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Switchable Capacitor Bank Coordination and
Dynamic Network Reconfiguration for
Improving Operation of Distribution Network
Integrated with Renewable Energy Resources

Ramin Borjali Navesi, Darioush Nazarpour, Reza Ghanizadeh, and Payam Alemi

Abstract—Point of common coupling (PCC) arrays are the
most prominent and widely-used intermittent distributed gener-
ations (DGs). Due to the right-of-way, environmental, economi-
cal and other restrictions, the connection of these types of DGs
to the preferred point of the distribution network is very diffi-
cult or impossible in some cases. Therefore, because of non-opti-
mal locations, they may cause a voltage rise at the PCC. In this
paper, a coordinated design of switchable capacitor banks
(SCBs) with dynamic reconfiguration of the distribution net-
work is proposed to avoid low- and high-voltage violations. The
distribution network reconfiguration is implemented to mitigate
the voltage rise at PCCs and capacitor banks (CBs) to solve the
low-voltage problem. A novel method is presented for determin-
ing the optimal size of CBs. The proposed capacitor sizing meth-
od (CSM) effectively determines the optimal values of reactive
power for the given nodes. The optimal locations of SCB are de-
termined using particle swarm optimization algorithm. The 24-
hour reactive power curve optimized by the proposed method
plays a pivotal role in designing SCBs. The simulation results
show that the implementation of the dynamic network reconfig-
uration and the placement of SCB is required to maintain a
standard voltage profile for better employment of DG embed-
ded distribution networks.

Index Terms—Capacitor placement, distributed generation
(DG), non-linear load, dynamic reconfiguration, switchable ca-
pacitor.

I. INTRODUCTION

HE growing interest in the utilization of carbon/pollu-
tion-free energy sources has widely changed the tradi-
tional distribution networks into modern active distribution
networks. Nowadays, the incorporation of distributed genera-
tions (DGs) and capacitor banks (CBs) into distribution net-
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works seems unavoidable due to fast load growth and the ob-
stacles in the construction of new substations [1]. DGs are
able to provide voltage support, distribution congestion re-
lief, power loss reduction, reliability improvement [2], [3],
node voltage profile improvement, emission reduction, opera-
tion cost minimization and infrastructural or networks invest-
ment deferral [4]-[7]. Therefore, the optimal application of
DGs is essential.

In the case of utility-owned DGs, it might be possible for
distribution network operators to select the DG sites or opti-
mally control their generations. Practically, if DGs are
owned by customers, the operators cannot reallocate and re-
size the DGs. In addition, the placement of DGs is generally
dictated by many other factors such as the land price, geo-
graphical restrictions of wind power and solar radiation and
some other economical and/or technical issues. Therefore,
these subjects are of theoretical importance. However, the
analysis of the reactive power and network reconfiguration
is totally valid both from the practical and academic points
of view since SBs and networks are utility-owned.

It is worth mentioning that the benefits of DG integration
are highly associated with their sites and sizes. In fact, the
output power of DGs versus power losses leads to a U-
shaped curve [8]. Therefore, the output power of DGs be-
yond a specific point may increase the power losses and vio-
late voltage profile limits. Consequently, the non-optimal em-
ployment of DGs may generate counter-productive results. If
a distribution network cannot accommodate the excessive
power generation of DGs, it will encounter a voltage rise at
the point of common coupling (PCC) and an increase in
power loss. As a result, some corrective actions should be
carried out. Otherwise, the expected benefits of DGs are not
realized. This paper focuses on the optimal utilization of the
existing DGs at non-optimal locations. To this end, the re-
configuration of the network in accordance with the genera-
tion and load levels is proposed. It is expected that the resul-
tant dynamic configuration can alleviate voltage rise prob-
lem and reduce power losses.

When the output power of DGs is low due to insufficient
wind speed or sunlight and preventive maintenance repairs,
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the network must be able to sustain a standard voltage pro-
file without causing a low-voltage problem. Therefore, the
employment of CBs as a cost-effective solution is necessary.
Since CBs bring about voltage profile enhancement, the co-
ordination of network dynamic reconfiguration and the place-
ment of CB must be considered to avoid high-voltage devia-
tion. To provide better coordination, switchable capacitor
banks (SCBs) are used in this paper. Since the reactive pow-
er of the devices can be regulated, SCBs are increasingly in-
tegrated into distribution networks. Embedding SCBs in the
distribution network is cost-effective to provide regulated re-
active power support coordinated with dynamic network con-
figuration [9]. To get the maximum benefits from SCBs, it is
important to optimally locate and size them in distribution
networks. To this end, some approaches are presented based
on meta-heuristic algorithms to optimize the network using
capacitor placement including the harmony search algorithm
[10], the genetic algorithm [11], the ant colony algorithm
[12], and the selective particle swarm optimization (PSO) al-
gorithm [13]. Due to the simplicity and reasonable conver-

gence speed of the PSO algorithm, the flower pollination al-
gorithm [14] and discrete PSO [15] algorithm will be used
in this paper for the placement of SCBs.

