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There are many uncertain factors in the modern distribution network, including the access of renewable energy sources and the
heavy load level. The existence of these factors has brought challenges to the stability of the power distribution network, as well
as increasing the risk of exceeding transmission capacity of distribution lines. The appearance of flexible load control technology
provides a new idea to solve the above problems. Air conditioners (ACs) account for a great proportion of all loads. In this paper,
the model of dispatching AC loads in the regional power grid is constructed, and the direct load control (DLC) method is adopted
to reduce the load of ACs. An improved tabu search technique is proposed to solve the problem of network dispatch in distribution
systems in order to reduce the resistive line losses and to eliminate the transmission congestion in lines under normal operating
conditions. The optimal node solution is obtained to find the best location and reduction capacity of ACs for load control. To
demonstrate the validity and effectiveness of the proposed method, a test system is studied. The numerical results are also given in

this article, which reveal that the proposed method is promising.

1. Introduction

Distribution network is a bridge that connects transmission
network and users. Its safety and reliability is the key factor
that affects the reliability of power supply. Nowadays, the
scale of modern distribution network is getting bigger and
bigger; meanwhile, its connection becomes more and more
complicated [1]. There are many uncertain factors in the mod-
ern distribution network, including the access of renewable
energy sources and the heavy load level. The existence of
these factors has brought challenges to the stability of the
power distribution network, as well as increasing the risk
of exceeding transmission capacity of distribution lines. The
traditional control and management methods of distribution
network are passive such as reconfiguration [2], adjusting
OLTC (On-Load Tap-Changer) tap [3], switching reactive

power compensation equipment [4], and load shedding [5].
There are a series of problems, such as low level of automation
and backward scheduling method. In recent years, domestic
and foreign scholars have also carried out the research of
smart scheduling in power system. However, most of the
research works focus on the transmission network [6], such
as security and stability analysis and risk prevention, whereas
the smart scheduling and flexible control in distribution
network is usually ignored rather than carefully designed.

In the distribution network system, the load on each
feeder is composed of industrial, commercial, and residential
type loads [7]. Their load curves are different, which make
the peak loads of feeders appear at different times. Therefore,
under normal operating conditions, in order to reduce the
power loss and improve the bus voltage, a part of the load
can be transferred from heavily loaded lines to lightly loaded
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lines through network reconfiguration. During this process,
the transformer capacity, the heat capacity of the feeder, the
voltage drop, the line topology, and other constraints need to
be satisfied. Civanlar et al. conducted the early research on
feeder reconfiguration for loss reduction [8]. In [9], Baran
and Wu modeled the problem of loss reduction and load
balancing as an integer programming problem. In [10], the
authors used a genetic algorithm to look for the minimum
loss configuration. In [11, 12], the authors presented the use
of the power flow method based on a heuristic algorithm to
determine the minimum loss configuration to radial distri-
bution networks. In [13], the authors proposed a solution
procedure which employed simulated annealing to search for
an acceptable noninferior solution.

However, during the summer peak periods, loads of feed-
ers in the distribution network are too heavy to be transferred
through network reconfiguration. In such an overload case,
load shedding must be carried out [5, 14, 15]. Otherwise, there
will be a risk of low voltage or even voltage collapse [16].
The traditional control and management mode of power
distribution network are passive [17]. Its scheduling method is
outdated and automation level is low [18]. There are two main
ways to solve the problem of heavy load in the distribution
network. One way is to find solutions from the power supply
side. Wind power [19, 20], photovoltaic [21], and other renew-
able energy sources are connected to the distribution network
according to the load situation [19]. Through active distri-
bution network (ADN) [22], coordinated control technology
is used to realize the effective management of bidirectional
power flow [23] after distributed energy interfaced with the
distribution network. This allows distributed energy to play a
supporting role in the distribution network under reasonable
regulatory and access standards [24]. Another way is to find
solutions from the load side; technologies such as demand
response (DR) and energy efficiency management (EEM)
for load resources need to be energetically developed [25].
Using active response of flexible load to reduce peak load of
distribution network at the time of overload can solve the
problem of small adjustment margin of distribution network
operation in the peak period [26], delay the reconstruction
of the line and the new construction process, and save the
investment of the power grid [27].

Thanks to the advancement of the communication capa-
bility of the new intelligent service network and the loads’
controllability, there has been growing attention in methods
inspired by the demand response technology in [28] to help
achieve peak load shifting in the last decades. Electricity
shortages usually occur during peak hours in summer or
winter, when the percentage of the air conditioning loads
reach 30%~40% of the total capacity—the demand peak rises
with the number of air conditioners (ACs) in use. Direct load
control (DLC), which usually reduces the loads by controlling
the thermostatically controlled loads (TCLs) of ACs [29],
fridges, and water heaters of the residential users, is an
important type of incentive-based demand response [30] to
solve shortages in electricity supply and problems of energy
spending during the summer season.

