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Abstract: Load shedding control is an emergency control measure to maintain the frequency stability
of the power system. Most of the existing load shedding methods use the extensive form of directly
cutting off the outlet of the substation, featuring low control accuracy and high control cost. A
network reconfiguration technique can adjust the topology of the distribution network and offers
more optimization space for load shedding control. Therefore, this paper proposes a reconfiguration—
load shedding coordination optimization scheme to reduce the power loss caused by load shedding
control. In the proposed method, a load shedding mathematical optimization model based on
distribution network reconfiguration is first established. The tie switches and segment switches in
the distribution network are used to perform the reconfiguration of the distribution network, and
the load switches are adopted to realize the load shedding. To improve the solving efficiency of the
model, a solving strategy that combined a minimum spanning tree algorithm with an improved
genetic algorithm is trailed to address the nonlinear and nonconvex terms. The application of the
check for proposed method and model are finally verified via the IEEE 33 bus system, and the advantages in
updates reducing the loss cost and the number of outage users are accordingly proven.
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1. Introduction
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of the power grid more challenging [4,5]. The grid frequency will drop more quickly when
the power imbalance occurs due to the decrease of DG output and the increase of user
demand [6,7], because the output of DG is easily affected by seasons, climate, and other
reasons. Meanwhile, the voltage in some regions will also drop significantly [8] and there
may be large area power outage in extreme cases [9,10]. Load shedding control is an
essential means to prevent the system from experiencing frequency or voltage collapse [11].
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based on changing priorities of loads and system critical natures of loads, which effectively
reduced the shed power of the system. In Ref. [18], the loads were first classified into the
fixed priority loads and random priority loads according to their types, and a random
combination method was then adopted to determine the optimal load shedding for the
random priority loads. The result proved that the proposed method is capable of recovering
the frequency to nominal value without any overshoot. However, as the number of
the nodes increases, the total number of possible combinations will grow exponentially,
resulting in huge computing time. In Ref. [19], a load shedding algorithm aiming to
maxmize the satisfaction of system components was proposed, which achieved the system
optimum efficiently. In Ref. [20], the economic dispatch problem (EDP) was incorporated
with the optimal load shedding to formulate a novel EDP without feasibility assumption.
As a result, the proposed method could produce reasonable load shedding results in
different situations. The methods in the aforementioned literature fully considered the
load priority and the overshoot during the load shedding process. However, interruption
cost, network loss, and other indexes are not considered in these methods. It cannot
meet the diverse load shedding demand. In Ref. [14], an adaptive load shedding method
based on a hierarchical structure was proposed. To reduce the computational efforts,
the nonlinear terms in the model were linearized to convert the original mixed-integer
nonlinear programming (MINLP) model into a mixed-integer linear programming (MILP)
model. The results showed that the proposed method can effectively reduce the interruption
cost and maintain the stability of the system voltage and frequency. However, the network
loss and the possible influence was still not explored. Another MILP model for AC power
flows suitable for load shedding problems was also developed in Ref. [15], where the power
flow model was linearized to improve the solution efficiency. Unlike the above-mentioned
methods, Ref. [16] introduced a graph theory-based method to divide the distribution
network into multiple regions, so that the load shedding scheme in each region can be
easily optimized by solving a small-scale MILP model. However, improper partitioning
may result in suboptimal load shedding strategies.

It worthy of noting that although these classical methods are simple and effective,
they obtain better results when the binary switching variables are relatively small. Once
the number of binary switching variables keeps increasing, these classical algorithms will
become time-consuming and may fall into the low efficiency and local optimum. To this
end, more and more researchers suggest using intelligent algorithms to solve the load
shedding problems. Ref. [21] proposed a hybrid particle swarm-based-simulated annealing
optimization algorithm (PSO-B-SA) to solve load shedding problems. Ref. [22] used the
genetic algorithm to determine the load shedding combination at each stage of under
frequency load shedding. Ref. [23] introduced fuzzy rules to optimize the inertia weight
and learning factor in particle swarm optimization (PSO) algorithm and effectively reached
the optimal strategy in under voltage load shedding. This fuzzy PSO load shedding strategy
was verified to be suitable for large-scale distribution networks. These practices also proved
that the intelligent algorithms cannot be restricted by the constraints such as the continuity
and derivability of the objective function and feature good global convergence performance
in solving high-dimensional space, high complexity, and nonlinear problems.

