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Abstract: Optimal scheduling of voltage regulators (VRs), fixed and switched capacitors and voltage on customer side of
transformer (VCT) along with the optimal allocation of VRs and capacitors are performed using a hybrid optimisation
method based on discrete particle swarm optimisation and genetic algorithm. Direct optimisation of the tap position is not
appropriate since in general the high voltage (HV) side voltage is not known. Therefore, the tap setting can be determined
given the optimal VCT once the HV side voltage is known. The objective function is composed of the distribution line loss
cost, the peak power loss cost and capacitors’ and VRs’ capital, operation and maintenance costs. The constraints are limits
on bus voltage and feeder current along with VR taps. The bus voltage should be maintained within the standard level and
the feeder current should not exceed the feeder-rated current. The taps are to adjust the output voltage of VRs between 90
and 110% of their input voltages. For validation of the proposed method, the 18-bus IEEE system is used. The results are
compared with prior publications to illustrate the benefit of the employed technique. The results also show that the lowest
cost planning for voltage profile will be achieved if a combination of capacitors, VRs and VCTs is considered.
1 Introduction

Capacitors are used commonly in the distribution systems to
minimise the reactive component of the line current. This
compensation reduces the distribution line loss and
improves the feeder voltage profile. Similar to the
capacitors, load tap changers (LTCs) and voltage regulators
(VRs) help to keep the bus voltages within the standard
level and reduce the line loss. Particularly in the peak load,
reduction of the line loss by these elements can prevent
additional investment of using high-rating equipment.
However, the investment cost is an issue that limits the
widespread use of these devices. This highlights the
importance of finding their optimal location and size. Since
capacitors, VRs and LTCs all influence the voltage profile
and the line loss, they are commonly used in distribution
networks. Therefore a mechanism for improving the voltage
profile along with minimising the line loss, in which all of
these technologies are included, is required.

There are only a few papers which deal with the VRs.
Among these, in [1], a two-stage method is proposed to
find the placement of VRs in a distribution system to
minimise the line loss and improve the voltage profile for a
specific load level. In the first stage, the VRs placement and
tap setting are found as an initial solution. The number of
the initial VRs is reduced in the second stage using a
recursive procedure. Similar to this paper, the VRs
allocation problem is solved using a micro genetic
algorithm (GA) in [2].

In spite of the limited number of VRs-related papers, many
papers have been presented for finding the optimal location
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and size of capacitors. Chang in [3] employs a heuristic
method, called ant colony search algorithm, for
reconfiguration and finding the placement of capacitors to
reduce the line loss. GA as another heuristic-based method
is used in [4] for optimal placement, replacement and sizing
of capacitors considering non-linear loads. The same
authors used the combination of GA and fuzzy logic [5]
four years later in 2008 and improved the results obtained
by GA. Wu and Lo in [6] employ the maximum
sensitivities selection method for the allocation of fixed and
switched capacitors in a distorted substation voltage. In
general, because of the discrete nature of the problem,
papers are mostly based on the heuristic-based methods
(e.g. GA) [7, 8]. However, there are a few papers that solve
the problem using analytical methods [9, 10]. Papers
[4–10] solve the capacitor planning problem using discrete
multi-level loads. It should be noted that the calculation of
the distribution line loss based on the average load level is
not acceptable since the loss is proportional to the square of
the rms current. Therefore, the average loss value is not
equal to the loss associated with the average load level.
Also, it is not feasible to optimise the system at every load
level. To avoid this problem, the loads should be modelled
using an approximation of the load duration curve in
multiple steps. Increasing the number of steps leads to
higher accuracy [4–10].

LTCs along with capacitors are scheduled in [11–13]. In
[11], a non-linear interior-point method is proposed for
dispatching the main transformer under the LTC and
capacitors for minimising the line loss. The same problem
is solved in [12] by a dynamic programming method.
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Ulinuha et al. in [13] include the non-linear loads and
minimise the line loss and improve the voltage profile by
scheduling of LTCs and capacitors using evolutionary-
based algorithms.

Owing to the discrete nature of the allocation and sizing
problem, a number of local minima of the objective
function are possible. The use of analytical-based tools as
optimisation methods does not improve this problem. To
deal appropriately with this difficulty, heuristic-based
optimisation methods are extensively applied in the
literature [2–5, 7, 8, 11–13]. Particle swarm optimisation
(PSO) is one of the heuristic methods [14–16]. In this
paper, the PSO is employed to optimise the problem and
because of the discreteness of the cost function, a discrete
PSO, called DPSO, is used. In order to further mitigate the
local minimum problem, the DPSO is improved in this
paper by increasing the diversity of the optimising
variables. For this purpose, GA mutation and crossover
operators are employed.