Recently, the study of DLC is as follows: Lee and Wilkins
[31] proposed a general modeling technique for evaluating

Mathematical Problems in Engineering

the effectiveness of load control. Bhatnager and Rahman
[32] pointed out that the effect of the DLC control strategy
depends on the system characteristics. Hsu and Su [33] pro-
posed a dynamic programming approach to coordinate the
DLC strategy and the generator output, so as to minimize the
production cost of the system. Wei and Chen [34] presented
a multichannel dynamic programming for DLC, which can
quickly converge to a near optimal solution. In order to
improve the customer’s willingness to participate in DLC, the
demand response control strategy based on fuzzy logic is used
to control the air conditioning and water heater periodically.
These kinds of loads are called flexible loads. They have a heat
energy storage ability and can switch or change the control
parameters in a short time, which will not impact users. Thus,
the minimization of peak load by DLC methods has been
suggested [35, 36]. The aim of this paper is to find the optimal
location and capacity of the AC loads to be reduced. As for
the specific method and detailed process of AC loads control,
they have been introduced in [37].

The main work and interesting findings in this paper are
concluded as follows:

(i) Based on the actual connection and load characteris-
tic of distribution network, the scheduling scheme of
distribution network and the way of load control are
studied.

(ii) Against the shortcomings of traditional calculation
methods for distribution grid losses, an improved
alternative method called the back/forward sweep
algorithm is presented for power flow calculation.

(iii) Direct load control of regional distribution network
can be realized by dispatching the regional AC loads.
A new efficient and robust method based on tabu
search technique is proposed to solve the problem of
network dispatch in distribution systems in order to
reduce the resistive line losses and to eliminate the
transmission congestion in lines under normal oper-
ating conditions.

The rest of this paper is organized as follows. Section 2
presents a power flow calculation method based on the
back/forward sweep algorithm. Section3 formulates the
problem of smart dispatching AC loads in the distribution
network. Section 4 presents flexible load control based on
the proposed algorithm. Section5 provides case studies.
Section 6 summarizes the discussions and puts forth our
conclusions.

2. Power Flow Calculation Based on
the Back/Forward Sweep Algorithm

2.1. Characteristics of Distribution Network. Compared with
transmission network, distribution network has its own
characteristics:

(1) The voltage level of distribution network is lower
than that of the transmission network. The structure
of distribution network, which is designed in closed
loop and operated in open loop, is generally radial.
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FIGURE 1: The schematic diagram of the back/forward sweep algorithm in distribution network.

(2) Compared with the transmission network, the diam-
eter of the distribution network is small, the length is
longer, and there are more branches, which resultin a
larger R/X ratio of the distribution network line.

(3) The balance node in distribution network is at the end
of the feeder, and there are many PQ nodes and few
PV nodes in the power grid.

(4) In the low voltage distribution network, there are
more single phase loads. There is a great difference
of the user’s way of consumption and the power
supply capacity, which causes three-phase unbalance
of distribution network.

The above differences lead to the dissatisfied convergence
when calculating power flow of the distribution network by
using the traditional method, such as Gauss Seidel method,
P-Q decoupled method, and Newton-Raphson method.
Because the improved tabu search algorithm used in this
paper needs to repeatedly call the power flow calculation
when scheduling the urban air conditioning loads, the effi-
ciency of searching the best location and capacity of the AC
loads to be cut is largely determined by the speed of power
flow calculation. Against the shortcomings of traditional
calculation methods for distribution grid losses, an improved
alternative method is presented. This method takes into
account influences on reactive power and voltage drop along
distribution lines.

2.2. The Back/Forward Sweep Algorithm. Considering the
characteristic of distribution networks, the back/forward
sweep algorithm is used for power flow calculation. The
algorithm starts from the end node. Forward sweep is to
calculate branch currents and power. The power and current
of each node are calculated against the direction of power
flow by using the known load power of the end node. Back
sweep is to calculate node voltage. Starting from the power
supply node, the voltage of each bus is solved in the direction
of power flow. These two processes are repeatedly performed
until the voltage difference between the two consecutive
iterations converges to a given accuracy. The main advantage
of the algorithm is to adapt to the radial and open loop

characteristics of distribution network. The schematic dia-
gram of the whole process is shown in Figure 1. Detailed steps
are as follows and the flowchart of the back/forward sweep
algorithm is shown in Figure 2.

Step 1. First of all, it is assumed that the voltages of buses are
equal to the rated voltage, and their phases are zero; that is,

U;= 1/0°, where i is the corresponding node number.

Step 2. The injection current of each load node is calculated
according to the injected power and the assumed voltage
value of each node.

1 () = oni( 1) 0

1

Step 3 (forward calculation of the branch current). The node
load current is added directly to the upstream branch current
from the end of the feeder to the first node. The nodes are
divided into three categories: the end node, the intermediate
node, and the T node. Then, what type each node belongs to is
determined, and the current of each branch can be calculated.
If the tail node j of the branch ij is the terminal node, the
branch current is equal to the current of the load node

L = Iy (j) - (2)

If the tail node j of the branch ij is an intermediate node,
the current of the load node plus the branch current of the
next branch is equal to the branch current.

Lij = Iy (j) + I i1 (3)

If the tail node j of the branch ij is a T node, the current of
the load node plus the branch current of all the subbranches
plus the branch current of the next branch is equal to the
branch current.

Iy = Iy (j)+1j,j+1 + le,jl’ (4)
J1€j
where j, € j indicates that node j, is a child node which is
connected to node j.
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FIGURE 2: The flowchart of the back/forward sweep algorithm.