However, most of the above load shedding strategies set switches on load nodes and
minimize the total shedding loss by preferentially shedding user loads with low priority,
which do not substantially reduce the shed power of users. Existing research has pointed
out that distribution network reconfiguration can effectively reduce the network losses,
improve node voltage levels, and balance loads. In Ref. [24], a mathematical model aiming
at the minimum network loss was established for network reconfiguration and was solved
by harmony search algorithm. The result showed that the network loss is reduced by
more than 30% and the voltage level of some nodes is significantly improved by network
reconfiguration. A mixed-integer second-order cone programming (MISOCP) model for
network reconfiguration was also proposed by performing second-order cone relaxation on
branch power flow equations in Refs. [25-27]. In Ref. [28], an improved genetic algorithm
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was used to solve the network reconfiguration model, which improved the computational
efficiency. Therefore, since network reconfiguration can effectively reduce network loss,
the distribution network reconfiguration process and the load shedding process can be
combined by changing the states of tie switches, sectional switches, and load switches
when there is a large power deficit in the distribution network. In this way, the shed power
and the economic loss of power outage can be minimized.

Accordingly, a load shedding coordination optimization method for distribution
network combined with the network reconfiguration process is proposed in this work, and
the main contributions of this work can be summarized as:

(1) Aload shedding method coupled with topology reconfiguration strategy was pro-
posed as well as a trailed solving strategy.

(2) The influences of the most widely used optimization objectives and the shedding
power on the topology of the distribution grid are studied to explore the change rules
of the topology.

(3) Two application scenarios of output power fluctuations of main grid and line failure
of the distribution grid are studied to verify the effectiveness of the proposed method.

The rest of the paper is organized as follows. In Sections 2 and 3, a mathematical
coordination optimization model including line switches and load switches is established.
In Section 4, the genetic algorithm with strong ability to deal with discrete variables
and global search is utilized to solve the model that is high-dimensional, nonlinear, and
discontinuous. In Section 5, the proposed method is tested on a 33-bus system. Taking the
load shedding indexes such as the lowest economic loss, the minimum number of shedding
users, and the lowest shedding load as main objective functions, this paper explores the
topology change and load shedding effect of distribution network when the DG output in
the main grid changes from 0 to its maximum. The influence of load priority, number of
users, and line impedance on load shedding strategy is clarified by analyzing the variation
law of distribution network topology. By comparing the results of the reconfiguration-load
shedding strategy in this work and the traditional load shedding strategy, the advantages
of the proposed method in reducing the shed power, the number of removed users and
the economic loss during power outages are verified and our conclusions are drawn in
Section 6.

2. Distribution Network Reconfiguration Based on Kruskal Algorithm

Distribution network generally adopts a closed-loop design and open-loop operation
mode, featuring a radiation-type structure. For this purpose, Ref. [25] added spanning
tree constraints to the reconfiguration model, and Ref. [29] generated radial constraints
from the perspective of virtual power flow. These two constraints can ensure that the
distribution network always satisfies the radial topology during the optimization and
solution process. However, the application of these two constraints often brings two
problems: first, additional integer variables will be introduced, which increases the search
space and reduce the solution efficiency; second, the variables in the constraints fail to
reflect the relationship between nodes and branches. To overcome these drawbacks, in this
work, the minimum spanning tree algorithm is introduced to generate radial distribution
network before the load shedding operation.

2.1. Generation of Radial Distribution Network Based on Kruskal Algorithm

In distribution network reconfiguration process, the change of network topology leads
to uncertainty in the power flow direction of some lines. If a directed graph is used to
describe the distribution network, the actual power flow may be inconsistent with the
direction of the edge, which is inconvenient for the power flow calculation and will increase
the search space at the same time. Thus, in this work, an undirected graph is adopted to
illustrate the topology of the distribution network.