Since integrated planning of the combination of these
technologies (capacitors, VRs and LTCs) has not been
included in the literature, a comprehensive voltage support
mechanism is required. The main contribution of this paper
is the allocation and scheduling of capacitors and VRs
along with the optimisation of the voltage on the customer
side of the transformer (VCT). If the HV side voltage is
known, the optimisation of the tap position as a discrete
variable could be undertaken. Since in general the HV
voltage is not specified, the specifics of LTC optimisation
would be misleading. This paper optimises the VCT and
once the HV voltage is known the required tap can be
determined. A DPSO-based sequential technique is
proposed considering the multi-level loads. The objective is
to minimise the distribution line loss and the peak power
loss cost while minimising the VRs’ and capacitors’
investment costs across the range of expected loading
conditions. The feeder current, bus voltage and the tap
settings are incorporated as constraints in the optimisation
procedure.

2 Problem formulation

The main objective of the optimal planning of capacitors and
VRs and the optimisation of VCT (OPCVV) problem is to
minimise the cost of capacitors and VRs as well as the
distribution line loss and peak power that will require
higher investment of using high-rating equipment. This is
achieved by reducing the power loss at the peak load. The
bus voltage and the feeder current are also limited as
constraints and added to the objective function with a
penalty factor. The bus voltage is maintained within the
standard range. The feeder current should be kept lower
than the rated current of the relative feeder. The tap setting
of VRs is adjusted during the optimisation procedure to
minimise the line loss and improve the voltage profile. The
taps are practically limited to +10%.

Given that all of the objective function elements are simply
converted into the composite equivalent cost, this problem
can be solved using a single-objective optimisation method.
This objective is defined as follows

OF = CCAP +
∑T

t=1

CO&M + CLOSS

(1 + r)t + l (1)

where OF is the objective function which is the net present
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value of the total cost, CCAP is the total capital cost, CO&M

is the total operation and maintenance cost, CLOSS is the
loss cost, r is the discount rate, T is the number of years in
the study timeframe and l is the constraint penalty factor.
The capital cost is composed of the cost for installing and
purchasing the capacitors and VRs. The operation and
maintenance costs are self explanatory. The loss cost is
expressed in (2). As observed, the loss cost has two parts,
the energy loss cost which is proportional to the cost per
MWh and the peak power cost which is proportional to the
cost saving per MW reduction in the peak power.

CLOSS = kPL × PLossLL
+ kL ×

∑LL

l=1

Tl PLossl
(2)

where PLossl
is the loss power for load level l, kPL is the saving

per MW reduction in the peak power loss and kL is the cost
per MWh.

The constraints include the bus voltage and the feeder
current. The bus voltage (Vbus) should be maintained within
the standard level.

Vmin ≤ Vbus ≤ Vmax (3)

The feeder current (If) should be less than the feeder-rated
current (I rated

f ).

Ifi
≤ I rated

fi
(4)

The tap setting as a constraint should be limited to +10%.
The constraints are included in the objective function with
the constraint penalty factor l in (1). If all constraints are
satisfied, l will be zero. Otherwise, l will be set to a large
number and added to the objective function to exclude the
relevant solution from the search space.

At any load level, when a switched capacitor bank is
connected or disconnected, the bus voltage increases or
decreases, respectively. To minimise the effect on
customers, this voltage change is limited to a value in the
range of 2–3%. A good approximation to the voltage
change is given in [17].

DV = QC

MVASC

( )
× 100% (5)

Here DV is the voltage change (assumed 3% in this paper),
QC is the size of a switched capacitor bank and MVASC is
the available three-phase short-circuit MVA at the bus,
where the capacitor bank is located. Given this equation,
the maximum permitted size of a switched capacitor bank
can be determined.

3 Methodology

The methods presented for scheduling of VRs either find only
VRs location and tap setting [1, 2], or treat VRs separately
from capacitors [18–20]. Using these approaches, solving
the problem for a specific load level will not lead to
accurate results when the load level is time varying.