Step 4. On the premise that i, j are, respectively, the head Qi =Qq+ Z Qji +AQ;;
and terminal node of branch k, the apparent power at the keC;
beginning of the branch ij is
=Qy+ Z Qjk
. keC;
S =S+ ), S+ 8 = Py + jQ 5)
keC; 2 2
: N (Pj + Ykec, ij) + (Qj + ke, ij)

whose parameters are U3 v

J
(6)
P;=Py+ ) Py+AP;

keC; where §;; is the apparent power at the head of line ij. Sj;

_p 4 Z p represents the load power demand of node j. AS;; is for power
ToL k consumption in line ij. C; is a set of nodes which are all
connected to node j except node i. The sum of the active

2 2 power of all the branches connected to node j except line ij
(P it Zkecj p jk) + (Q it Zkecj Q jk) R is Zkecj Pji.. Similarly, the sum of the reactive power of all the

U]? i branches connected to node j except line ij is Zkecj Qj-

keC;

+
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The apparent power loss of the line ij is

AS.. = 14.2(

ij ij Rij"'inj)' 7)

Step 5. In the process of back sweep, the voltage drop towards
the end of the feeder can be worked out by using the given
head voltage and the obtained head power. Thus the voltage
of each bus is got without calculating the power flow.

0= (11~ R Y (Bl
g Ui Ui

( ~X.-—Qin~)/U.
( ij lJ+QIJXIJ)/U

(8)

8; = 6; — arctan

Step 6. Whether the voltage difference between the two
consecutive iterations converges to a given accuracy, that is,
& = 107 kV, can be determined according to the formula

U®Y _u®| <, (9)

where U,-(k)
tion.

represents the voltage of node i at the kth itera-

Step 7. If the convergence criterion is not satisfied, for the
next iteration, the average voltage of each node, which is used
as the initial voltage, is replaced by the obtained voltage in
the last iteration. Then, repeat the above process until the
convergence condition is satisfied.

3. Problem Formulation of Smart Dispatching
AC Loads in the Distribution Network

The objective of the model describing the studied problem
is to minimize the system power loss and node voltage offset
and also to eliminate the transmission congestion. This model
can be expressed as follows:

Maxf=/\ ( sum0 sum) _AZ

in (V. (10)
. (1 _ M . 100%)
Vi

whose parameters are

N ( Piz +2Q1.2) .
U:

1

P =

sum

(11)

™M=

Il
—

In order to achieve this goal, an improved tabu search
algorithm is used to find the best location and reduction
capacity of ACs for load control. The first item in (10) is the
difference of the total loss of the distribution network before
and after the occurrence of the demand response, and the
second one is the voltage offset of each node, in which N is
the total number of nodes in distribution network. P, and Q;,

respectively, represent the active power and reactive power
injected into node i. U; and R; are the terminal node voltage
and resistance of branch b,. PSum is the system power loss after
load control, whereas P, is the initial system power loss
before load control. V., represents that N is the set of nodes.
V} is the rated voltage. A, A, are the weight coeflicients of the
multiobjective optimization.

It is subject to the following:
(1) Conservation of power flow:
N
P = V,ZV] (G,j cos 9,~j + Byjsin Hl-j)
=1

(12)
N
Q =V, V;(Gysin0; -

=

cos Bi]@ij) ,

where V; is the voltage of node i and G;;, B;j, and 6;; are the
conductance, susceptance, and phase angle of branch ij.

(2) Node voltage limits:

Upin < U; < Upaor (13)

where U, and U,,,, respectively, represent the upper and

lower limits of the voltage at bus i.
(3) Branch current limits:

I <[

i,max’>

i=1,2,...,n (14)

where I; is the current flowing through branch b, and I; .. i
the maximum value allowed.

(4) Transmission capacity limits of distribution line:

PP+Q*<S? (15)

i max’
where P, Q are the active power and reactive power of branch
i.S; max 1S the upper limit on the transmission capacity of the
distribution line.

(5) Capacity limits of the flexible load reduction:

0 < max Spy < 0.4 * §%. (16)

We assume that the maximum flexible load accounts for
40% of the peak load at each end node. The amount of AC
loads to be cut at each node should not exceed this capacity.

(6) Power factor of the 10kV side of the power supply
being in line with the requirements:

n

ZQ,» = P, [tan (arccos ¢, ) — tan (arccos ¢,)] .~ (17)

i=1

The effect of flexible load scheduling in distribution
network can be evaluated by three criteria. First of all, based
on the proposed improved tabu search technique, the trans-
mission congestion in lines can be eliminated. Furthermore,
the resistive line losses can be reduced. Last but not least, the
voltage offset level drops.



4. Flexible Load Control of Distribution
Network Based on the Improved Tabu
Search Algorithm

Tabu search uses a flexible storage structure and the corre-
sponding tabu criterion to avoid repeated detour searches.
The core of the algorithm is to mark the local optimal
solution which has been searched. Then, try to avoid these
objects through the taboo rule, and search in other areas
of the solution space in the next iterative search process to
ensure the diversity of the search path. The local optimal
solution in the neighborhood can be found. Also, according
to aspiration criteria, TS can assoil some good solution status
which has been tabued to get the globe optimum value. The
main computational processes of the improved tabu search
algorithm for scheduling ACs are stated below.