Based on the literature review, it can be found that, for
the renewable energy sources such as wind and PV, the opti-
mal siting and sizing should be substituted with their opti-
mal utilization. Table I presents a classification of special-
ized literatures, which considers network configuration and
capacitor placement, but not the problem of uncertainty and
stochastic power generation of DGs. Thereby, in this paper,
a dynamic network reconfiguration and a hybrid PSO capaci-
tor sizing method (CSM) based placement of SCBs are pro-
posed to overcome the voltage deviation problem in IEEE
33-bus and 69-bus distribution networks with varying loads
and generations. To meet voltage constraints, the energy loss
is minimized. Therefore, three different methods are em-
ployed to divide the main problem into three smaller sub-
problems. The proposed solutions for the sub-problems are
listed below.

TABLE I
CLASSIFICATION OF SPECIALIZED LITERATURES

Specialized literature

Issue Proposed method
Reference [2] Reference [3] Reference [11] Reference [13] Reference [15]
Dynamic configuration,
Dynamic configura- Dynamic configura- . . . . . . load variation, fixed
Network . . . Fixed configuration  Fixed configuration  Fixed configuration . X
.. tion and load vari- tion and fixed DG locations, DGs
condition . and fixed loads and fixed loads and fixed loads -
ation loads uncertainties and
voltage rise problem
CB/SCB
sizing Sensitivity analysis  Heuristics Genetic algorithm Selective PSO Heuristics Heuristics
technique
L Energy loss reduc-  Power loss reduc- Power loss reduc- Power loss reduc- .
Objective . . . . . Energy loss reduction and
. tion and voltage tion and voltage =~ Power loss reduction tion and voltage tion and voltage .
function voltage improvement

improvement improvement

improvement improvement

1) Dynamic network configuration to mitigate voltage rise
problem at PCCs.

2) The placement of PSO-based SCBs for voltage profile
enhancement.

3) The determination of optimal value of reactive power
using the proposed CSM for the maximum loss reduction.

Uniform voltage distribution reconfiguration algorithm
(UVDRA) in [16] is used to determine the dynamic configu-
ration scheme for 24-hour operation. Since SCBs will cause
voltage increase, simultaneous placement of SCBs and net-
work reconfiguration for decreasing voltage rise of DGs at
PCCs is unessential. Therefore, the voltage rise problem due
to excessive generation of WT and PV array at non-optimal
locations is solved exclusively by the dynamic network re-
configuration. Moreover, the low-voltage problem of the net-
work is solved by appropriate siting and sizing of SCBs. Hy-
brid PSO and CSM is used to minimize the energy loss and
enhance the minimum voltage of the node up to the mini-
mum allowable limit. The proposed CSM is used to deter-
mine hourly optimal reactive power curve, which is needed
to minimize network energy loss during 24-hour operation,

while the PSO algorithm is used simply to find optimal loca-
tions of SCBs, guaranteeing that the voltage constraints are
met. Worst-case scenarios are considered to model the uncer-
tainty of loads and generations. The proposed worst cases
are chosen in a way that the majority of the probable opera-
tion scenarios are covered. Therefore, the operation scheme
for the widely studied IEEE 33-bus distribution network is
expected to be resilient and keep the operation indices with-
in allowable limits under all other operation conditions.

The main contributions of this paper are as follows.

1) A CSM is proposed to determine the optimal value of
reactive power that is accurate, fast and easy to implement.

2) A coordinated design of SCBs with dynamic network
reconfiguration is conducted to reduce energy loss and avoid
voltage limit violation for practical network operation.

3) Conservative worst-case scenarios are proposed to cov-
er all probable uncertainties of demands and generations of
WT and PV array in 24-hour operation.

4) A new method is proposed to design SCB by using the
obtained hourly optimal reactive power curve.



NAVESI et al.: SWITCHABLE CAPACITOR BANK COORDINATION AND DYNAMIC NETWORK RECONFIGURATION FOR IMPROVING OPERATION...

II. PROBLEM FORMULATION

A. Proposed CSM

The amount of optimal reactive power compensation is
very much related to the places of capacitors in distribution
networks. A modified version of optimal reactive power de-
termination for a given node is introduced in this subsection.
According to [17], the optimal reactive power to be injected
by the CB which connects to a given node is determined by
increasing the reactive power injection up to the value at
which the node voltage magnitude in the modified load flow
(load flow of the network without considering active parts of
the loads) becomes 1 p.u.. This method requires repeated
runs of the modified load flow program which increases the
computation time. For instance, to determine the optimal siz-
ing of a CB located at bus 6 of a IEEE 33-bus distribution
network, 80 load flow runs are required [17], which leads to
a heavy computation burden.