The papers that deal with capacitor either focus on the
optimal scheduling of capacitors and LTCs [11–13], or
concentrate on the optimal allocation and sizing of only
capacitors [3–10]. These papers generally follow one of the
following strategies:
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1. The capacitors are allocated and sized for the lowest load
level as the fixed capacitors. Subsequently, the problem is
solved for higher load levels and the additional capacitors are
presumed as the switched capacitors [4–6] (building strategy).
2. The capacitors are obtained in all load levels; then, the
minimum capacitor in each bus is assumed as the fixed
capacitor and the rest as the switched capacitors [8–10]
(separating strategy).
3. All the load levels are optimised simultaneously. The
optimisation method should solve a problem with (number
of buses × number of load level) optimisation variables [16].

In the first strategy, the capacitors obtained for higher load
levels are not used for lower load levels while they can be
used for loss minimisation and voltage profile improvement
by applying no extra cost. In addition to the shortcoming
mentioned for the first strategy, the second strategy suffers
from having a large number of buses for the installation of
capacitors, which implies a high installation cost because
there is no guarantee that the optimal placement for a
capacitor in a load level is also optimal in the next load
level. Eventually, in the techniques associated with the third
strategy, the number of variables severely increases the
computation time and decreases the accuracy.

The aforementioned limitations highlight the necessity of
an appropriate technique to incorporate the influence of
LTCs, VRs and capacitors simultaneously and to include
the multi-load level assumption. There is also a need for a
compromise between the accuracy and computation time.

In this paper, a sequential algorithm is proposed to solve the
OPCVV problem for all load levels. Fig. 1 shows the flowchart
of the proposed algorithm. As illustrated in this flowchart, the
programme starts from the average load level since the majority
part of the load duration curve is for this load level (100%). In
the next step, the proposed hybrid optimisation method is
applied and using the objective function stated in (1), the
VRs and capacitors are allocated and set. The optimal VCT
is also adjusted to find the corresponding transformer tap.
After deriving results of this load level, the next load level is
optimised. This procedure is implemented till the peak load
level is optimised. This part of the flowchart is called
initialisation. After the initialisation, the load levels are
optimised from the lowest one to the peak load level by an
iterative-based strategy as shown in Fig. 1. In the proposed
strategy, the objective function for a load level is penalised if
the capacitor rating in a bus is more than it in the previous
load levels as given in (6)–(8)

OF = C′
CAP +

∑T

t=1

C′
O&M + CLOSS

(1 + r)t + l (6)

C′
CAPj

=

0 if 0 , C l
CAPj

≤ C l−1
CAPj

Cl
CAPj

− Cl−1
CAPj

if C l
CAPj

. C l−1
CAPj

Cl
CAPj

if C l−1
CAPj

= 0

⎧⎪⎪⎨
⎪⎪⎩ (7)

C′
O&Mj

=

0 if 0 , Cl
O&Mj

≤ Cl−1
O&Mj

Cl
O&Mj

− Cl−1
O&Mj

if Cl
O&Mj

. Cl−1
O&Mj

Cl
O&Mj

if Cl−1
O&Mj

= 0

⎧⎪⎪⎪⎨
⎪⎪⎪⎩

(8)

where Cl
CAPj

and Cl
O&Mj

are the capital cost and the operation
and maintenance cost of a device at bus j for load level l,
respectively.
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Adding a capacitor at a bus where another capacitor has
been already installed causes a back-to-back switching
problem [17]. One of the solutions of this problem is to add
a current limiting reactor [17]. Therefore two different types
of switched capacitors are used in this paper, switched
capacitors with reactor and without reactor. The installation
cost of a switched capacitor with reactor is more than the
cost of one without reactor. During the optimisation
procedure, if a single capacitor bank is installed at a bus, it
does not need a reactor. Any further switched capacitor at
that bus will need to include the cost of a reactor.

The proposed procedure increases the probability of
selecting the optimised locations in the previous load level
as the optimal locations in the current load level. While, it
does not force the programme to select the devices found
for the previous load level as the fixed devices for the
current load level. This leads the programme to results with
lower investment cost and line loss.

After the completion of an iteration from the lowest to the
highest load level, the minimum capacitor size in a bus in the
iteration is considered as the fixed capacitor and the rest as
the switched capacitor installed. The tap setting of VRs and
the VCTs in each load level are also optimised during this
procedure.

4 Implementation of PSO

4.1 Overview of PSO

PSO is a population-based and self-adaptive technique
introduced originally by Kennedy and Eberhart in 1995
[21]. This stochastic-based algorithm handles a population

Fig. 1 Flowchart of the proposed algorithm
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of individuals in parallel to search capable areas of a multi-
dimensional space where the optimal solution is searched.
The individuals are called ‘particles’ and the population is
called a ‘swarm’ [15].