Step 1. Enter the raw data, like the distribution network pa-
rameters, taboo step size, and so on. In this paper, the
solution vector is composed of the location and the load
capacity to be reduced of n central ACs. That is, x =

(Mf15- >3 SpRf1> -+ > SpRfm)> Where n1gy,..., g, are the
node numbers and Spgyis ..., Sprgn are the load reduction
capacity.

Step 2. Calculate the initial total loss Py, of the distribution
network and the transmission power of each line by calling
the power flow calculation program.

Step 3. Two nodes are randomly selected as the initial node to
carry out load reduction. In a certain range, the AC loads at
the selected nodes are reduced by random values. The system
power loss can be calculated by the power flow program and
is used as an initial test solution for the tabu search.

Step 4. End the process if “After 10 successive iterations, the
fitness is always kept constant” or “The maximum iteration
number is reached” is satisfied; otherwise, repeat the outer
loop. Search in the neighborhood of the initial solution to
generate the test solution, and then call the power flow
calculation to get the fitness value, which is the variation
of the total loss of the distribution network. And then the
local optimal solution in the neighborhood is generated in
order. The neighborhood search in the distribution network
is divided into two parts: neighborhood search for the load
node location and for the reduced capacity.

(1) Neighborhood Search for the Position of the Load Reduction
Node. (a) First, the type of the first node 1y, in the initial
solution vector is determined. If it belongs to a common node,
its neighboring upstream and downstream nodes are taken
as the first set of the load positions to be reduced, and their
fitness values are calculated, respectively; (b) in the next ith
search, if the upstream node of node n; is a T' type node,
all nodes in the upper reaches of #; should have a load cut,
and their fitness values are calculated; (c) if ; itself is a T
type node, then all nodes in the lower reaches of n; need to
carry out a load reduction; also their fitness values are calcu-
lated.
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(2) Neighborhood Search for the Capacity of the Load Reduc-
tion. The traditional neighborhood search is to select several
nominal capacities as the neighborhood and then to calculate
the fitness. In order to avoid the limitations of the traditional
neighborhood search for capacity reduction, in this paper,
a fixed, tiny step size d is used as the neighborhood of the
load reduction capacity. By doing so, it will help to expand
the scope of the neighborhood search and to obtain the
global optimum. The procedure of neighborhood search is as
follows: (a) the optional range of active capacity for each node
load to be reduced is P € [0,d, 2d, ..., P qax)> among which
P_Max is the maximum value of air conditioning loads that
a node can reduce; (b) if $ MW, which is the load reduction
capacity, is neither the first element nor the last element in
P, then two elements 3 + d and 3 — d, which are in front of
and behind f, are taken as neighborhood solutions; (c) if the
value of the load reduction is the first element 0 MW in the
array P, only its next element is the neighborhood solution;
(d) if the value of the load reduction is the last element P, .«
MW in the array P, only the last element is the neighborhood
solution.

Step 5. Constraint conditions are checked for the test solutions
in all neighborhoods. All the test solutions that satisfy the
constraint conditions are sorted according to the value of the
objective function. Then try to move a step from the best test
solution and check whether the move is prohibited in the tabu
list or whether it meets the aspiration criterion. If the motion
is forbidden and does not satisfy the aspiration criterion, the
suboptimal solutions are tried in order. The nontabu optimal
candidate solution is taken as the best so far. The tabu list
is updated, and then go to step 4. The taboo table records
the number of steps, directions, or target values that have
passed before, barred from returning, in order to prevent the
search process cycle and fall into local optimum. The tabu
list is dynamically updated; it records the latest solution and
releases the oldest solution.

Step 6. The rule of contempt is adopted globally. The optimal
solution to date has been recorded. The iteration process is
repeated until the objective function has not changed within
the specified 10 times. Then output the final result. Otherwise,
go back to step 4 and proceed with the iteration.

Figure 3 shows the flowchart of the tabu search algorithm
for flexible load scheduling in distribution network.

5. Numerical Examples

5.1 Simulation Conditions. The proposed approach for dis-
tribution network load reduction is tested on a 34-bus
distribution system as shown in Figure 4. System data and
parameters are listed in Tables 1 and 2. The transmission
capacity of lines 4-5 is limited to 90 MVA. There are 34 nodes
in this distribution line, of which 29 are load nodes and
4 are T-junctions. Besides, 1 power point and 5 peripheral
nodes are also included. The initial voltage is 10.5kV, the
initial phase is 0, and the capacity reference value is 100 MVA.
Power distribution of load nodes is shown in Table 1, and
the impedance of each feeder is shown in Table 2. Firstly,
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FIGURE 3: Flowchart of the tabu search algorithm for flexible load scheduling in distribution network.
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TABLE 1: Power distribution of load nodes in a 34-bus distribution
system.

Node number Receiving node

P (MW) Q (MVar)

0 0 0

1 46 2.85
2 0 0

3 46 2.85
4 4.6 2.85
5 0

6 0

7 46 2.85
8 46 2.85
9 0 0

10 46 2.85
1 2.74 1.68
12 1.44 0.9
13 1.44 0.9
14 1.44 0.9
15 0.27 0.15
16 46 2.85
17 46 2.85
18 46 2.85
19 46 2.85
20 4.6 2.85
21 4.6 2.85
22 4.6 2.85
23 4.6 2.85
24 46 2.85
25 46 2.85
26 2.74 17

27 L5 0.96
28 15 0.96
29 15 0.96
30 1.14 0.69
31 1.14 0.69
32 114 0.69
33 114 0.69

the initial power flow calculation is carried out based on the
proposed back/forward sweep algorithm. Then the flexible
load participating in the demand response is dispatched
through the improved tabu search algorithm to eliminate
network congestion on lines 4-5, while reducing the line
loss rate and the voltage offset. The number of selected load
reduction nodes is two.