Inspired by [17], we present a method to determine the op-
timal sizing of CBs through a single run of a meshed net-
work load flow. The details of the proposed method are pre-
sented as follows.

1) The active parts of the loads are removed, so we call it
reactive load network (RLN).

2) The candidate locations for the installation of SCBs are
considered as virtual slack nodes (VSNs) in the load flow
program, which converts radial RLN into a meshed RLN.

3) A load flow program is executed for the resultant
meshed RLN.

4) The reactive power value injected by VSNs is the opti-
mal value of reactive power to be injected by SCBs.

Considering each candidate node as a VSN will create a
loop between the main slack node and VSN. Therefore, it is
required to implement a load flow program suitable for
meshed distribution networks such as the Newton Raphson
power flow, or a load flow program of weekly meshed distri-
bution network [16]. Based on the method presented in this
paper, only one load flow run is sufficient to determine the
optimal value of the reactive power supplied by reactive
power sources like CBs. Compared with [15], the proposed
method avoids extra load flow runs and consumes the mini-
mum computation time which is needed to obtain the opti-
mal sizing of CBs. Meanwhile, the unnecessary formula-
tions, modification of load flow program and complex pro-
graming codes are also avoided.

B. Objective Function

In this paper, we aim to minimize the energy loss of the
distribution network with the priority of voltage profile with-
in the prescribed 0.95 p.u. and 1.05 p.u. limits for all the op-
eration scenarios including the worst cases. The energy loss
minimization of the distribution network OB can be ex-
pressed as:

nl

OB= i(zRJ I
h=1\i=1

where R, and I are the resistance and current magnitude of

i

the i™ branch in the network at the 4™ hour, respectively; n

2) +PF (1)
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is the number of branches; L is the number of lines; and PF
is the penalty factor. PF is calculated using the following
constraints:

0.95-7,,,)-10° V,..<0.95
PF= 1V, x—1.05-10° V, . >1.05 2)
0 otherwise
where V., and V. are the minimum and maximum voltage

magnitudes in the worst-case scenarios, respectively.

C. Uncertainty of Loads and Generations

According to [18], noticable errors may occur in the fore-
casting due to the uncertainties in the wind and PV outputs.
Therefore, it is essential to implement an optimal voltage
regulation scheme that can tolerate severe uncertainties and
maintain voltage magnitude within the specified limits.

The probabilistic and stochastic methods to model load
and generation uncertainties heavily rely on historical data.
In contrast, robust optimization methods typically apply low-
er and upper limits of uncertain parameters. The planning so-
lutions are offered by these methods which maintain the opti-
mality for the worst-case scenarios. [19]. As a result, it is es-
sential to consider the worst-case scenarios in the process of
optimization to get a resilient operation solution. The cases
of network operation optimization for the placement of
SCBs coordinated with dynamic reconfiguration are listed as
follows.

1) Case 1: voltage rise condition. The loads decrease to
90% and the generations of WTs and PV arrays increase
110% of the typical values.

2) Case 2: base case. Loads and generations are in accor-
dance with the time profile of a typical day.

3) Case 3: low-voltage condition. The loads increase up to
110% of typical load profile while WTs and PV arrays are
disconnected to get the repair or preventive maintenance.
The objective is to keep the maximum and minimum voltage
magnitudes of the distribution network within the operation
limits in all of the above cases. The operation limits are set
to be 1.05 p.u. and 0.95 p.u. for upper and lower bounds so
that the voltage is within the normal range.

D. PSO Algorithm

As a robust optimization algorithm, PSO is a population-
based algorithm inspired by the foraging behavior of
swarms. In PSO, each solution x! has the memory of the po-
sition where it gets the best performance (local best) of the
population Gb' (global best), and these pieces of information
are used to update its position by (3) and (4).

Vit =yi+ C i1, (Gb' = x!)+ C,ry (LB —x!) 3)

t.+l:x[t.+vt+l (4)

'x! i
where C, and C, are the acceleration coefficients between 0
and 4; r, and r, are the random variables between 0 and 1; ¢
is the iteration index; and v} is the speed of particle move-
ment. The particles, i.e., solutions of the problem, change ac-
cording to (4) and (5). A detailed explanation of the PSO al-

gorithm can be found in [20].
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E. A Review on UVDRA

In this paper, UVDRA [16] is a meta-heuristic reconfigura-
tion algorithm, which uses the uniform voltage distributions
of ending nodes. It starts from a sub-network (a small part
of the network) and expands to the source nodes.