The DPSO, which is the discrete version of PSO, is an
optimisation method which is applied to the discrete
problems like OPCVV where the particles are integer values.
In this situation, the optimal solution can be achieved by
rounding off the actual particle value to the nearest integer
value during the iterations. In [15], it is mentioned that the
performance of the DPSO is not influenced by this rounding
off process. Note that the continuous methods perform the
rounding after the convergence of the algorithm, while in
DPSO, it is applied to all particles during each iteration of
the optimising procedure.

4.2 Applying hybrid PSO to problem

The first stage in the optimising procedure is to determine the
optimising variables, which are the discrete capacitors size as
well as the VR and the VCT. It is assumed that all buses are
candidates for the installation of VRs and capacitors. Given
these points, the particle is constituted as shown in Fig. 2.

In Fig. 2, NB and NT are the number of buses and VCTs in
the optimising distribution system. Each member of this
particle is assigned as a placement of a device. The value of
the corresponding member is the size of capacitors, the tap
setting of VRs, and VCTs. For the capacitors, if the value of
this member is more than a specific threshold, it indicates a
capacitor with the corresponding size installed at the
corresponding bus. Otherwise, no capacitor is placed at that
bus. This specific threshold is the minimum size of the
available set of capacitors. For the VRs, the member value is
the tap setting. If the tap setting is equal to 1, no VR is
installed at the corresponding bus. Otherwise, a VR with the
corresponding tap setting is installed at the corresponding bus.

To deal appropriately with these discrete variables, the
DPSO is modified and applied to the OPCVV problem.
This modification is required mainly because of local
minima issue. For escaping from local minima, the diversity
of the variables should increase. This is implemented by
employing GA mutation and crossover operators [15] which
is modified and implemented in this work. Fig. 3 shows the
flowchart of the proposed method. The description and
comments of the steps are presented as follows:

Step 1 (input system data and initialisation): In this step, the
distribution network configuration and data and the available
capacitors and VRs are inputs. The maximum allowed voltage
drop and the characteristics of feeders, impedance and rated
current, are also specified. The DPSO parameters, number
of population members and iterations as well as the PSO
weight factors, are also identified. The initial population of
particles (Fig. 2) and the particles’ velocity in the search
space are also randomly initialised.
Step 2 (calculate the objective function): Given the capacitors
size and location, the VRs location and tap setting, and the

Fig. 2 Structure of a particle
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VCTs, determined in the previous step, the admittance
matrix is reconstructed. Using the new admittance matrix, a
load flow is run and the bus voltages and the feeder
currents are calculated. Given these data, the distribution
line loss is calculated.

Given the line loss and the installed devices, the objective
function is constituted by (1). The constraints are also
evaluated using (3) to (4) in this step and included in the
objective function with the penalty factor. It means that if a
constraint is not satisfied, a large number as a penalty factor
is added to the objective function to exclude the relevant
solution from the search space.
Step 3 (calculate pbest): The component of the objective
function value associated with each particle is compared
with the corresponding value in previous iteration and the
particle with lower objective function is recorded as ‘pbest’
for the current iteration.

pbestk+1
j =

pbestkj if OFk+1
j ≥ OFk

j

xk+1
j if OFk+1

j ≺ OFk
j

{
(9)

Fig. 3 Algorithm of the proposed PSO-based approach
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where k is the number of iterations, and OFj is the objective
function component evaluated for particle j.
Step 4 (calculate gbest): In this step, the lowest objective
function among the pbest’s associated with all particles in
the current iteration is compared with it in the previous
iteration and the lower one is labelled as ‘gbest’.

gbestk+1 =
gbestk if OFk+1 ≥ OFk

pbestk+1
j if OFk+1 ≺ OFk

{
(10)

Step 5 (update particle): The particles for the next iteration
can be calculated using the current pbest and gbest as follows

V k+1
j = vV k

j + c1 rand (pbest k
j − X k

j )

+ c2 rand (gbest k
j − X k

j ) (11)

where V k
j is the velocity of particle j at iteration k, v is the

inertia weight factor, c1 and c2 are the acceleration
coefficients, X k

j is the particle j at iteration k, pbestkj is
the best value of particle j at iteration k and gbestk is the
best value among all particles at iteration k.