The impedance of each feeder in the 34-bus distribution
system of this paper comes from the actual data of the lines
between the 34 buildings in the central business district of
Nanjing. Compared with the IEEE 33-bus radial distribution
system, the diameter of the 34-bus distribution network is
smaller, the length is longer, and there are more branches,
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which result in a much larger R/X ratio of the distribution
network line.

5.2. Results of Initial Power Flow Calculation. Initial power
flow calculations based on the back/forward sweep algorithm
are performed on the 34-bus distribution system above. The
terminal condition of the iteration is that the difference of
the voltage of the head node between two iterations is no
more than ¢ = 107, After four iterations, the convergence
condition is satisfied. Table 3 shows the amplitude and phase
angle of each bus voltage worked out by the proposed method.
Table 4 shows the active and reactive power of each branch.

Simulation results show that the proposed power flow
method has the characteristics of the small occupation of
memory, fast speed, and reliable convergence. It can be
applied to determine the location of the AC loads and their
reduction capacity.

5.3. The Result of AC Loads Reduction Decision Based on the
Proposed Algorithm. The total load of the 34-node distribu-
tion network system is 92.73 MW, and the reactive load is
57.47 MVar. After the initial power flow calculation, the total
active power of the system is 971645 MW; the active loss is
4.4345 MW. Similarly, the total reactive power of the system
is 58.7722 M Var, and the reactive power loss is 1.3022 M Var.
The reference voltage was chosen to be 10.5kV. The voltage
amplitude at the end of the distribution network is 10.079 kV.
The line loss rate of the system is about 4.4345%. The
transmission power on lines 4-5 is 90.4014 MVA. Assuming
that the transmission power of the lines 4-5 is limited to
90 MVA, it is desirable to dispatch the central ACload located
at each node by using an improved tabu search algorithm to
eliminate network congestion on lines 4-5, while minimizing
the line loss and voltage drift. The number of nodes selected
to carry out load reduction is two.

The initial solution vector is chosen as v = [7,11,0.36,
0.58,0.27,0.435]. That is to say, the central ACs at node 7
and node 11 are selected for load reduction and reduced the
active power output by 0.36 MW and 0.58 MW, respectively.
Assuming that the power factor of the controlled AC load is
0.8, then the corresponding reductions in reactive capacity
are, respectively, 0.27 MVar and 0.435 M Var.

Details of neighborhood search for the location of the
load reduction nodes are as follows. First, the node type of
the first element of the solution vector y is judged. Then,
according to the proposed neighborhood search method, find
the load position to be cut and calculate the corresponding
fitness value. After the above steps, the subneighborhood
solution vector x; is obtained. The number of its columns is
4, but the number of rows is determined by the topological
relation of node 7. In this case, the subregions x, to x,
are invariant. The search process of subneighborhood x,
coincides with that of x;. Both x; and x, are representative
of the position of ACs that need to reduce the load.

Details of neighborhood search for the capacity of the
load reduction node are as follows. Assume that the capacity
range for each node to reduce the load is P € [0,0.001,
0.002,...,4.6] MW. The search step is set as d = 1 X
107> MW. The corresponding reactive power reduction range
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TABLE 2: Impedance of each feeder.

. : Resistance per unit length Reactance per unit length Line length
Node i Node j ( g/km) & ( (5) k) g (km)g
0 1 0.195 0.080 0.60
1 2 0.195 0.080 0.55
2 3 0.299 0.083 0.55
3 4 0.299 0.830 0.50
4 5 0.299 0.830 0.5
5 6 0.524 0.090 0.60
6 7 0.524 0.090 0.40
7 8 0.524 0.090 0.60
8 9 0.524 0.090 0.40
9 10 0.524 0.090 0.25
10 1 0.524 0.090 0.20
2 12 0.524 0.090 0.30
12 13 0.524 0.090 0.40
13 14 0.524 0.090 0.20
14 15 0.524 0.090 0.10
5 16 0.299 0.083 0.60
16 17 0.299 0.083 0.55
17 18 0.378 0.086 0.55
18 19 0.378 0.086 0.50
19 20 0.378 0.086 0.50
20 21 0.524 0.090 0.50
21 22 0.524 0.090 0.50
22 23 0.524 0.090 0.60
23 24 0.524 0.090 0.40
24 25 0.524 0.090 0.25
25 26 0.524 0.090 0.20
6 27 0.524 0.090 0.30
27 28 0.524 0.090 0.30
28 29 0.524 0.090 0.30
9 30 0.524 0.090 0.30
30 31 0.524 0.090 0.40
31 32 0.524 0.090 0.30
32 33 0.524 0.090 0.20

is Q € [0,2.85] MVar. At each node, the AC load does not
exceed 40% of the total load. The node type of the third
element 0.36 MW of the solution vector v = [7,11,0.36,
0.58,0.27,0.435] is judged. Then, according to step 4 of
the proposed neighborhood search method, find the load
capacity to be cut and calculate the corresponding fitness
value. Thus, the third subneighborhood element x; of the
neighborhood solution set ¢ is obtained. At this time the
other elements x,, X,, and x, remain unchanged. The search
process of x, coincides with that of x;. Finally, all sub-
neighborhood solutions x;, X,, X3, and x, are combined as
neighborhood solutions ¢ = [x;; X,; X35 X,4].