Based on the established undirected graph, the minimum spanning tree algorithm is
conducted to generate multiple radial topological structures from the distribution network



Energies 2022, 15, 8178

40f18

containing loops, and to decide the upstream and downstream relationships between the
nodes. Once the network structure is determined, the hierarchical forward and backward
substitution method [30] can be used for power flow calculation to obtain the state pa-
rameters of each node and branch. This process avoids the additional integer variables in
the above constraints and effectively reduces the search space and the complexity of the
reconfiguration optimization problem.

Since the distribution network topology with tie lines is still close to radial shape and
belongs to the sparse graph, the Kruskal minimum spanning tree algorithm [31] is selected
in this work. To traverse all possible spanning trees to the maximum extent, the edge
weights are generated randomly. Once the undirected weighted graph of the distribution
network is constructed, the Kruskal minimum spanning tree algorithm will be executed to
obtain the radial distribution network.

2.2. Mathematical Model of Distribution Network Reconfiguration
2.2.1. Objective Function

The objective function of the distribution network reconstruction can be described
as follows:

minP'** = Y~ I;’R;; 1)
ijeQ

where P is the total power loss of the distribution network, I;; and R;; are the current
magnitude and resistance of line i, j, and () stands for the node set.

2.2.2. Constraints
The AC power flow constraints [14] of the distribution network can be described as:

P =Pl =) GijViVjcos(0) + ) B;jViVsin(6;) @
jGQi jEQi

Qi° —Qi" = Y G;ViVjsin(6;) — Y B;;V;V;cos(6;) 3)
jeoy; j€0;

where P,¢ and Q;C are the active power and reactive power generated at bus i; Pl and

Qi are the active power and reactive load powers at bus i; V; is the voltage phasor at bus

i and (); denotes the set of nodes connected to bus i; G;; and B;; are the conductance and

susceptance of line 7, j; 0;; is the phase angle difference between the buses i and j.
Operating constraints of distribution network can be expressed as

Vimin < Vi < Vmax (4)
|P;j| < Pijmax ®)
Iij < Iijmax (6)

where Equations (4)-(6) are the bus voltage constraint, the line capacity constraint, and the
line current constraint. Vi,in and Vimax are the minimum voltage magnitude and maximum
voltage magnitude at bus i, where Viyin = 0.9 p.u. and Vimax = 1.0 p.u. [jjmax is the rated
current of line 7, j.

Radjial topology constraints are formulated as

8k € Gy ()

where gy is the current topology structure of the distribution network, and G, denotes the
set of radial topology structures of the distribution network.
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3. Coordination Optimization Model of Distribution Network Reconfiguration and
Load Shedding

3.1. Objective Function

There are four indexes that are commonly used to evaluate the pros and cons of load
shedding strategies.

(1) Total shed power

Pt = Yy Pt (8)
icn

where y; is the switching state of the load at bus i. y; = 0 if load 7 is connected and y; = 1
otherwise.

(2) Total economic loss

Cshed _ Z yipini (9)
ieQ)

where p; is the loss coefficient of load i.

(38) Total number of shedding users

Cu = Y y,Cu; (10)
i€
where Cu; is the users’ number of load i.
(4) Over-shed power, PVt

To meet different application requirements and take a better trade-off of these indexes,
the following three optimization objectives for the load shedding are defined in terms of
economy, security and user experience.

Objective function 1 is to minimize the shed power, the power loss, and the over-shed
power at the same time.

pshed ploss pwaste
(11)

shed + w2 Ploss +ws Pwaste

max max max

Objective function 2 is to minimize the economic loss, the power loss, and over-shed
power at the same time.

Cshed Ploss puwaste
Fz = W1 =g +wz Ploss + w3 Pwaste (12)
max max max

Objective function 3 is to minimize the number of shedding users, the power loss, and
the over-shed power at the same time.

Cushed Ploss puwaste
P3 = w1 shed + w2 Ploss +ws Pwaste (13)
max max max

where w1, wy, and w3 are the weights of shed power, the power loss, and the number of
shedding users in the objective functions. According to the judgment matrix method [32,33],
w1 =0.8, w, =0.1,and w3 = 0.1.