As mentioned before, using the available data, v as inertia
weight factor and c1 and c2 as acceleration coefficients, the
velocity of particles is updated. It should be noted that the
acceleration coefficients, c1 and c2, are different random
values in the interval [0, 1] and the inertia weight factor v
is defined as follows

v = vmax −
vmax − vmin

Itermax

× Iter (12)

where vmax is the initial inertia weight factor, vmin is the final
inertia weight factor, Iter is the current iteration number and
Itermax is the maximum iteration number.

As observed in (11), v is to adjust the effect of the velocity
in the previous iteration on the new velocity for each particle.
Regarding the obtained velocity of each particle by (11), the
particles can be updated for the next iteration using (13).

X k+1
j = X k

j + V k+1
j (13)

The inertia weight factor is set as 0.9 and both the acceleration
coefficients as 0.5 in this paper.

After this step, half of the population members continue the
DPSO procedure and the other half goes through the GA
operators. The first half continues their route at step 7.
However, the second half goes through step 6.
Step 6 (apply GA operators): In this step, the crossover and
mutation operators are applied to the half of the population
members. This is done to increase the diversity of the
optimising variables to improve the local minimum problem.
Step 7 (check convergence criterion): If Iter ¼ Itermax or if
the output does not change for a specific number of
iterations, the programme is terminated and the results are
printed, else the programs goes to step 2.

5 Results

To validate the proposed method, the 12.5 kV 18-bus IEEE
distribution system [4, 5, 22] is used with parameters as in
the Appendix to provide practical current limits and realistic
conductor impedances. The load duration curve of this test
system is shown in Fig. 4. To deal appropriately with this
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curve, the most complex way is to study the network and
solve the OPCVV for every point. However, this will lead
to a long computation time. The easiest and fastest way is
to approximate this curve with two–three levels, but it
might be inaccurate. In this paper, to implement a
compromise between accuracy and computation time, this
curve is approximated with five load levels. It is
assumed that the load peaks for 2% of the time and is at its
lowest for 3% of the time. The average load is drawn
from the network for 40% of the time. For 30 and 25% of
the time, the load level is 120 and 80% of the average
load, respectively. However, using sensitivity analysis to
find the optimal load level number can be included in
the future.

It is assumed that the cost per kWh is different for different
load levels, 3 ¢ for 50% and 80% of the average load, 6 ¢ for
100%, 8 ¢ for 120% and 10 ¢ for peak load level. These
prices are in the same range of [23–25] and show a trend
similar to the generating electricity cost from different types
of technology in the UK [26]. The saving per MW
reduction in the peak power loss is presumed to be
$168 000. The installation cost of switched capacitors
with reactor and without reactor is assumed to be
$(3000 + 45/kvar) and $(3000 + 25/kvar), respectively. The
annual incremental cost is supposed to be 1 $/kvar.
Application of constraint (5) for this test system results in a
capacitor bank step of 150 kvar. For the VRs, the
installation cost is presumed $10 000 and the annual
incremental cost is selected as $300. The VRs are
characterised by 32 taps which can change the output
voltage between 0.9 and 1.1 times of the input voltage.
Therefore each step can change the input voltage as
0.00625 pu. The coding is written in Matlab 7.6
programming language and is executed in a desktop
computer with the features as Core 2 Due CPU, 2.66 GHz
and 2 GB of RAM.

Adding current limiting reactors or pre-insertion resistors
increases the cost of capacitors. This penalty decreases the
optimal number and size of capacitors significantly. This
decrease in size will alleviate the problem of nuisance
tripping and voltage magnification of modern load sensitive
to electromagnetic transients. For particular sensitive
busses, solutions such as point-on-wave switching [27] will
give rise to an additional cost for capacitor banks in the
optimisation.

Fig. 4 Load duration curve used in the testing distribution system
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When no capacitor is installed, the minimum and
maximum line losses related to the lowest and highest load
levels are 87.3 kW and 801.6 kW, respectively. The
standard range of the bus voltage (3) is assumed to be
between 0.95 and 1.05 pu. Given this, the bus voltage
constraint for the lowest load level is satisfied, but for the
peak load, the bus voltage at eight buses violates the
voltage constraint. In order to decrease the line losses and
to improve the voltage profile, VRs and capacitors are
allocated and the capacitors’ size as well as the VR and the
LTC taps are adjusted.