The length of the tabu list is set to 4, and the scope of
the aspiration criterion is set to global. The improved tabu
search algorithm repeatedly calls the power flow calculation
and neighborhood search. After 345 iterations, the optimal
scheme of ACloads reduction in the distribution network was
calculated.

The iterative optimization process of the proposed
improved tabu search algorithm is presented in Figure 5(a).
It shows the relationship between the number of iterations
and the objective function. It can be seen that as the number
of iterations increases, the fitness of the objective function
increases gradually from the initial 0.25 until it stabilizes at
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TaBLE 3: The amplitude and phase angle of each bus voltage.

Bus number Voltage amplitude Voltagf: phase
(p-u) )

0 ) o

1 0.9941 0.0527
2 0.9890 0.0990
3 0.9821 0.2133
4 0.9761 03127
5 0.9704 0.4075
6 0.9666 0.4985
7 0.9645 0.5484
8 0.9620 0.6070
9 0.9608 0.6351
10 0.9604 0.6461
11 0.9602 0.6494
12 0.9887 01069
13 0.9884 01140
14 0.9883 01160
15 0.9883 0.1161
16 0.9660 0.4828
17 0.9622 0.5458
18 0.9581 0.6285
19 0.9549 0.6954
20 0.9520 0.7539
2 0.9487 0.8331
22 0.9460 0.8985
23 0.9435 0.9603
2 0.9423 0.9902
25 0.9418 1.0017
26 0.9417 10051
27 0.9663 0.5069
28 0.9660 05125
29 0.9659 05153
30 0.9605 0.6431
31 0.9601 0.6511
32 0.9600 0.6551
3 0.9599 0.6564

about 1.6, which represents the change of the total power
loss of the system. The red circle in the figure shows that,
between 50 and 100 iterations, there is a sudden increase in
the fitness value. For, at the 69th iteration, the tabu list and
aspiration criterion are used to prevent the neighborhood
search from falling into the local optimum. This reflects the
superiority of the proposed method of distribution network
scheduling based on improved tabu search. Figures 5(b)
and 5(c), respectively, illustrate the neighborhood search
processes of the location and the capacity of peak load
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FIGURE 5: Iterative optimization processes of flexible load reduction
in distribution networks based on the proposed algorithm.

reduction. Finally, after 345 iterations, the optimal location
and capacity for load reduction were found, and the target
with the lowest power loss and the smallest node voltage offset
is achieved.

Table 5 shows search results for position and capacity of
load reduction in a 34-bus system based on the proposed
algorithm. After the improved tabu search algorithm for opti-
mal scheduling, the power output was reduced by 1.448 MW
and 1.52 MW, respectively, at node 23 and node 7 to eliminate
the transmission congestion in lines 4-5 while minimizing the
system power loss.

Based on the discussions above, taking reducing the
power of ACs by 1.52MW at node 7 as an example, we
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TABLE 4: The active and reactive power of each branch.

Line number Node i Node j Start node End node Power loss of each line
P(MW) Q(MVar) P(MW) Q(MVar) (kVA)
1 0 1 971645 58.7722 96.5410 58.5164 623.442 + 255.77
2 1 2 91.9410 55.6664 91.4230 55.4539 518.016 + 212.52
3 2 3 86.8297 52.6033 86.1137 52.4046 716.01 + 198.758 j
4 3 4 81.5137 49,5546 80.9308 49.3928 582.912 + 161.812j
5 4 5 76.3308 46.5428 75.8125 46.3989 518.274 + 143.868
6 5 6 25.8679 15.9160 25.7406 15.8942 127.264 + 21.858
7 6 7 21.2375 13.0136 21.1800 13.0037 57.512 + 9.878
8 7 8 16.5800 101537 16.5272 10.1447 52.792 +9.068
9 8 9 11.9272 72947 11.9089 72915 18.294 + 3.142
10 9 10 73449 45308 73405 4.5301 4.366 +0.75]
11 10 11 2.7405 1.6801 2.7400 1.6800 0.486 + 0.084 j
12 2 12 4.5933 2.8506 4.5914 2.8502 1.94 +0.334j
13 12 13 3.1514 1.9502 3.1502 1.9500 1.216 +0.21j
14 13 14 1.7102 1.0500 1.7100 1.0500 0.178 + 0.03j
15 14 15 0.2700 0.1500 0.2700 0.1500 0.002 + 0.012;
16 5 16 49.9446 30.4829 49,6751 30.4081 269.516 + 74.816
17 16 17 45.0751 275581 44.8718 275016 203.282 + 56.43j
18 17 18 40.2718 24.6516 40.0649 24.6046 206.862 + 47.064 j
19 18 19 35.4649 21.7546 35.3177 21.7211 147.26 + 33.504
20 19 20 30.7177 18.8711 30.6063 18.8457 111.33 + 25.328
21 20 21 26.0063 15.9957 25.8950 15.9766 111.358 + 19.126
22 21 22 21.2950 13.1266 21.2197 13.1137 75272 +12.928
23 22 23 16.6197 10.2637 16.5643 10.2542 55.388 +9.514
24 23 24 11.9643 7.4042 11.9451 7.4009 19.26 + 3.308
25 24 25 73451 4.5509 73405 4.5501 4552 +0.782j
26 25 26 2.7405 1.7001 2.7400 1.7000 0.508 + 0.088 j
27 6 27 45031 2.8805 4.5011 2.8802 1.986 +0.342
28 27 28 3.0011 1.9202 3.0002 1.9200 0.884 +0.152
29 28 29 1.5002 0.9600 1.5000 0.9600 0.22 + 0.038
30 9 30 45641 2.7607 45621 2.7604 2.002 + 0.344
31 30 31 3.4221 2.0704 3.4206 2.0701 1.502 + 0.258
32 31 32 2.2806 1.3801 2.2801 1.3800 0.5+ 0.086]
33 32 33 1.1401 0.6900 1.1400 0.6900 0.084 +0.014;