3.2. Constraints

The AC power flow constraints of the distribution network are expressed as

PC —yiP" = Y G;ViVjcos(6;) + ) BijV;Vjsin(6;)) (14)
jeqy; jeQ;
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Qi° —yiQi" = Y GyViVjsin(6;) — ) BijViVjcos(6y;) (15)
JEQY jeQy;

Note that compared with Equations (2) and (3), the binary variables representing the
switching state of the loads are added to constraints (14) and (15).
Active power input constraint at power source nodes is given as

Z ]/iPiL + Ploss < Premain (16)
icQ)

where Premain represents surplus active power.

Security operation constraints and radial topology constraints are the same as
Equations (4)—(7).

Thus, the load shedding optimization problems are determined as

Min Equations (11) —
¢ Equations (4) — (7 )
"| Equations (14) — (16)

which is a non-convex mixed-integer nonlinear programming (MINLP) model due to
the existence of nonlinear AC power flow constraints and a large number of binary
switching variables.

4. Solving Strategy of Reconfiguration-Load Shedding Model of Distribution Network

Note that the network reconfiguration-load shedding coordination optimization
model determined by Equations (4)-(7) and (11)—(16) features high nonlinearity, large
scale, and strong non-convexity. To this end, an improved GA is used to solve this model
and the algorithm flowchart is illustrated in Figure 1. This is because GA is not limited by
the continuity and derivative of the objective function and has good global convergence per-
formance in solving high-dimensional space, high complexity, and nonlinear problems [34].
In this work, the improvement of the GA mainly lies in the three aspects of the generation
process of initial population, the crossover operator, and mutation operator.

s T TTTTNT T \\

Set objective function, / Forward and backward substitution \
population size, maximum [ method for power flow calculation

number of iterations | |
! | |
I Does the result |
Input distribution network information meet the constraints 2 |
matrix ( head node, terminal node, | I
resistance an.d reactance ?f each branch, | ["Output fitness value Calculate The fitness value is I
load active and reactive power) | | and power flow data kndividual fitness| M (arge enough |

| of each node and positive)
\ branch value |
Perform Kruskal algorithm to get AN - _ /

minimum spanning tree and saveline | | T T T T T T T ™ l_ ________
switch information to each chromosome
Selection, Crossover, Gen = Gen+1
Mutation
Generate qualified load switch
information and save it on
each chromosome
Dose the offspring
meet constraints ?
Initial population
generation completed Join the next H Regenerate
generation the individual
State of each switch and power flow data of | Yes Maximum number No
each node and branch under optimal output | of iterations?

End

Figure 1. Flowchart of the solving strategy.
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4.1. Determination of Variables

In the proposed reconfiguration-load shedding model, two types of decision variables
are considered. One is the binary variables to represent the states of line switches, such as
tie switches and sectional switches, and another is the binary variables to represent the state
of load switches. The structure of the distribution network is determined by the two state
variables. At this time, the hierarchical forward-backward substitution method is used for
power flow calculation to obtain the voltage, current, active power, and reactive power of
each bus and line. Therefore, we combine these two decision variables as individuals of a
genetic algorithm to finalize the whole solution process.

4.2. Generation of Initial Population

Since the distribution network needs to maintain a radial structure and the retained
load cannot exceed the residual power, the individuals that determine the line switching
variables and load switching variables of the topological structure cannot be generated in a
random way. Thus, in this work, a method based on the Kruskal algorithm mentioned in
Section 2.1 is proposed to generate switching states.

(1) Input the information about nodes and branch connections that contain tie lines and
generate weights of edges randomly.

(2) Execute Kruskal algorithm to obtain spanning tree structures. The states of the
reserved line switches are recorded as 1 and those of the disconnected line switches
are recorded as 0 in the individual information, according to the obtained spanning
tree structure.

(3) Generate the states of load switches randomly and judge them according to the
rule: if the retained load power is between the minimum retained power and the
residual power, save the switches states of this group in the individual; otherwise,
generate again.

Since the load shed power will keep changing all the time, the number of load switch
states of zero is very small under low shed power. In this case, if the random generation
method is adopted, the calculation time will increase significantly. To avoid this problem,
we set the generation probability of the states of 0 and 1 according to the residual power to
accelerate the formation of the initial population.

4.3. Crossover and Mutation Operation

To ensure that the individuals generated in the whole iteration process meet the
topological connectivity, radial operation and no loop formation, the crossover operator
is improved by a self-designed multi-point crossover method, and the catastrophe algo-
rithm [35] is applied in the mutation operation. The two main crossover positions in the
multi-point crossover method are set at the line switch and the load switch, respectively.