In the process of load increment, a load flow program is
executed for the sub-network. Then, the candidate node with
the highest voltage magnitude is added to the main node
group and its downstream node/nodes is/are added to the
candidate node group. This process is continued until two
identical nodes are obtained, i.e., twin nodes, which ema-
nates from different main nodes. In this stage, one of the
open switches is determined. Obviously, one of the twin
nodes is excessive. Therefore, the one with the lower-voltage
magnitude is removed and its upstream branch is stored in
the list of open switches.

Figure 1 shows the flowchart of UVDRA. A detailed ex-
planation of UVDRA can be found in [21]. Note that the
method used for network reconfiguration is not restricted to
UVDRA and can also be employed by other method.

Read the network data and form the primary sub-network

| Perform the load flow |

Are there any twin nodes?

Open the upstream switch of the twin node with

the lowest voltage magnitude

I
A2

Add the node with the highest voltage magnitude to
the main node group, then update the candidate nodes

Perform the branch-exchange operation

Is the status of any’
switch changed?

| Perform the load flow |

T

End

Fig. 1. Flowchart of UVDRA.

III. SOLUTION METHOD

To deeply explore the obtainable solutions of the optimiza-
tion problem, it is necessary to reduce the search space of
the problem. Hence, three different procedures for each opti-
mization variable are specified. Three proposed optimization
techniques for the optimal configuration of the network, opti-
mal siting and sizing of CBs include the UVDRA, the PSO
algorithm and the proposed CSM. Firstly, the correction of
voltage profile, which is of great importance in the network
operation, is divided into two sub-problems, i.e., over-volt-
age and low-voltage problems. For the over-voltage prob-
lem, the network reconfiguration is proposed. Thus, the dy-
namic configuration scheme of the network with non-linear
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loads along with intermittent output power of WT and PV ar-
rays must be calculated using the UVDRA. The objective of
the network reconfiguration is to reduce the energy loss and
mitigate the voltage rise at PCCs. The voltage rise can be
mitigated by providing better paths for the generated active
power to flow in the distribution network.

For the low-voltage problem and loss reduction, the com-
bination of PSO and the proposed CSM is suggested. The
optimal sizing of SCB is related to its placement and net-
work configuration. Fortunately, the proposed CSM can accu-
rately determine the optimal curve of reactive power to be
injected by SCBs during 24-hour operation, which has to be
well-matched to the dynamic configuration of the network
and varying loads and generations. Considering hourly opti-
mal reactive power injection to the nodes, the PSO algo-
rithm deals only with the placement of SCBs. Thereby, the
heavy computation burden for both siting and sizing of
SCBs at each hour of the operation time is reduced by only
computing the placement of SCBs. As a result, the obtained
solutions are expected to be global or near global optima.
Figure 2 shows the flowchart of the instruction of the pro-
posed CSM for energy loss reduction, which makes the net-
work resilient to the worst operation circumstances, where i,
"™, and [, are the iteration number, the maximum iteration
number, and the total iteration number, respectively.

Execute a reconfiguration program for the network
with non-linear loads and generations

¥
| Run PSO program |

Determine the number of SCBs to be allocated

it<l-max

L=i+l

L]

Perform the proposed CSM for each
particle representing the locations of SCBs
¥
Increase the amount of reactive power injected when the
minimum voltage of the network is lower than the limits (5)
¥
Calculate PF based on (2)
if any node voltage violates the limits, PF=0

| Power loss for the resultant modified reactive power |
i
| Calculate OB based on (1) |

| Move particles based on (3) and (4) |

Y @
N
End

Fig. 2. Flowchart of instruction of proposed CSM.

IV. SIMULATION RESULT AND DISCUSSION

To improve the network operation, the proposed dynamic
network reconfiguration and the placement of SCB are ap-
plied to a IEEE 33-bus distribution network shown in Fig. 3.
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The open switches are S33, S34, S35, S36, and S37. This
network has a total load of 3.72 MW and 2.3 Mvar, and the
details of the data are given in [22].

S37

B28|B29 B3l B33

S36

B32

B30
S

B3
B20

BS5 S33

S1§

B19

B21B22
IEEE 33-bus distribution network.

Fig. 3.

The capability of the proposed CSM in finding the opti-
mal sizing of capacitors at the given nodes is evaluated. For
this purpose, the results in [23] are selected for the same
case study. Table II shows the results of comparison between
the proposed CSM and those of [23]. The locations of CBs
are chosen to be the same as those of [23], so that the power
loss depends only on the sizing of CBs.