To clarify the importance of consideration of both
capacitors and VRs in the line loss minimisation and bus
voltage improvement, three cases are studied. In the first
case, the objective function is only composed of the
capacitors. Only VRs are included in the objective function
in the second case. Finally, both of VRs and capacitors are
involved in the objective function in the third case. In all
these cases, the VCT is optimised for all load levels.

5.1 Case 1

In this case, only capacitors are used for minimising the line
loss and improving the voltage profile. The optimal capacitor
locations and ratings as well as the optimisation of VCT for
different load levels are shown in Table 1. As observed in
this table, three fixed capacitors are required to minimise
the line loss in the test system. The scheduling of the
switched capacitors is given in Table 2.

Table 2 illustrates that the switched capacitors should be
allocated at three buses, 24, 25 and 26. When the load level
is average, one bank at bus 24, one bank at bus 25 and
three banks at bus 26 should be switched on along with the
fixed capacitors to result in minimum line loss in this load
level.

Figs. 5 and 6 show the line loss and the voltage profile after
and before installation of the capacitors. A remarkable
reduction is observed in the line loss for all load levels.
Furthermore, the bus voltage constraint in the peak load
level is satisfied when the capacitors are allocated

Table 1 Capacitors location and rating (Mvar) and VCT

Load level, % Bus number VCT

8 24 25 26

50 0.60 0.30 0.60 – 0.9775

80 0.60 0.45 0.75 0.15 0.9949

100 0.60 0.45 0.75 0.45 1.0057

120 0.60 0.45 0.75 0.60 1.0188

160 0.60 0.45 0.75 0.60 1.0497

fixed capacitor 0.60 0.30 0.60 – –

Table 2 Scheduling of switched capacitors

Load level, % Bus number

8 24 25 26

50 – – – –

80 – 0.15 0.15 0.15

100 – 0.15 0.15 0.45

120 – 0.15 0.15 0.60

160 – 0.15 0.15 0.60

switched capacitor – 0.15 0.15 0.60
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optimally. It should be noted that the line loss before the
installation of capacitors is based on the assumption that the
VCT is equal to 1 pu. It should also be noted that the line
losses before the installation of capacitors for the 100%,
120% and peak load level cases are invalid because the
voltage constraint is not satisfied. However, these are shown
in Fig. 5 only to illustrate the effect of capacitors. The
calculations show that increasing the VCT (or LTC tap
setting) results in more line loss when no capacitor is
installed. For example, when the load level is 120%, the
line loss is 469 kW. As observed in Table 1, the VCT is
adjusted to 1.0188 pu for this load level to have an
acceptable bus voltage. In this condition, the line loss
increases to 481 kW. Therefore the capacitors are partly
used for improving the voltage profile, partly for
compensating the line loss increase because of the
increment of the VCT (LTC tap setting) and also partly for
minimising the loss.

To validate the proposed strategy, the results are compared
with the strategies mentioned in Section 3, (building [4–6]
and separating strategies [8–10]). Table 3 shows the results
obtained using these strategies.

These strategies start from the lowest load level. Therefore
when no capacitor is found for this load level in the test
system, no fixed capacitor is found by these strategies. The
corresponding results are evaluated in Subsection 5.3.

The allocation and sizing of capacitors along with
scheduling of switched capacitors and optimisation of VCT

Fig. 5 Line loss before and after the installation of capacitors

Fig. 6 Voltage profile before and after the installation of
capacitors in peak load [case 1 (CAP)]
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was studied in case 1. In addition to the capacitors and the
VCT, the VRs are other devices which influence the line
loss and the voltage profile.

5.2 Case 2

Case 2 investigates VRs and their optimal placement and
scheduling for minimising the line loss and improving the
voltage profile. The scheduling of VRs and VCT (LTC) is
shown in Table 4. Fig. 7 shows the voltage profile before
and after installation of VRs. Improvement of the voltage
profile is observed after the installation of VRs. The main
difference between the capacitors and VRs is that the
capacitors inject the reactive power to the network and
reduce the reactive element of the line loss. However, VRs
do not have this influential characteristic. After finding the
optimal placement and scheduling of VRs, the line loss for
the lowest load level to the peak load level is calculated as
81.1, 210.2, 331.7, 483.7 and 887.7 kW. As observed, the
line loss decreases significantly for the 50 and 80% load
level cases and slightly for the 100% to peak load levels.