The crossover rule of line switches are as follows: Count the number of switches opened
in each loop in parent topologies 1 and 2. Record two switches” positions and get crossover operation
if only one line switch is opened in both topologies and the disconnected positions are different. As
shown in Figure 2, there are three loops of (2, 3,9), (3,4, 9, 10), and (3, 4, 5, 6, 7, 8) in the
network. Loop (2, 3, 9) and loop (3, 4, 5, 6, 7, 8) have only one line switch opened, and
the disconnected position is different in two parent topologies. Taking (3, 4, 5, 6, 7, 8) as
an example, the opened line switch 134 and lgg are recorded and cross-operated to obtain
two offspring with radial topology. Note that a single point crossover rule is applied at the
load switch.

The line switch mutation rule are as follows: Select only one line switch opened loop in the
parent topology and move the disconnected position to other line in this loop to obtain the offspring
with radial topology. As shown in Figure 3, taking the circle (3, 4, 5, 6, 7, 8) as an example,
line switch lgg is opened in the parent topology. Close lgg and open another line 145 in this
loop randomly to obtain the offspring topology. Note that the common mutation rule is
adopted at the load switch.
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Parent topology T,

10

Parent topology T,

Children topology T,

10

Figure 2. Crossover operation of network topology.

Parent topology

10

Children topology

10

Figure 3. Mutation operation of network topology.

The catastrophe algorithm is described as follows: If the best fitness value of 15 consecutive
generations is the same before the program satisfies the termination condition, change the mutation
rate from initial parameter 0.05 to 0.1. This can ensure the diversity of the population and avoid
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External Grid

premature convergence. Finally, it is necessary to judge the feasibility of offspring obtained
by crossover and mutation. If the spanning tree constraint is not satisfied or the retained
load is greater than the system residual power, the population should be regenerated.

5. Case Study

IEEE 33 distribution network contains 32 branches, 5 tie branches, and 1 power supply.
The first reference voltage is 12.66 kV and the three-phase power reference value is 10 MVA.
The total network load is 5084.26 + 2547.32 j kVA. The basic network structure and the
basic loops are given in Figure 4, and the parameters of each branch and load are given in
Appendix A. Using the static load model, the total power consumption and the user load
of the system are 3917.65 kW and 3715 kW normally. The initial power loss is 202.65 kW.
The lowest bus bar voltage is 0.9133 p.u., and the five tie switches are normally open.

Municipal load
Commercial load
Industrial load
Resident load

- Tieline

Figure 4. IEEE 33 Distribution Network.

5.1. Validation of Distribution Network Reconfiguration

In this section, the effectiveness of the distribution network reconfiguration model
is verified by solving the model to minimize the power loss of the network. Note that
the state variables of the load switches are ignored. The parameters adopted in genetic
algorithm are set as follows: the initial population size is 100 and the maximum iteration
number is 50.

As shown in Figure 5, the optimal topology obtained by the proposed method is
(7,9, 14, 32, 37), which is the same as those in references [13,19]. After reconfiguration,
the total power consumption and the active power loss of IEEE33 system are 3845.47 kW
and 139.47 kW, implying a reduction of 31.18% in total power loss. The minimum node
voltage of the system is improved to 0.9378 p.u., which is 2.68% higher than that of the
initial structure. Thus, it can be concluded that the proposed model enables to obtain a
better radial distribution network topology with smaller power loss and voltage difference
of nodes when compared with the initial distribution network.

= === Disconnected line

External Grid

___________

Figure 5. Radial structure of IEEE distribution network.
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5.2. Load Shedding Optimization Based on Distribution Network Reconfiguration
5.2.1. Scenario 1: Power Output Fluctuation of Main Grid

Assume that the maximum active power input of IEEE33 distribution network is
4000 kW and the synchronous generators such as thermal power and hydropower, and
the DG such as wind power and photovoltaic generator contribute the same proportion of
50%. It is well known that the outputs of wind power and photovoltaic power are easily
affected by seasons and weather changes, featuring significant uncertainty. In this scenario,
based on the proposed reconfiguration-load shedding coordination optimization model,
the effects of DG output on the distribution network topology, shed power, economic loss
and the number of shedding users are explored during the change of DG total power
output from 0 kW to 2000 kW with a step of 100 kW. The initial population size is set to 500
and the maximum iteration number is 100.