TABLE 11
REACTIVE POWER ALLOCATION RESULTS FOR IEEE 33-BUS
DISTRIBUTION NETWORK

Chunits Method Location  CERCEN ot e W)
. [23] 30 1190 1190 151.54

1 CB unit
CSM 30 1273 1273 151.39
[23] 13 405 1457 141.97
2 CB CSM 13 393 1473 141.94
units [23] 30 1052 1457 141.97
CSM 30 1080 1473 141.94
[23] 13 383 1769 138.65
CSM 13 369 1828 138.55
3 CB [23] 25 386 1769 138.65
units CSM 25 428 1828 138.55
[23] 30 1000 1769 138.65
CSM 30 1031 1828 138.55
O T

The sizing of three CB units is considered for this pur-
pose, i.e., 1 CB unit, 2 CB units, and 3 CB units.

As shown in Table II, for 1 CB unit and 3 CB units, the
amount of power loss reduction by the proposed CSM is fair-
ly better than that of [23]. For 2 CB units, the performance
of both methods is almost the same. It can also be noticed
that the total capacity of the required reactive power in the
proposed CSM slightly exceeds the results of [23], where it
has better performance in loss reduction. The same scenario
is applied to a IEEE 69-bus distribution network. The data
of this distribution network are given in [24].

As presented in Table III, the results of power loss are al-
most the same for all of three methods. However, the pro-

posed CSM detects the same or lower power loss with the
minimum total capacity, which could be an indication of bet-
ter combination of capacities between the selected nodes for
CBs.

TABLE IIT
REACTIVE POWER ALLOCATION RESULTS FOR IEEE 69-BUS
DISTRIBUTION NETWORK

Chunits Method Location  CERCTN ot o W)
. [17] 61 1310 1310 152
1 CB unit
CSM 61 1285 1285 152
[17] 61 1224 1580 147
CSM 61 1233 1578 147
[17] 17 356 1580 147
2 CB CSM 17 1080 1578 147
units [25] 61 1169 1435 147
CSM 61 1237 1582 146
[25] 18 266 1435 147
CSM 18 345 1582 146
[17] 61 1210 1756 145
CSM 61 1204 1735 145
[17] 21 226 1756 145
CSM 21 207 1735 145
[17] 12 230 1756 145
3 CB CSM 12 324 1735 145
units [25] 61 1232 1875 145
CSM 61 1194 1792 145
[25] 21 230 1875 145
CSM 21 230 1792 145
[25] 11 413 1875 145
CSM 11 367 1792 145
e o ws

As stated before, the time duration of the proposed CSM
is equal to one load flow run, while the sizing in [17] re-
quires multiple load flow runs to reach the intended voltage
magnitude.

Reference [25] applies a combination of analytical and
two meta-heuristic algorithms to find the optimal siting and
sizing. The meta-heuristic algorithms have population and it-
erations to search for possible solutions. Therefore, they are
time-consuming algorithms. It could become even more com-
plicated or time-consuming when the number of capacitors
increases.

However, the proposed CSM does not depend on the num-
ber of capacitors as it only impacts on the number of slack
nodes (substation nodes) in the load flow, and one load flow
run is always enough to determine the size of capacitors.
Therefore, the proposed CSM is simple and involves less
computation complexity, which requires less computation
time compared with the other methods.

Furthermore, as shown in the comparison results, the re-
sults of the proposed CSM are quite satisfying since the
same or less power loss is achieved by using less total reac-
tive capacity.
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To investigate a more realistic operation of a distribution
network, it is necessary to consider the variation of loads
and generations. The typical 24-hour forecasted levels of the
output power of WTs, PV arrays and demands under study
are adopted from [23] and shown in Table IV.

TABLE IV
TYPICAL 24-HOUR FORECASTED LEVELS OF OUTPUT POWER OF WTS, PV
ARRAYS AND DEMANDS

(T}:gl‘;) WT PV Demand (T}:glﬁ) WT PV Demand
1 0815 0 0.719 13 0945 0516  0.875
2 088 0 0.674 14 0776 0475  0.868
3088 0 0.624 15 0673 0418 0851
4 088 0 0.588 16 0591 0254 0875
50881 0 0.582 17 0487 0050  0.951
6 0881 0 0.588 18 0.466 0 1.000
70953 0 0.600 19 0373 0 0.981
8 0987 0.008 0633 20 0339 0 0.948
9 0985 0050 0.644 21 0339 0 0.900
10 0962 0.125  0.730 2 0372 0 0.875
11 1.000 0418  0.793 23 0393 0 0.801
120979 0511  0.844 24 0339 0 0.722

It is considered that due to some geographical or technical
restrictions, there are no other available locations to connect
WT and PV array except the non-optimal locations 18 and
12. The rated output power values of WTs and PV arrays are
considered to be 1.5 WM and 1 MW, respectively.

