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Abstract— Power utility companies are required to supply
customers with power within specified voltage limits. Voltage
rise in networks with distributed generators therefore poses a
challenge. This paper presents a coordinated network
controller whose objective is to maintain an optimal voltage
profile across the power network. The operations of
distributed generators, on-load tap-changing transformers
and reactive power sources are controlled. The controller is
modelled as an optimisation problem which is solved using
Particle Swarm Optimisation. The IEEE 30-bus test network
is then used to verify the effectiveness of the controller. The
results obtained show that this controller can greatly improve
the voltage profile of a power network by varying the
parameters of existing generation and voltage control
equipment.
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I. INTRODUCTION

In traditional power distribution networks, power has
always been generated in bulk at generation plants. The
generation plants are located where energy resources are
readily available. These include rivers for hydro power, and
fossil fuel deposits for thermal power. This power is then
transmitted long distances through a grid network of high
voltage lines. The power is distributed to consumers
through medium and low voltage distribution networks. In
recent years however, there has been a growth in
distributed generation alongside the conventional power
generation, transmission and distribution network.
Distributed generation (DG) is smaller scale generation of
power usually connected directly to distribution networks.

The advantages of DG include reduced loading on
distribution systems, reduction in power losses, and
increased use of renewable energy sources [1]. DG plants
are comparatively small, less than 100MW. This enables
them to vary their output to closely match load. In addition
to this, the plants utilize much smaller physical space and
land.
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The increased use of DG in distribution systems has
benefits for power consumers as well as owners of DG
equipment. However, the uptake and penetration of DG in
distribution systems has been limited. One reason for this is
the voltage rise that is associated with heavy injection at
the point of connection of real power. If voltage rise can be
minimised, the level of DG penetration can be raised. One
way of achieving this is by direct voltage control. This is
achieved through On-Load Tap Changing transformers and
line voltage regulating transformers. Alternatively, the
reactive power flows in the system can be regulated, which
in turn controls voltage. This is achieved using shunt
capacitors at substations or feeder capacitors along
distribution lines.

As distributed generation becomes more widespread,
challenges are being encountered. The distribution
networks to which distributed generators are connected
were not designed for direct connection of generators. They
were designed for power flow from a source (substation) to
the consumer loads. Introduction of DG often leads to
changes in the direction of power flow in distribution
networks. In addition to this, DG cause changes to stability,
voltage profile and protection systems. Because distribution
networks were not designed to accommodate generators,
constraints are placed on DG utilization. One limit is the
amount of power that DG can supply. Supply of real power
causes voltage level around the power source to rise. If the
real power supplied is too high, voltage level may rise
beyond acceptable limits.

The aim of this research is to investigate a method of
increasing the utilization of DG in distribution networks.
This will be done through coordinated control of DG, On-
Line Tap-Changing transformers and network-connected
capacitors. Through such control, the DG will be able to
supply greater levels of power to the network, while still
meeting the constraints of voltage levels.

A number of methods for voltage control to minimise
voltage rise due to DG have been described in literature.
DGs with reactive power capabilities can contribute to the
voltage control in a system.
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FIGURE 1: SIMPLIFIED TWO-BUS NETWORK WITH DG

OLTCs and shunt capacitors have also been used to
achieve this objective in other research works.

An area that has recently been of interest to many
researchers is the optimal location and sizing of reactive
power and voltage control devices, including OLTCs, shunt
capacitors and DGs themselves. This involves planning the
distribution system and establishing the locations at which
reactive power injection can give an optimal system. While
exhaustive work has been done on optimal location and
sizing during the planning stages, the operations of
distribution systems still require study. The control of
voltage on a day-to-day basis is of interest here. As loads
vary at different times during operation, the reactive power
requirements of the system may also vary.

It has been seen that a number of options for voltage and
reactive power control exist. The aim of this research is to
investigate the combination of devices that will provide
optimal voltage profile in a distribution system with DG.

In current scenarios, distribution network operators
manage DG power in a “fit and forget” manner. The DG
are installed and run at constant power factor. This means
that DG do not take part in voltage control and the potential
for DG to provide voltage support in the network is not
fully utilised.

Il. DISTRIBUTED GENERATION IN DISTRIBUTION
NETWORKS
A. Voltage Rise Due to Distributed Generation

When generators operate at leading power factor they
inject reactive power into the network.
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This leads to voltage rise at the connected bus. Consider
a simple two-bus network as shown in Figure 1 [2].