Figure 6 shows the comparison of load shedding results obtained by different methods
with objective function 1. The results of multi-step load shedding method (MS), load
shedding method without network reconfiguration (IS), and reconfiguration-load shedding
method (RS) are separately denoted by a black column, a red column, and a blue column.
Figures 7 and 8 present the comparison of economic loss and the number of shedding users
corresponding to the three load shedding methods.

. VS
- S
2000 . RS

—_
a
S
S
T

1000 -

Total shedding power/kW

500

2000 2500 3000 3500 4000

System residual power/kW

Figure 6. Comparison of the total shed power after the load shedding.

I VS
- S
. RS

150,000

125,000

100,000

75,0001

Economic loss

50,0001

25,0001

2000 2500 3000 3500 4000
System residual power/kW

Figure 7. Comparison of the economic loss after the load shedding.
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300

. MS
. S
. RS

200 -

Shedding users

100 -

2000 2500 3000 3500 4000

System residual power/kW

Figure 8. Comparison of the total shedding users after the load shedding.

The results reveal that the shed power, economic loss, and the number of shedding
users determined by IS and RS methods are far lower than those obtained by MS method.
This is because as one of the precedence order methods, the main idea of the MS method
is to form the load round table after prioritizing the interruptible load and then to shed
load from low priority to high priority. The over-shed power is thus only determined by
the active power P; of a certain node. It can be seen that when the residual power of the
system is in the intervals of (2600 kW, 2800 kW) and (3000 kW, 3200 kW), a large over-shed
power of the whole system occurs due to the high active power P; of node j. Moreover, the
MS method ignores the fact that the system power loss after load shedding will be greatly
reduced, resulting in an incomplete utilization of some active powers. However, in the
case of the same distribution network structure, converting the shed power into the system
residual power by the load retention idea, and using the genetic algorithm to solve the load
shedding optimization problem can avoid the large over-shedding power caused by the
MS method. In the meanwhile, the utilization rate of residual power can be improved and
better load shedding results can be obtained.

Taking the test point with 3900 kW residual power as an example, it can be found
that it does not require load shedding operation when the RS method is adopted, whereas
45 kW active load should be shed when IS method is used. To explore the reasons, the
network losses under different residual power values are analyzed, as shown in Figure 9.
Results in Figure 9 suggest that the shed power reduced by the MS method is not obvious
when the system residual power is small (<3000 kW). This is because that the MS method
reduces the network loss by adjusting the distribution network topology to achieve the
purpose of less load shedding. Since the network loss is much smaller than the total load,
the shed power reduced by the MS method is limited and will be affected by the system
residual power of the distribution network. Theoretically, the power loss and the reduced
shed power will decrease with the system residual power. However, the advantages of
the MS method in reducing network loss are gradually highlighted under large system
residual power, greater than 3000 kW for example, which effectively reduces the total
load shedding. Therefore, it can be inferred that when the system residual power is in the
interval of (3845.47 kW, 3917.65 kW), the power balance of the system can be sufficiently
satisfied by reconfiguring the distribution network topology instead of performing the load
shedding operation.

Table 1 summarizes ten distinct radial topologies of IEEE33 system obtained by RS
method with objective function 1, indicating that the distribution network topology ob-
tained by RS method changes with the residual power. It should be noted that the network
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topologies numbered as 1, 2, 4, 5, 7, and 9 appear once and 3 and 8 appear twice, while the
rest is the same as the distribution network structure after reconfiguration in Section 4.1.

@ RS
200 @ IS o )
* ]
Y )
2 150 | °
= 0 ?
@ o
2 0
< o
5 100 |- °
Z. *]
o o °
50 - °9gdo0
9 9
0880
0 1 " 1 " 1 " 1 " 1
2000 2500 3000 3500 4000

System residual power/kW

Figure 9. Comparison of the network loss under different residual power of the system.

Table 1. Topology analysis of reconfiguration-load shedding method.

