 transmission lines
whereas the 39-bus test system consists of 10 generator and 46 transmission lines. Computational time and
optimal amount of load to be shed are the main two criteria considered in this validation process. This work
uses the MATLAB R2015a on an Intel® Core™ i7-5500U CPU at 2.40GHz with 8GB of RAM to code the
developed technique. Two case studies of controlled islanding strategy are validated in this part.

4.1. Case I: IEEE 30-bus system

In Case I, the controlled islanding strategy is obtained by splitting the system into two stand-alone
islands based on their coherent group of generators, G; = {1, 2, 5, 13} and G, = {8, 11}, following critical
line outage of Line 1-2. The optimal islanding strategy for Case I is shown in Table 3.

Table 3. Optimal islanding strategy for case | (before load shed)
Active Power (MW)
Islands Buses Info Before load shed

Power Imbalance

Total Pgen  Total Pload (MW)
Island 1 1-5,12-18, 23 327.423 170.400 -
Island 2 6-11, 19-22, 24-30 77.946 113.000 35.054

According to the Table 3, it is found that Island 2 is not balance after controlled islanding execution
as the total load, Piad is more than the total generation power, Pgn. The power imbalance in this case is
35.054 MW. Therefore, the load shedding scheme is required to obtain the optimal amount of load to be shed
in Island 2. Here, the proposed MDEP load shedding scheme is utilized for this purpose. The effectiveness of
the proposed MDEP load shedding scheme is further compared and validated with two other types of load
shedding scheme which are conventional EP and exhaustive search techniques. The total number of buses
eligible for load shedding in Island 2- Case I is 10 which are bus 7, bus 8, bus 10, bus 19, bus 20, bus 21, bus
24, bus 26, bus 29, bus 30. Table 4 summarize the results obtained from this analysis.

Table 4. Result of optimal amount of load to be shed between the conventional EP, exhaustive search, and

MDEP techniques for case |
Power imbalance = 35.054 MW

Technique Optimal amount of load to be shed (MW) Bus(es) Computational time (sec)
Conventional EP 35.7 19,21,24 5.4009
Exhaustive search 35.1 19,20,21,26,29 71.0422

MDEP 35.1 19,20,21,26,29 4.9869
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Referring to Table 4, the exhaustive search and MDEP load shedding techniques capable to obtain a
better optimal amount of load to be shed which are 35.1 MW as compared to conventional EP technique that
obtained 35.7 MW. The conventional EP unable to produce the best optimal value due to the usage of
Gaussian function which result in small changes during mutation process in the conventional EP. Although
the exhaustive search able to produce the same optimal value as the MDEP load shedding technique, it
requires a longer computational time of 71.0422 seconds to produce the optimal amount of load to be shed
compared with the MDEP technique which only requires 4.9869 seconds to produce the same optimal value.
The exhaustive search generally combines all the possible combinations of available buses in the system to
determine the optimal solution. The longer computational time is required for this technique as the system
size increases (more possible combinations of solutions). Therefore, the proposed MDEP load shedding
technique is the best load shedding scheme as it can determine the optimal load shedding amount with
shortest time compared to other techniques illustrated in Table 4.

The MDEP load shedding is then utilized to shed the optimal amount of load in Island 2 in order to
meet the power balance criterion in the island. Table 5 shows the optimal islanding strategy after load
shedding execution (35.100 MW) in Island 2, where the total generation power, Pgen (78.517 MW) is now
more than the total load, Piead (77.900 MW). Thus, Island 2 can now operate as a balanced stand-alone island
successfully.

Table 5. Optimal islanding strategy for case | (after load shed)
Active Power (MW)

Islands Buses Info After load shed Loiﬂvsy ed
Total Pgen Total Pload (MW)

Island 1 1-5, 12-18, 23 189.446 170.400 -

Island 2 6-11, 19-22, 24-30 78.517 77.900 35.100

4.2. Case Il: IEEE 39-bus system

In Case II, the controlled islanding strategy is obtained by splitting the system into two stand-alone
islands based on their coherent group of generators, G; = {30, 31, 32, 37, 38, 39} and G, = {33, 34, 35, 36},
following critical line outage of Line 13-14. Table 6 shows the optimal islanding strategy for Case II.