The figure shows a generator, DG, supplying a local
load and supported by a local reactive power compensator.
Taking voltages close to 1p.u. the voltage at the generator
is approximately expressed as

Vb = Vi + (Ppg — PR
+ (£Qpc — QL £ Q)X

Where Vpg is DG voltage, V; is the voltage at bus “i”,
Poc and Qpg represent generated real and reactive power,
respectively, R and X represent resistance and reactance of
the transmission line, respectively. Assuming reactive
power from the compensator is such that Qpg - Q. + Q¢ =
0, then Vpg can be expressed as

Vbe = Vi + (Ppg — PR 2

This shows that voltage Vpg will increase with increase
in generated real power Ppg. In other words, increased DG
penetration without reactive power compensation leads to
voltage rise. This equation also shows that when load P, is
at its minimum, the voltage rise due to DG is at maximum.

The voltage rise caused by DG has in the past meant that
level of DG penetration within a given network is limited.
The usual approach taken by distribution system operators
is to limit DG rating to the point where there is no voltage
rise. This limit is taken when load is at a minimum, and
power output from distributed generation is at maximum.

M)

B. Voltage Control in Distribution networks

Distribution system operators are obligated to maintain
the voltage level at consumers’ supply points between -
13% and +7% of nominal voltage [3]. In order to meet this
and other requirements, network control systems have been
developed. These are systems that use communication and
control devices to manage the network in real time [4].
Active control systems optimise network parameters, such
as OLTC tap settings, during network operations.

In conventional distribution networks, voltage profile is
controlled in two ways: use of OLTCs or management of
reactive power flow. The source of power in a distribution
network is usually a substation, which may have OLTCs to
supply the distribution network. Varying the tap settings on
the OLTC is a means by which voltage profile in the
network can be controlled.

In networks with DGs, the common practice for
management of DGs has been power factor control. In this
control mode, power factor of the generator is kept constant
[5]. If power factor (pf) is kept constant, the ratio of real to
reactive power remains constant.
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This means that if real power is reduced, there is a
corresponding reduction in reactive power output. Now an
increase in real power causes an increase in voltage at the
generator terminals, as described above. In constant pf
mode, the generator cannot vary its reactive power output
to compensate for voltage rise. This in turn means that the
DG in constant pf mode cannot participate in voltage
control. The level of penetration of DG can be increased by
varying the power factor at which generators supply power.
By absorbing reactive power, DGs can supply real power
without increasing voltage levels. Thus instead of
maintaining a constant pf, DGs can be used to maintain the
voltage profile.

Voltage control of distribution networks with DG can be
achieved by applying control methods similar to those used
in transmission systems. This involves the use of
coordinated voltage control through dispatch of DG output,
OLTCs and reactive power support [6]. The categories of
coordinated voltage management in distribution networks
incorporating DG are centralised or decentralised. Voltage
control with DGs is only possible with DG technologies
that allow dispatching, such as combined heat and power
and fossil fuel-burning generators [7]. Most renewable
energy sources such as PV and wind have outputs which
are not easily controllable.

Centralised distribution management system controls
several distribution substations. Such management systems
require extensive communications networks in order to
operate.

From the literature, [2] [5] [6] [8] [9] [10] [11] [12], it is
seen that there are three parameters used to control voltage
in distribution systems with DG. These are transformers,
reactive power devices and DG plants. Transformers are
used to vary the voltage directly. OLTCs at substations can
raise or lower the voltage level in the distribution network.
Reactive power devices include shunt capacitors, shunt
reactors and power electronics-based devices such as static
var compensators. They control voltage by injecting
leading or lagging reactive power at various points
throughout the network. Finally, DGs themselves can be
used to control voltage. This is achieved by varying the
quantity of real and reactive power generated. Also, DGs
can vary the power factor at which they generate power.

C. Particle Swarm Optimization Techniques

Power system optimisation problems have multiple
dimensions because of their numerous variables and
constraints. This type of problem is best solved by meta-
heuristic methods [13].
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These techniques take into consideration all the equality
and inequality constraints [14], [15], and [16]. The
improvement in system performance is based on reduction
in cost of power generation and active power loss.

This method is inspired by the social behaviour of bird
flocks and fish schools. The PSO technique consists of a
population refining its knowledge of the given search
space. Possible solutions are modelled as particles. The
total number of particles is defined as the swarm [17]. The
dimensions of the search space are determined by the
number of decision variables and the particle population.
The coordinates of each particle represent a possible
solution. Each particle moves with adaptable velocity
through the search space. The velocity of a particle depends
on the particle’s historical best position, the best position of
other particles in the swarm, and a pre-determined fitness
function. This means that the values of the decision
variables represented by a particle change during each
iteration. Each particle retains a memory of the best
position it has encountered. The best position encountered
by all of the particles is also remembered. This is known as
the global best position.