Residual Power/kW Topology Type Disconnected Lines ~ Shedding Power/kW
2100 1 6,10, 14, 32,37 1645
2200 2 7,9,14,36, 37 1550
2700 3 7,9,14,36, 37 1065
2400 3 7,10,12,27,36 1355
2600 4 7,10, 14, 32,37 1160
2800 5 7,11,12, 36,37 965
3000 6 7,8,14,17,37 780
3300 7 7,8,32,34,37 500
3400 8 7,9,14,17,37 395
3600 8 7,9,14,17,37 240
3800 9 7,10, 13,32,37 60

others 10 7,9,14,32,37 -

According to Figures 6 and 7, it can be found that the shed load and network loss
are reduced more obviously when the residual power of the system is 2800 kW. Figure 10
shows the disconnected load distribution and network topology difference among the three
methods under objective function 1. It can be seen that there is no obvious rule in the
disconnected load distribution obtained by IS method, whereas the load shedding points
determined by the RS method are close to the end of the branch. This is also the case at
other test points. It suggests that the RS method will preferentially shed the load at the
end of each branch to maintain the power balance of the system and achieve the minimum
network loss and the lowest shed power.

Figure 11 shows the disconnected load distributions and network topologies of the
three methods under objective function 2. Results show that the disconnected load distri-
butions corresponding to IS method and RS method are similar, where the residential loads
with lower priority are removed first. The difference is that the IS method disconnects the
industrial load of node 3 (120 kW), whereas the RS method disconnects the industrial load
of node 18 (90 kW) so as to further reduces the shed load. These results prove that the
proposed RS method is capable of selecting an appropriate network topology according to
the system residual power and making the residual power distribution more reasonable.
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Figure 10. Removed loads distribution with the lowest shed power as the main objective.

5.2.2. Scenario 2: Power Fluctuation of Main Grid Combined with Transmission Line Fault

Assume that the active power provided by the main grid is only 2800 kW due to power
fluctuation, and the line 3—4 fails to transmit power. To ensure the normal operation of the
distribution network, it is necessary to reconfigure the topology of the distribution network
to meet the topological connectivity and radiation, and to shed loads to ensure the power
balance of the system at the same time. Since the MS method and the IS method are only
applicable to distribution networks with the fixed topology, they are not suitable to this
scenario. Thus, only the RS method can be applied to fix this problem with the following
procedure:

(1)  Delete the fault line from the branch switch information matrix;

(2)  Generate an initial population by Kruskal algorithm;

(3)  Judge the individuals after crossover and mutation. If the switch of line 3—4 in the individual
is closed, the individual is re-generated.
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Figure 11. Removed loads distribution with the lowest economic loss as the main objective.

Figure 12 is the disconnected load distribution obtained by RS method under the
objective function 1. The total shed power is 980 kW, which is slightly higher than that in
Figure 6 (965 kW) when the line state is normal. It suggests that the RS method is not limited
by individual line fault, and can find the optimal topology and the corresponding load
shedding node combination in the remaining distribution network structures according
to the line fault information. Compared with the existing load shedding methods, the
proposed RS method has more advantages in this complex environment with both power
fluctuation and line fault.

@ Municipal load
Commercial load

Industrial load

Resident load

External Grid

Figure 12. Removed loads distribution in Scenario 2.
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5.3. Effectiveness Analysis of the Improved GA

In this section, the improved genetic algorithm (IGA) and the traditional GA are used
to optimize the load shedding scheme with the residual power of 2900 kW, in order to verify
the effectiveness of the improvements in GA. The fitness values of the two algorithms are
calculated three times respectively, as shown in Figure 13. It can be seen that GA reaches
the optimal fitness value of 0.02799 for twice after more than 35 iterations, whereas the
IGA finds the optimal fitness value of 0.02799 after less than 25 iterations in the three
calculations. It indicates that IGA has better optimization ability and algorithm stability. It
can also be seen from Figure 13 that the improvement of population generation method
improves the overall quality of the initial population, while the improvement of crossover
and mutation operators enhances the search ability of the algorithm. All these practices
accelerate the convergence rate and improve the stability of the algorithm.