Figure 4 shows the voltage violation of IEEE 33-bus dis-
tribution network in cases 1-3. Under the operation condi-
tions of cases 1 and 2, both high- and low-voltage problems
arise in some of the operation hours. Moreover, under the op-
eration condition of case 3, there is a low-voltage problem
in all of the operation hours. Obviously, it is not feasible to
supply power to the customers by the existing non-standard
voltage.

o K095

A
Qmudlﬁed — X optimal (5)
where Q.. and 0., are the resultant modified and opti-
mal hourly reactive power compensations, respectively; and

V" is the hourly voltage.
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--e-- Voltage violation in case 3; — Upper-voltage limit; — Lower-voltage limit

Fig. 4. Voltage violation of IEEE 33-bus distribution network in cases 1-3.

According to the proposed solution, the first step is to
solve the over-voltage problem using dynamic network re-
configuration. Accordingly, UVDRA is applied to the system
to find the hourly optimal configuration for varying loads
and generations. The proposed configurations are summa-
rized in (6). To upgrade the existing system to an active net-
work with the capability of dynamic network reconfigura-
tion, only switches 15 and 13 need remote control technology.

[7 91334 37] 8<t<17
N, = (6)
[7 91534 37] else
where N, is the number of open branches.

It is worth mentioning that extra and redundant switching
actions are avoided to make the operation plan cost-efficient
and feasible. To achieve the minimum switching actions, the
operation indices such as the maximum and minimum volt-
age and power loss of new and existing configurations are
compared in two successive hours.

Figure 5 shows hourly values of reactive power injection
for the optimal curve, modified curve and designed SCB,
which are based on three ways to supply reactive power.
The first way is to inject the optimal reactive power (ORP)
obtained by the proposed CSM; the second way is to inject
modified reactive power (MRP); and the third way is to use
SCB, which is designed to approximate MRP curve.

151 —

0.5}

Capacity (Mvar)

0

1 4 7 10 13 16 19
Time (hour)
Designed SCB; == MRP injection

22 24

-+~ ORP injection;

Fig. 5. Hourly values of reactive power injection for optimal curve, modi-
fied curve and designed SCB.

As shown in Fig. 6, ORP injection leads to the lowest en-
ergy loss. However, it does not necessarily enhance the mini-
mum node voltage up above the minimum voltage limit.
Therefore, a modification is applied to the hourly optimal re-
active power curve to increase the minimum voltage up to
the minimum voltage limit. At any hour when the minimum
network voltage violates the lower limit, the value of ORP
increases based on (5). In Fig. 5, it is apparent that at some
hours of the operation time, the MRP injection curve differs
from the ORP curve. In these hours, the values of the mini-
mum network voltage fall below the lower limit as shown in
Fig. 6.

Even though the deviation from the ORP resulting in extra
power loss, it is crucial for the sake of voltage profile im-
provement. Moreover, the variation of reactive power near
its optimal point results in only a slight increase in the pow-
er loss.
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---Lower-voltage limit; Voltage profile for designed SCB

Fig. 6. Hourly values of the minimum network voltage.

The power loss differences are shown in Fig. 7 for the
three ways of reactive power supply. The ORP obtained by
the CSM results in the minimum power loss for all of the
operation hours. Nevertheless, other methods also reduce the
power losses nearly close to ORP.
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Fig. 7. Hourly values of power loss difference.

Figure 8 shows the maximum network voltage when oper-
ating in case 1. It is apparent that the ORP and MRP curves
are well below the upper-voltage limit. However, the de-
signed CSM slightly violates the maximum allowable volt-
age limit. This is because when the network is operating in
case 3, it is required to inject extra reactive power to avoid
low-voltage violation at hours 10 and 20. Additionally, when
the network is operating in case 1, the lower-level designed
SCB will lead to a high-voltage violation.

Therefore, it might be reasonable to increase the levels of
SCB to avoid this slight voltage violation and approximate
the MRP curve more closely, which doubles the switching
actions and increases the associated costs.

Figure 9 shows the hourly values of MRP curves and
SCB. The MRP curve for node 14 is almost constant. There-
fore, it is modeled with a fixed capacitor bank (FCB) with a
capacity of 250 kvar. According to the MRP curve for node
30, an SCB is needed to resemble the curve. Two levels of
SCB are designed considering no decline from the values of
MRP at the hours when voltage magnitude for MRP is very
close to the minimum allowable voltage.
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The maximum and minimum network voltages of the net-
work operating in cases 1 to 3 are shown in Fig. 10. Figure
10 illustrates that the system equipped with an RCS, FCB
and SCB can maintain voltage magnitude within the desired
levels even in worst-case situations.
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Fig. 10. The maximum and minimum voltages in cases 1 to 3.