Table 6. Optimal islanding strategy for case Il (before load shed)
Active Power (MW)
Islands Buses Info Before load shed

Power Imbalance

Total Pgen Total Pload (MW)
Island 1 1-15, 18, 25, 26, 28-32, 37-39 4021.668 4134.130 112.462
Island 2 16-17, 19-24, 27, 33-36 2134.198 2120.100 -

Referring to the Table 6, it is found that Island 1 is not balance after islanding execution as the total
load, Piead is more than the total generation power, Pgen. The power imbalance in this case is 112.462 MW.
Therefore, a load shedding scheme is required to obtain the optimal amount of load to be shed in Island 1.
Here, the proposed MDEP load shedding scheme is utilized for this purpose. The effectiveness of the
proposed MDEP load shedding scheme is further compared and validated with two other types of load
shedding scheme which are conventional EP and exhaustive search techniques. The total number of buses
eligible for load shedding in Island 1- Case Il is 15 which are bus 1, bus 3, bus 4, bus 7, bus 8, bus 9, bus 12,
bus 15, bus 18, bus 25, bus 26, bus 28, bus 29, bus 31, bus 39. Table 7 summarize the results obtained from
this analysis.

Table 7. Result of optimal amount of load to be shed between the conventional EP, exhaustive search, and

MDEP algorithms for case Il
Power imbalance =112.462 MW

Technique Optimal amount of load to be shed (MW) Bus(es) Computational time (sec)
Conventional EP 115.33 1,12,31 8.8957
Exhaustive search 112.63 1,912 89486.7264

MDEP 112.63 1,912 3.1935
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According to Table 7, similar in Case I, the exhaustive search and MDEP load shedding techniques
are capable to obtain a better optimal amount of load to be shed which are 112.63 MW as compared to
conventional EP technique that obtained 115.33 MW. The usage of Gaussian function is the main contributor
of inaccurate optimal value obtained in the conventional EP. Although the exhaustive search can produce the
same optimal value as the MDEP technique, however, it takes a longer computational time of 89486.7264
seconds to produce the optimal solution compared to the MDEP technique which only takes 3.1935 seconds
to produce the same optimal solution. This is because the exhaustive search technique combines all the
possible combinations of available buses in the system to determine the optimal solution which increases the
computational time as the system size increases. Therefore, both conventional EP and exhaustive search
techniques are not suitable to be used as the load shedding scheme in this research. Hence, the proposed
MDEP load shedding technique is proven to be the best load shedding scheme as it can determine the optimal
load shedding amount with the shortest computational time compared to conventional EP and exhaustive
search techniques.

The MDEP load shedding then utilized to shed the optimal amount of load in Island 1 in order to
meet the power balance criterion in that island. Table 8 shows the optimal islanding strategy after load
shedding execution (112.630 MW) in Island 1, where the total generation power, Pge, (4063.821 MW) is now
more than the total load, Piad (4021.50 MW). Thus, Island 1 can now operate as a balanced stand-alone
island successfully.

Table 8. Optimal islanding strategy for case Il (after load shed)
Active Power (MW)

Islands Buses Info After load shed LO?\(AjVS\? ed
Total Pgen Total Pload ( )

Island 1 1-15, 18, 25, 26, 28-32, 37-39 4063.821 4021.50 112.630

Island 2 16-17, 19-24, 27, 33-36 2134.198 2120.100 -

5. CONCLUSION

This paper proposed a new MDEP based load shedding scheme for controlled islanding application.
The purpose of this scheme is to determine the optimal amount of load to be shed in order to achieve
balanced stand-alone islands after islanding implementation. The effectiveness of the proposed scheme is
validated with two different techniques which are conventional EP and exhaustive search techniques, using
IEEE 30-bus and 39-bus test systems. The results proved that proposed MDEP load shedding scheme capable
on determining the optimal amount of load to be shed with lower computational time as compared to
conventional EP and exhaustive search techniques as presented in Case | and Case I, respectively. As such,
MDEP load shedding scheme is proposed as the best scheme to be implemented after the controlled islanding
execution, to fulfil the power balance criterion in any islands where load shedding is required.
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