0.18 | ——IGAI
——1GA2
0.16 | ——IGA3
——GAl
0.14 | GA2
2 o GA3
<
>
2 010
E |
=
1 1 1
0 25 50 75 100

Number of iterations
Figure 13. Comparison of the fitness values obtained by various GAs.

6. Conclusions

In this work, a coordination optimization method for load shedding based on distribu-
tion network reconfiguration is proposed in this paper. A mathematical optimization model
of reconfiguration-load shedding is first established with the consideration of tie switches,
sectional switches, and load switches in the distribution network, and a solution strategy
combined minimum spanning tree algorithm with genetic algorithm is trailed according to
the characteristics of high dimension and nonlinearity of the model. The application of the
proposed method is finally verified via IEEE33 system.

Results show that the introduction of the network reconfiguration in load shedding
optimization is beneficial to adjust the topology of distribution networks and further
reduces the network loss, the economic loss, and the number of shedding users. Compared
with the existing load shedding methods, the proposed reconfiguration-load shedding
method shows more advantages in a complex environment that involves both power
fluctuations and line faults. Moreover, the trailed GA-based solving strategy can effectively
deal with the nonlinear constraints of the power flow equations and reduce the number
of the variables in load shedding model, further improving the solving efficiency of the
reconfiguration—load shedding model. Future work will focus on the improvement of this
method by applying it to large-scale systems and comparing the results with the latest load
shedding methods.
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Appendix A

Table Al. IEEE 33 System Parameter.

Node Node Branch Load at Node Load Tvpe Load Users’
i j Impedance kW yp Priority = Number
0 1 0.0922 + 0.047 100 + 60 Resident 3 10
1 2 0.4930 + 0.2511 90 +40j Commercial 2 9
2 3 0.3660 + 0.1864 j 120 + 80 Industrial 2 10
3 4 0.3811 + 0.1941 60 +30] Municipal 1 7
4 5 0.8190 + 0.7070 60 +20j Resident 3 5
5 6 0.1872 + 0.6188 200 + 100 j Industrial 2 24
6 7 0.7114 + 0.2351 200 + 100 j Commercial 2 28
7 8 1.0300 + 0.7400 j 60 +20j Resident 3 3
8 9 1.0440 + 0.7400 j 60 +20j Resident 3 7
9 10 0.1966 + 0.065 j 45 +30j Municipal 1 4
10 11 0.3744 + 0.1238j 60 +35] Resident 3 6
11 12 1.4680 + 1.155] 60 +35]j Commercial 2 7
12 13 0.5416 + 0.7129§ 120 + 80 Municipal 1 18
13 14 0.5910 + 0.526 60 +10j Municipal 1 10
14 15 0.7463 + 0.545 j 60 +20j Resident 3 4
15 16 1.2890 + 1.721j 60 +20j Resident 3 12
16 17 0.3720 + 0.574 j 90 +40j Resident 3 18
1 18 0.164 + 0.1565 j 90 +40j Industrial 2 16
18 19 1.5042 + 1.3554 j 90 +40j Municipal 1 20
19 20 0.4095 + 0.4784 90 +40j Commercial 2 10
20 21 0.7089 + 0.9373 j 90 +40j Industrial 2 6
2 22 0.4512 + 0.3083 j 90 +50j Resident 3 8
22 23 0.8980 + 0.7091 j 420 + 200 Industrial 2 60
23 24 0.8960 + 0.7011 420 + 200 Industrial 2 70
5 25 0.203 + 0.1034 j 60 +25] Municipal 1 6
25 26 0.2842 + 0.1447 60 +25j Resident 3 6
26 27 1.0590 + 0.9337 60 +20j Municipal 1 6
27 28 0.8042 + 0.7006 j 120 + 70 Municipal 1 11
28 29 0.5075 + 0.2585 200 + 600 j Industrial 2 19
29 30 0.9744 + 0.9630 j 150 + 70 Industrial 2 14
30 31 0.3105 + 0.3619j 210 + 100 j Industrial 2 20
31 32 0.3410 + 0.5362 j 60 +40j Commercial 2 6
7 20 2+2j Tie line
8 14 2+2j Tie line
11 21 2+2j Tie line
17 32 05+0.5j Tie line
24 28 0.5+0.5]j Tie line
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