TABLE 5: Search results for position and capacity of load reduction in a 34-bus system.

Initial load reduction  Initial load reduction Final load reduction Final load reduction )
position capacity position position Total power loss ~ Time con-
(node) (MW) (node) (MW) after load reduction sumption
a b P, P, a b P, P, (MW) (s)

7 1 0.36 0.58 23 7 1.448 1.52 3.7902 1.5735

describe the next step after figuring out the optimal load  set point offset of ACS proposed in [37] is used as the control
scheduling scheme as follows. The results of Table 5 are used =~ method. The period of load control is selected from 12:00
as the reference values of the closed loop load control of ACs. ~ p.m. to 16:00 p.m. Figure 6 illustrates the effect of the AC
The closed loop control strategy by adjusting the temperature ~ load control based on the PSO tuning parameters of the
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FIGURE 7: Probability density distribution of the tracking error
between the actual output power and the reference value.

PID controller for load reduction on a hot day. The upper
blue curve represents the power baseline of ACs without
any control, the middle red dashed curve is the desired AC
load reference value for load reduction, and the black dashed
line at the bottom represents the actual output power of AC
loads based on the proposed control algorithm. Throughout
the control period, the output power of the ACs has been
following the reference value closely, and the tracking error is
small. Figure 7 shows the probability density distribution of
the tracking error between the actual output and the reference
value. As can be seen, the probability density is maximal when
the load tracking error is 0 MW.

TABLE 6: Voltage amplitude and phase angle of each node after peak

Mathematical Problems in Engineering

reduction.
Node number Voltage amplitude VOltiiegli hase
(pu) i
0 1 0
1 0.995 0.0505
2 0.9907 0.0948
3 0.9846 0.2044
4 0.9794 0.2995
5 0.9746 0.3898
6 0.9713 0.4696
7 0.9695 0.5119
8 0.9671 0.5592
9 0.9659 0.5845
10 0.9654 0.5937
il 0.9965 0.5955
12 0.9904 0.1026
13 0.9901 0.1098
14 0.99 0.1117
15 0.99 0.1118
16 0.9706 0.465
17 0.9673 0.5279
18 0.9636 0.6104
19 0.9608 0.6773
20 0.9583 0.7356
21 0.9554 0.8147
22 0.9532 0.88
23 0.9511 0.9416
24 0.9499 0.9714
25 0.9494 0.9829
26 0.9493 0.9863
27 0.9709 0.478
28 0.9707 0.4836
29 0.9706 0.4864
30 0.9656 0.5924
31 0.9652 0.6003
32 0.965 0.6043
33 0.965 0.6056

Table 6 shows the voltage amplitude and phase angle of
each node with the optimal peak reduction scheme. Figure 8
shows a comparison of the node voltage amplitude and phase
angle before and after reducing AC loads for the 34-bus
system. It can be seen that, after the load reduction, the
voltage amplitude of each node has increased, still within 10%
of the voltage constraints. The voltage deviation is lower than
that before the peak reduction and the voltage phase angle
difference is reduced. Table 7 shows the transmission power
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TABLE 7: The transmission power and line loss of each branch after load reduction.

Start node End node .

Line number Nodei Node j P Q P Q Fower lo(;sv(j\f)each line
(MW) (MVar) (MW) (MVar)