Table V shows a summary of the simulation results for
the operation optimization of the IEEE 33-bus distribution
network. The total energy loss of the original network is
2753 kWh for a typical day. Both high- and low-voltage vio-
lations occur in the original network. In scenario 1, only the
proposed dynamic network reconfiguration scheme (6) is ap-
plied to the system. The high-voltage violation problem is
solved and 39% of power loss is reduced.
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TABLE V
SUMMARY OF SIMULATION RESULTS FOR OPERATION OPTIMIZATION OF IEEE 33-BUS DISTRIBUTION NETWORK

Proposed loca-

The maximum The minimum Total daily

Energy loss

Scenario Reactive power injection tions by PSO voltag?p(j;:ase 1 voltage(:p(.)i;:ase 3 encearsggleo(SkS{c;h(;f reduction (%)
Scenario 1 1.024 0.8900 1674 39.2
Optimal curve 33 1.042 0.9359 1036 62.4
Scenario 2 Modified curve 33 1.043 0.9503 1090 60.4
SCB (750-1620 kvar) 33 1.053 0.9502 1172 57.4
Optimal curve 14-30 1.039 0.9353 918 66.7
. Modified curve 14-30 1.039 0.9506 991 64.0
Scenario 3
SCB and CB (250 kvar) 14 1.044 0.9500 1043 62.1
SCB and CB (880-1450 kvar) 30 1.044 0.9500 1043 62.1
Optimal curve 14-24-30 1.038 0.9346 869 68.4
Modified curve 14-24-30 1.038 0.9506 946 65.6
Scenario 4 2 SCBs and CB (250 kvar) 14
2 SCBs and CB (300-500 kvar) 24 1.044 0.9500 1001 63.6
2 SCBs and CB (600-1450 kvar) 30
Original network 1.062 0.9100 2753 0

Nevertheless, the condition of the minimum node voltage
has been worsened compared with the original network. In
scenario 2, node 33 is chosen by the PSO for reactive power
injection. The ORP curve obtained by CSM results in the
minimum power loss for this scenario. However, the mini-
mum voltage of case 3 falls below the allowable limit. The
MRP curve best satisfies the operation restrictions and reduc-
es the energy loss by up to 64%. There is a need for ad-
vanced power electronic devices such as distribution static
synchronous compensator to supply the desired reactive pow-
er in accordance with the MRP curve. An alternative solu-
tion is to use SCB. As shown in Table V, the maximum volt-
age magnitude is 1.053 p.u. (slightly more than the limit)
and the minimum network voltage in case 3 is 0.95 p.u.,
which is acceptable. The energy loss reduction is 57.4%.

Similarly, in scenario 3, ORP curves are not acceptable
since they will cause low-voltage violations. MRP curves
meet the voltage constraints, and the modern power electron-
ic devices are required. The practical cost-efficient solution
is to implement the combination of FCB and SCB as depict-
ed in Fig. 8. Even though the reactive power supplied by
SCB and FCB differs from that by MRP, it still satisfies the
operation constraints and reduces energy loss by up to
62.1%. The reduction in energy loss from 2753 to 1043
kWh means a daily energy saving of 1710 kWh, which is a
noticeable value.

In scenario 4, the results are not that much different and
the rate of improvement is not that significant. The percent-
age of energy loss reduction in this scenario is only 0.4%
more than that of scenario 3. Therefore, the practical and
cost-efficient solution for the operation improvement of the
IEEE 33-bus distribution network is to implement an FCB
and SCB, as shown in scenario 3 (bold).

The same procedure is applied to IEEE 69-bus distribu-
tion network. The original data of the network are given in
[25]. The standard IEEE 69-bus distribution network is modi-
fied by adding WTs and PV arrays at buses 18 and 63. The

rated output power values of WTs and PV arrays are 3 MW
and 2 MW, respectively.

Figure 11 shows the voltage violation of the modified
IEEE 69-bus distribution network during 24-hour operation.
In cases 1 and 2, the high-voltage problem arises in some
hours of the operation time and for all of the cases that the
low-voltage problem exists.
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At first, UVDRA is applied to the system to find the hour-
ly optimal configuration for varying loads and generations.
The proposed configurations are summarized in (7). Only
switches 19 and 70 need to be switched once in the opera-
tion hours of a day.

[14 19 58 61 69] 8<¢<17

[ = 7
" |[14 70 58 61 69] else M

The summary of the simulation results for the operation
optimization of the IEEE 69-bus distribution network is
shown in Table VI. The total energy loss of the original net-
work is 4950 kWh for a typical day.