The position of the particles changes from one iteration
to the next, determined by the following variables. The
position of a particle, X;(t), is a vector of the value of
decision variables in a particle during iteration ‘i’. The best
previous position of particle ‘i’ is given by P;. This variable
represents the level of attraction of the particle towards its
best solution so far. The best previous position of all
particles (global best) is denoted by Pg,. This represents the
attraction of the particle towards the best solution found by
other particles in the swarm. The velocity of a particle
during iteration ‘t’ is given by V;(t). This represents the
tendency of the particle to continue moving in a particular
direction. This is a vector whose members are determined
by evaluating a velocity update equation. For a general
PSO, the vector update equation is given by

Vil =V —C; xr; X (B —X) +C,

X 1y X (Pgy — X{) )

Where C,; and C, are acceleration coefficients and r; and
r, are random numbers introduced to add stochasticity to
the model. Once the velocity is determined, the position
vector is updated using the following equation.

X = XE 4 Vit )

A number of parameters need to be selected. The
velocity of particles is usually limited, so as to prevent
oscillations as particles move around the solution.
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The acceleration coefficients indicated above control the
rate at which particles move towards the local, personal or
global best. During initial search (exploratory phase), the
particles are allowed to move freely across the search
space, at a higher velocity. As the particles converge
towards the optimal solution (exploitation phase), their
velocity is reduced in order to more accurately find a
solution without oscillating around the solution.

This method is used in [14] and [18].

In order to maximise the use of DGs in distribution
networks, the problem of voltage rise must be solved.
Various methods of voltage control have been described
above. The decentralised voltage control methods in [4],
[5] and [19] use dual mode control. This combines fixed
power factor and automatic voltage control. However, these
localized methods do not produce optimal results across a
network.

Centralised methods make use of several algorithms to
control voltage rise due to DG active power output. OLTC
tap setting control is used in [8], [12] and [11]. Apart from
OLTC control, the output of DGs can be varied in order to
control voltage in a distribution network. This is shown in
[5] , [10].

The methods proposed in [6] and [13] coordinate OLTC
tap settings, reactive power support equipment and DG
output simultaneously in order to mitigate the effects of
voltage rise. These methods provide optimal solutions for
the problem, with the objective of minimising power losses
in the network.

In contrast to the problem of voltage rise is that of
voltage regulation. In distribution networks, loads are
distributed along the transmission lines. In such distribution
networks, particularly those with radial configurations,
voltage tends to drop along the line. Generally, the farther a
load point is from the power source, the lower its voltage.
To solve this, the authors in [3] describe a method where
the objective is to maximize the magnitude of the lowest
bus voltage in the system. However, this algorithm only
considers the allocation of one DG unit. The tap settings of
OLTC and shunt capacitors allocation are not considered.

It is noted that the objective of most of the methods in
literature is to minimise power losses in the networks. The
optimisation of voltage profile is treated as a constraint to
the objective function, not as the main objective. In the
literature, few examples of the use of voltage profile as an
objective function for optimisation were found.
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The objective of this research will therefore be to design
a method to optimise the voltage profile of a given
distribution network with DG.

The proposed method will control existing DG units,
OLTC tap settings and reactive power support devices in
order to achieve optimal voltage profile in a distribution
network. A controller will be developed that uses particle
swarm optimization to perform the allocation of these
resources for optimal voltage profile. The problem will be
treated as an optimisation with multiple objectives.

I11. CONTROLLER DESIGN

A. Voltage Controller

The objective function of the controller will be to
optimise the voltage profile of a given distribution network
subject to load flow and power capacity constraints. This is
represented by the mathematical model described below.

The objective function is to minimise the deviation of
voltage at all load buses

minf = Z Vi — 1.0]

ieNy,

®)

Where f is the objective function, V;is the voltage at bus
‘i, and N|_is the number of load buses.

The load flow equations form equality constraints, as
follows.

NB
Pei = Ppi = V; Z Vi[Gyj cos(8; — &)

= (6)
+ Bjj sin(3; — §;)]
NB
Qgi —Qpi = —V; Z Vi[Gj; sin(d; — §;) %
=1

- Bl] COS(Si - 6])]

Psi and Qp; are the active and reactive power,
respectively, generated at bus ‘i’. Pp; and Qp; are the real
and reactive power load, respectively, at bus ‘i’. Gj; is the
conductance of the transmission line connecting bus ‘i’ and
‘j’, and Bjj is the susceptance of the transmission line
connecting bus ‘i’ and ‘j’. §; is the power angle at bus ‘i’.
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’ Start Controller Program ‘

Set PSO Parameters:

* Find location and position of PV buses

* Find specified |V| and P,

+ Find location and specified tap settings of OLTCs

¥

Run PSO Function:
* Set particle positions and velocities

|

Run load flow using particles generated by PSO

'

Evaluate objective function

f) =ZaL,(V-1.0)

¥
Check and update gy and py.s; values

Check stopping criteria:

Maximum total iterations
reached?