1 0 1 94.5062 56.8913 93.9179 56.6500 588.2896 + 241.3496 j
2 1 2 89.3179 53.8000 88.8305 53.6000 487.3701 + 199.9467 j
3 2 3 84.2372 50.7495 83.5657 50.5631 671.4577 + 186.3913j
4 3 4 78.9657 47.7131 78.4211 475619 544.6558 + 151.1921j
5 4 5 73.8211 44.7119 73.3388 44.5780 482.2849 + 133.8784j
6 5 6 23.3966 14.0957 23.2939 14.0780 102.7347 + 17.6453
7 6 7 18.7908 11.1975 18.7465 11.1899 44.2374 + 7.598j
8 7 8 14.1465 8.3399 14.1090 8.3335 37.5431 + 6.4482j
9 8 9 11.0290 6.6235 11.0136 6.6208 15.4277 + 2.6498j
10 9 10 6.4495 3.8601 6.4462 3.8595 3.2989 + 0.5666j
1 10 1 1.8462 1.0095 1.8460 1.0095 0.207 + 0.0356
12 2 12 4.5933 2.8506 4.5914 2.8502 1.9395 + 0.3331j
13 12 13 3.1514 1.9502 3.1502 1.9500 1.2162 + 0.2089j
14 13 14 1.7102 1.0500 1.7100 1.0500 0.1784 + 0.0306
15 14 15 0.2700 0.1500 0.2700 0.1500 0.0021 + 0.0004 j
16 5 16 49.9422 30.4823 49.6732 30.4077 268.9821 + 74.6673
17 16 17 45.0732 275577 44.8703 275013 202.8779 + 56.3173
18 17 18 40.2703 24.6513 40.0639 24.6044 206.4491 + 46.9699 j
19 18 19 35.4639 21.7544 35.3169 21.7209 146.9649 + 33.4365]
20 19 20 30.7169 18.8709 30.6058 18.8457 111.1067 + 25.2782j
21 20 21 26.0058 15.9957 25.8947 15.9766 111.1351 + 19.0881;
22 21 22 21.2947 13.1266 21.2195 13.1137 75.12 +12.9023
23 22 23 16.6195 10.2637 16.5643 10.2542 55.2758 +9.4939j
24 23 24 11.9643 74042 11.9450 74009 19.2218 + 3.3015j
25 24 25 7.3450 4.5509 73405 4.5501 4.5425 +0.7802
26 25 26 2.7405 1.7001 2.7400 1.7000 0.5067 +0.087
27 6 27 4.5031 2.8805 4.5011 2.8802 1.9814 + 0.3403
28 27 28 3.0011 1.9202 3.0002 1.9200 0.8808 +0.1513j
29 28 29 1.5002 0.9600 1.5000 0.9600 0.2202 + 0.0378
30 9 30 4.5641 2.7607 4.5621 2.7604 1.9936 + 0.3424j
31 30 31 3.4221 2.0704 3.4206 2.0701 1.4956 + 0.2569 j
32 31 32 2.2806 1.3801 2.2801 1.3800 0.4986 + 0.0856 j
33 32 33 1.1401 0.6900 1.1400 0.6900 0.0831 +0.0143;

and line loss of each branch after load reduction. Figure 9
shows a comparison of the active power at each receiving
node before and after reducing AC loads for the 34-node
system. It can be seen that after peak reduction at node 7 and
load 23, the active and reactive power of each branch have
decreased.

Figure 10 shows a comparison of the power transmitted
over lines 4-5 and the system power loss and the line loss
rate of the distribution network before and after reducing AC
loads. As can be seen from the left plot in Figure 10, the power

transmitted over lines 4-5 dropped from 90.4014 MVA to
85.8421 MVA, which indicates that transmission congestion
in lines can be eliminated by the flexible load scheduling
based on the proposed search algorithm. The right plot in
Figure 10 shows that, after the smart load reduction, the
total power loss of the distribution network dropped from
4.4345 MW to 3.7902 MW, and the line loss rate was reduced
from 4.5639% to 3.0935%. In addition, the total active and
reactive power of the system were changed to 94.5062 MW
and 56.8913 MVar, respectively. Compared with that before
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TaBLE 8: Comparisons of different parameters of power distribution network before and after AC loads reduction.

System power loss of

the distribution Line loss rate

Voltage amplitude at

Power transmitted

Voltage offset rate of

Performance index network (%) the end of the line over lines 4-5 the terminal node
(MW) (kV) (MVA) (%)

Before load reduction 4.4345 4.5639 10.0790 90.4014 4.0095

After load reduction 3.7902 3.0935 10.1325 85.8421 35
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FIGURE 8: A comparison of the node voltage amplitude and phase
angle before and after reducing air conditioning loads for the 34-bus
system.
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FIGURE 9: A comparison of the receiving active power of each node
before and after reducing AC loads for the 34-node system.

load scheduling, the total power loss of the distribution
network is reduced by 14.5293%, and the voltage amplitude at

the end of the line rises to 10.1325 kV. In addition, the voltage
offset rate at the end node is reduced from 4.0095% to 3.5%.
Table 8 shows comparisons of different parameters of power
distribution network before and after AC loads reduction.

6. Conclusions

In this paper, a model of AC loads scheduling in urban
distribution network is built. The improved tabu search
algorithm repeatedly calls the power flow calculation and
neighborhood search to find the optimal position for load
reduction and to figure out the appropriate reduction capacity
at each node exactly. In the case study, comparisons of
different parameters of power distribution network before
and after AC loads scheduling are performed to verify the
proposed method.

The main contribution of this paper can be summarized
as follows. By appropriately reducing AC loads, distribution
network reconfiguration and load shedding can be replaced.
The proposed method can not only ensure users’ comfort but
also avoid cumbersome switching operations and the loss of
power. The back/forward sweep algorithm is used to calculate
the power flow. In order to meet the requirement of DLC
strategy of distribution network, an improved tabu search
technique is proposed to minimize the resistive line losses
and to eliminate the transmission congestion in lines under
normal operating conditions. In the proposed algorithm, the
process of the neighborhood search is divided into two parts:
location search to find the exact position of the nodes chosen
to carry out load reduction in the distribution network, and
capacity search to determine the accurate capacity of load
reduction. It is proved that the algorithm can find the optimal
solution quickly.
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