Table 3 Scheduling of switched capacitors

Bus number

8 23 24 25 26

building strategy fixed

capacitor

– – – – –

switched

capacitor

0.75 – 0.45 0.75 0.60

separating

strategy

fixed

capacitor

– – – – –

switched

capacitor

0.75 0.15 0.15 1.05 1.20

Table 4 VRs location and tap setting and VCT

Load level, % Bus number VCT

4 7 13

50 28 +1 26 1.0247

80 28 +2 24 1.0352

100 28 +3 23 1.0440

120 28 +4 21 1.0499

160 25 +5 +4 1.0495

Fig. 7 Voltage profile before and after the installation of
capacitors in peak load [case 2 (VR)]
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However, these decreases are not as much as the capacitors.
This is mainly because VRs do not inject the reactive or
active power. These devices improve the voltage profile
appropriately, but they cannot decrease the line loss as well
as the capacitors do.

Given the main characteristic of the capacitor, which is the
reduction the reactive element of the line loss and the main
characteristic of the VRs, which is the improvement of the
voltage profile, a combination of these devices is expected
to be more effective when the objective is to improve the
voltage profile along with minimising the line loss. This is
studied in case 3.

5.3 Case 3

In this case, a comprehensive voltage support mechanism is
planned in which all technologies, capacitors, VRs and
VCT (LTC), are optimised to minimise the line loss. The
results are shown in Tables 5–7.

As observed in Tables 5 and 6, the optimisation yields three
fixed and three switched capacitors. This table also shows that
1.65 Mvar fixed capacitors along with 0.75 Mvar switched
capacitors are required. Similar to case 1, the solution results
in more fixed capacitors and less switched capacitors
because of the higher cost of switched capacitors
(particularly switched capacitors with reactor) compared to

Table 5 Capacitors location and rating (Mvar)

Load level, % Bus number

8 24 25 26

50 0.75 0.30 0.60 –

80 1.05 0.30 0.75 0.15

100 1.05 0.30 0.75 0.30

120 1.05 0.30 0.75 0.30

160 1.05 0.30 0.75 0.30

fixed capacitor 0.75 0.30 0.60 –

Table 6 Scheduling of switched capacitors

Load level, % Bus number

8 24 25 26

50 – – – –

80 0.30 – 0.15 0.15

100 0.30 – 0.15 0.30

120 0.30 – 0.15 0.30

160 0.30 – 0.15 0.30

switched capacitor 0.30 – 0.15 0.30

Table 7 VRs location and tap setting and VCT

Load level, % Bus number VCT

4 23

50 28 27 1.0224

80 28 27 1.0398

100 28 27 1.0499

120 26 24 1.0491

160 22 +1 1.0495
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Table 8 Comparison among the cases, $

Loss cost for load levels, % Capacitor cost VR cost Total cost

50 80 100 120 160

no installation 4861 181 082 (739 585) (870 128) (357 839) 0 0 (2 153 495)

case 1 (CAP) 3544 140 330 599 010 735 011 330 359 86 926 0 1 895 180

case 2 (VR) 4516 175 600 738 758 897 740 396 277 0 39 535 2 252 426

case 3 (CAP and VR) 3386 131 764 561 296 698 704 324 737 80 925 26 356 1 827 168

building strategy 4742 177 684 619 097 734 476 327 344 153 765 0 2 017 108

separating strategy 4742 177 684 619 097 744 224 352 999 177 460 0 2 076 206
fixed capacitors. The optimal VRs location and their
scheduling along with the VCT are shown in Table 7. This
table shows that two VRs are required at buses 4 and 23.
As observed, simultaneous optimising capacitors, VRs and
VCT results in lower capacitors and VRs costs. This
combination also leads to lower line loss (total line loss cost
by optimising only capacitors, only VRs and all technologies
is found $1 808 254, $2 212 891 and $1 719 887,
respectively).

Consider the case when there is no loss term in the
objective function. If only capacitors are used, then at 160%
load level, the optimisation result allocates two capacitors
with sizes 1.05 and 0.6 Mvar at buses 25 and 26. If only
VRs are used, the optimal result is one VR at bus 23. If
both capacitors and VRs are used in the optimisation
without the loss term, the voltage requirement is satisfied
by locating one VR at bus 23. The dominance of loss
control by capacitors is supported by the results in Table 8
where the capacitors only (case 1) results in much lower
line loss compared to VRs (case 2). These points illustrate
that for the cost levels in this paper, the main role of VRs is
for voltage control while capacitors are mainly used to
reduce the line loss. That is why the optimal placement of
capacitors and VRs do not necessarily change when they
are combined in case 3.