Applying the proposed dynamic network reconfiguration
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scheme in scenario 1, the high-voltage violation problem is
solved and 35.4% of energy loss is reduced. Nevertheless,
the condition of the minimum node voltage still exists. In
scenario 2, node 61 is chosen by the PSO for reactive power
injection. The ORP and the MRP curves both satisfy the op-
eration restrictions and are identical in all of the scenarios.
In this scenario, the energy loss reduces by up to 42.7%.
The curve is approximated by a SCB with levels of 670 and
950 kvar. By applying the SCB, it is possible to reduce the
energy loss by up to 42.6%. In scenarios 3 and 4, the same

scheme for SCB is proposed while another CB is used to im-
prove the operation conditions. However, the results in sce-
nario 4 are not that much different from scenario 3 and the
rate of the improvement is insignificant. In this paper, scenar-
io 3 is selected as the best solution, which may change if
other parameters such as CB or SCB capital costs, mainte-
nance costs, operation costs and other related factors are ana-
lyzed. However, these aspects of the study are beyond the
scope of this paper.

TABLE VI
SUMMARY OF SIMULATION RESULTS FOR OPERATION OPTIMIZATION OF IEEE 69-BUS DISTRIBUTION NETWORK

Proposed locations

The maximum The minimum Total daily

Energy loss

Scenario Reactive power injection by PSO Voltalge(tp(.)li)case Volte;ge(:pc})i)case enj;sgg ;O(Slfjjh;)f reduction (%)
Scenario 1 1.0491 0.9495 3199 35.4
Optimal curve 61 1.0491 0.9634 2834 42.7
Scenario 2 Modified curve 61 1.0491 0.9635 2843 42.6
SCB (680-950 kvar) 61 1.0491 0.9635 2843 42.6
Optimal curve 61-65 1.0491 0.9656 2725 44.9
. Modified curve 61-65 1.0491 0.9656 2725 449
Scenario 3
SCB and CB (340 kvar) 65 1.0491 0.9610 2737 44.7
SCB and CB (670-950 kvar) 61 1.0491 0.9610 2737 44.7
Optimal curve 61-64-66 1.0491 0.9656 2702 454
Modified curve 61-64-66 1.0491 0.9656 2702 454
Scenario 4 SCB and 2 CBs (300 kvar) 66
SCB and 2 CBs (260 kvar) 64 1.0491 0.9610 2716 45.1
SCB and 2 CBs (670-950 kvar) 61
2;3‘;?11( 1.0875 0.9092 4950 0

V. CONCLUSION

Instead of the optimal siting of DGs, we propose the opti-
mal exploitation of intermittent PV and wind energy resourc-
es. The non-optimal locations of these DGs together with
their excessive generation may cause a problem of voltage
rise. On the contrary, during the reparation when DGs are
disconnected from the network, a low-voltage problem may
occur. We propose the operation optimization of such a net-
work with varying loads and generations. Dynamic network
reconfiguration is used to alleviate the problem of voltage
rise. Meanwhile, the design procedure of SCBs coordinated
with dynamic network reconfiguration is proposed to over-
come the low-voltage violation problem in the network. For
this purpose, we propose a robust CSM that is exceptionally
fast and accurate in finding the ORP value at a given node.
Using CSM, the ORP curve for the given node is obtained.
An MRP curve is proposed to prioritize voltage improve-
ment over energy loss reduction. Therefore, the MRP curves
have to be used for the design of SCBs because these curves
are completely coordinated with loads, generations, and the
given configurations. By using these curves, it is possible to
design the desired levels of SCBs or FCBs that best approxi-
mate their associated curves.

The proposed method is applied to a IEEE 33-bus distribu-
tion network with varying loads and generations of WTs and

PV arrays located at non-optimal nodes 12 and 18. It is
shown that the dynamic operation of the IEEE 33-bus distri-
bution network based on the proposed configuration solely
saves 39% of energy loss and mitigates the problem of volt-
age. By using the proposed CSM and the designed SCB and
an FCB, the energy loss of the network can be reduced from
2753 kWh to 1043 kWh, while the non-standard voltage pro-
file of the system is also improved and retained within the
prescribed limits. The designed network is resilient to the
worst-case scenarios. The same procedure is applied to IEEE
69-bus distribution network to further analyze the effective-
ness of the proposed CSM and the obtained results.

In summary, the salient contributions of this paper are
summarized as follows.

1) A novel method for allocating reactive power for any
given location is proposed based on the load flow run of one
simple meshed network. The proposed CSM is proven to be
effective and capable of finding better solutions compared
with the most recent approaches. This methodology is solely
of great importance in the research area of capacitor place-
ment in distribution networks.

2) A design procedure for the determination of the levels
of SCB is presented based on the MRP curve that meets the
operation voltage limits with the most possible energy loss
reduction.
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3) The dynamic network operation, and the design and
placement of SCBs are presented in this paper for the im-
provement of network operation. The coordination of these
tools enables them to solve the voltage violation problem
and reduce energy losses.

4) Most conservative uncertainties of loads and genera-
tions are considered to achieve a network resilient to the
worst-case situations.
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