Maximum iterations

without change in gpeqr

Print results: Voltage at all nodes, graph of voltage profile

FIGURE 2: FLOWCHART OF CONTROLLER ALGORITHM

The DG is limited in its power generation capacity and
voltage at its terminals. These are represented by the
following inequality constraints.

PE™ < P; < PR ®)
Vain < v < viax 9)
P;i, and Vg represent real power and voltage

respectively at generator bus ‘i’
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Synchronous condensers are limited in the amount of
reactive power they can inject.

QGi" =< Qg = Qg™

Qg represents reactive power injected by condenser ‘i’
OLTC tap settings are limited between maximum and
minimum as shown below.

(10)

Timin < Ti < Timax (11)

T; is the tap setting of transformer ‘i’.

B. Controller Simulation

All parameters, constraints and limits listed above will
be used to create a mathematical model of the controller
described above. The controller is implemented as a
MATLAB program. A flowchart of the controller
algorithm is displayed in Figure 2. The program is based on
a Newton Raphson Load Flow [20] and a particle swarm
optimiser [21]. The controller’s suitability and
effectiveness are tested on a standard radial distribution
network described below.

C. Optimisation Method

Voltage regulation devices used in power systems, such
as OLTCs and shunt capacitors, are non linear. Tap
changing transformers change voltage at the secondary
terminal in discrete steps. This is also the case with shunt
capacitors, which are switched on or off as required.
Mathematical models of such systems are therefore non-
linear. Non-linear systems are not easily optimised by
analytical methods. Dynamic programming may be used to
solve non-linear optimization problems. However, in
systems with many parameters, dimensionality becomes an
issue. The number of parameters means that dynamic
programming methods have long computation times. Thus
heuristic search methods are used to solve problems in
power systems [22].

PSO has been applied in literature to solve reactive
power and voltage control, economic dispatch, power
system reliability and security, state estimation in
distribution systems [23] and to improve load flow and
optimal load flow [24]. A comparison of optimisation
methods is found in [25], in which the authors offer a
solution to the problem of the cost of active and reactive
power in distribution systems with DG.
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FIGURE 3: IEEE 30-Bus NETWORK

D. Test Network

The test network that will be used to simulate
performance of the proposed algorithm is the IEEE 30-bus
test network. Generator, load and line data for this network
are given in [26]. The topology of the network is illustrated
in Figure 3 [27].

The IEEE 30-bus system has 2 generators, 4
synchronous condensers, 21 loads, and 41 branches.

E. Simulation Results

The proposed controller was tested on the IEEE 30 bus
network shown in Figure 3. In order to simulate the
operation of the controller, the inequality constraints are
given the following per-unit values.

09 <Py <11 12)

Qrélim(specified) < QGi < Qaniax(specified) (13)
09 <V <11 (14)
09<T <11 (15)

Where Qr(r;lim(speafled) and Qréliax(speafled)represent the
lower and upper limits of reactive power generation of
respective condensors as given in network data.

The best simulation results obtained are as listed in TasLe
I. A comparison with the original values of the network
without controller operation is included.
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FIGURE 4: VOLTAGE PROFILE OF IEEE 30-BUS NETWORK

Figure 4 shows the optimal voltage profile attained by
the controller during simulation. For comparison, the
voltage profile of the network in its original configuration,
without a controller is shown.

F. Observations

The proposed controller gives a near-ideal voltage
profile. All controllable voltages are within £0.02 p.u. of
unity.

TABLE I:
SIMULATION RESULTS

OPTIMAL | ORIGINAL
PARAMETER VALUE VALUE
f 0.2371 0.9140

The objective function, given by (5), and denoted by f, is
minimised to an optimal value of 0.2371 for the test
network. This is a considerable improvement compared to
the value for the network operating without a controller.

IV. CONCLUSION

This paper has presented an optimisation-based
controller for power networks with distributed generation.
The controller was first presented as a mathematical model
of the test network. The optimisation problem is formulated
to include an objective function that is minimised. Equality
constraints were added, in the form of power balance
equations. Inequality constraints are the parameters of the
controller, which are the independent variables of the
model. A PSO-based optimisation algorithm was
developed. The algorithm was implemented in MATLAB
and tested on the IEEE 30-bus network.

From the results obtained, it is seen that with minimal
changes to the network equipment, it is possible to greatly
improve the voltage profile. This has been achieved by
adjusting the tap settings of transformers and real and
reactive power injection of generation equipment.
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Such an approach could be a cost-effective way of
improving voltage profile.
In addition, the controller can be modified to include
multiple objectives. These could include marginal cost of
generation or power losses in the network.
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