Associated with the load level changes from 100, 120 to
160%, the corresponding load durations are from 40, 25 to
3%. There is a substantial increase in the loss at 160%, but
because the duration is low, there is insufficient justification
for a change in capacitor size. Tables 5 and 6 show no
change of capacitor size was obtained when the VRs are
available. In case 1, the capacitors have two roles, voltage
control and loss minimisation. Because the voltage control

Fig. 8 Voltage profile before and after the installation of
capacitors in peak load [case 3 (CAP and VR)]
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is a compulsory requirement, an increase of capacitors with
loading levels is seen.

If VRs type is the automatic voltage regulators (AVRs), the
output voltage set point can be found using the voltage
obtained when the optimal tap setting, given in Table 7, is
applied to the VRs in each load level. For example, when
the network is supplying the peak load level, the VRs tap is
set to 22 and +1, respectively. This setting leads their
output voltage to be 0.9975 and 0.9916 pu for the VRs
located at buses 4, and 23, respectively. Therefore, to
minimise the line loss along with improving the voltage
profile, these values can be selected as their voltage set
point when their type is AVR and their tap cannot be set
manually.

Fig. 8 reveals the voltage profile for the peak load obtained
after the optimal allocation and sizing of capacitors along
with the allocation and scheduling of VRs and optimisation
the VCT. The line loss in this case is decreased to 60.82,
157.76, 252, 376.44 and 727.44 kW for the load levels,
respectively. A comparison among the above cases is given
in Table 8. In this table, the line losses for the 100 and
120%, and peak load levels related to the ‘no installation’
are in brackets to show that the voltage constraint is not
satisfied in these load levels and so the results are invalid.

As observed in Table 8, compared to the ‘no installation’
case, the proposed strategy enjoys $326 327 less total cost.
The total cost calculated by the proposed strategy is
$68 012 less than it when only the capacitors are allocated
and sized. This remarkable difference shows the importance
of the consideration of VRs and LTC tap setting along with
the capacitors in loss minimisation and voltage profile
improvement. Furthermore, compared to the building and
separating strategies, the proposed strategy is at least 6.5%
($121 928) more cost beneficial.

6 Conclusions

A comprehensive study is performed for minimising the line
loss and improving the voltage profile. In this study, almost
all distribution system devices which influence the voltage
profile, for example, capacitors, VRs and LTC, are
incorporated. Optimisation of the LTC tap setting is not
meaningful since the HV side voltage is not known.
Therefore the VCT is optimised in this paper. The LTC tap
setting can be determined given the optimal VCT once the
HV side voltage is known.

An iterative-based strategy is proposed which leads the
optimal devices, found in each load level, to be used for all
load levels. This strategy decreases the investment cost and
the loss cost. Given the discrete nature of the problem and
the devices rating, the local minima are the main issue of
this optimisation procedure. Therefore a heuristic-based
IET Gener. Transm. Distrib., 2011, Vol. 5, Iss. 1, pp. 127–135
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optimisation method called DPSO is developed by the GA
operators to increase the diversity of the optimising variables.

The 18-bus IEEE test system is modified and used for
evaluating the proposed strategy. The results are found in
three different categories: the capacitors and VCT, the VRs
and VCT, and the capacitors, VRs and VCT. The results
prove the necessity of consideration of all these devices
simultaneously. The results obtained by optimising only the
capacitors are also compared with some of the available
strategies. The results demonstrate that the proposed
strategy has significant cost benefit. The results also
illustrate that the lowest cost benefit planning for voltage
profile is achieved by combining all the currently available
technologies.
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9 Appendix

The bus data in the test system are similar to the 18-bus IEEE
distribution system. The line data are shown in Table 9. The
length of lines is assumed to be 2.4 times of the length of lines
in the IEEE distribution system. Based on the data from a
local conductor company, 5 different conductors are used
with the characteristics given in Table 9 giving values for
line rating.

Table 9 Test system line data and conductors data

Lines Conductor type R, V X, V Current

rating, A

1–2 1 0.0816 0.207 724

2–3, 3–4, 4–5 2 0.0995 0.212 648

1–20, 20–21 3 0.167 0.228 441

5–6, 6–7, 21–23 4 0.367 0.256 259

7–8, 2–9, 21–22,

23–24, 23–25, 25–26

5 1.31 0.296 108
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