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Section 2: Executive Summary

The Sri Lankan Government promotes solar power through ‘Suriya Bala Sangrahamaya’ and
is hoping to develop 1000 MW of PV systems by 2024. Currently solar PV power systems in
excess of 100 MW are in operation with roof-top solar modules making a small but significant
contribution. However, in some areas, CEB is not allowing to connect roof-top PV modules
due to the fears of possible over voltages in lines, overloading of lines and losing the supply
security. Even though rooftop PV modules can be looked at as a burden to the last mile
networks, if they are properly controlled and supervised they will bring many technical and
economic advantages for the last mile networks.

Therefore, in this research network management strategies executed through a Smart
Distribution Management System (S-DMS) that integrates different controllable entities within
the last mile network is considered to support these networks thus increasing the absorbability
of rooftop PV. The management of the following controllable entities through a S-DSM in a
coordinated manner will be investigated:

e Smart inverters of rooftop PV systems that can provide grid support through active and
reactive power control.

e Smart meters connected to the consumer premises that can make the load flexible by
controlling, shifting or switching off some smart and non-critical loads and charging
and discharging plug in electric vehicles.

e Smart transformer at the origin of the last mile network that can change its secondary
side voltage continuously to manage the network voltages.

The aim of the research is to develop different building blocks of a S-DMS that include the
load and solar PV prediction algorithms based on the smart meter measurements; state
estimation algorithms to predict the network status ahead of the real time; algorithms to control
and manage the smart inverters, smart transformer and demand side; and coordinated control
algorithms to minimize network constraints and maximize rooftop PV penetration.



Section 3: Report in Detail

Literature Review

The demand for energy is increasing day by day. In order to meet this demand, different types
of energy sources are widely used (e.g. coal, oil, natural gas, nuclear power, etc.). The
consumption of fossil fuels to generate energy is increasing the emission of greenhouse gases
and can lead to serious environmental problems. Recent advances in the technology associated
with renewable energy sources (RES) such as solar and wind have significantly increased the
integration of renewable energy into the power system. Among these RESs, photovoltaic (PV)
solar energy is one of the fastest-growing renewable energy sources with an annual growth rate
of 30% — 40% [1]. Over the past decade, the installation of single-phase grid-connected
rooftop photovoltaic systems at consumer premises in the Low Voltage (LV) distribution
networks have been increasing worldwide. The two main reasons for this increase are the better
efficiency of PV systems and inverters, and the low cost due to government benefits such as
rebates, subsidies for the initial cost of the system, feed-in tariff, etc. [1].

Due to the associated uncertainty, asynchronous nature and high variability of grid-connected
PV systems, LV distribution networks face various power quality problems, such as voltage
regulation, sustained interruptions, harmonics, and voltage drops [1]. These power quality
problems are further exacerbated by the imbalance caused by the uneven distribution of single-
phase loads, PV solar systems, and the integration of unconventional loads (e.g. EV charging
units [2]). The impact of such an imbalance is profound and widely discussed in the literature
[3]-[6]. The imbalance in the phase voltages and the consequent flow of large unbalanced
currents can increase distribution and transformer losses due to overheating. Since most LV
distribution systems are generally made with a three-phase four-wire circuit configuration, the
presence of zero sequence current can cause a neutral conductor overload. High neutral currents
generate higher neutral to ground voltages than the standard ratings [3]. When LV distribution
networks are equipped with synchronous generators (e.g. wind turbines, micro-hydro,
biodiesel-powered generators), the imbalance load can cause excessive mechanical stress
(vibrations), noise, and malfunctions of the protection relays due to harmonic flow in the
neutral. These neutral harmonics and high-frequency noise have also been found to severely
interfere with Power Line Communications (PLC) [3]. The aforementioned impacts of
distribution networks ultimately increase the overall costs of operation and maintenance of the
power system. Therefore, it is highly desirable to reduce the unbalance in LV distribution
networks to ensure power quality. How to effectively reduce the unbalance is a long-standing
question, and much effort has been devoted to answering this question in the past decade.

In the literature, many techniques have been proposed to minimize the imbalance. These
techniques can be divided mainly into two categories (see Figure 1). The first category
mitigates the network imbalance by using neutral current compensation devices such as passive
harmonic filters and specially designed transformers (e.g. synchronous machines as filters [7],
T-connected transformer [8], star-hexagon transformer [9], zigzag transformer with single-
phase series/shunt active power filter [10], and star-delta transformer with single-phase half-
bridge PWM [11]), and specially designed active power filters (e.g. H-bridge shunt APF [12],
three-phase four-wire capacitor midpoint APF [13] and 3P4W four-leg APF topology [14]).
The second category is based on distribution network reconfiguration techniques and can be
divided into two types: distribution feeder reconfiguration (DFR) and phase balancing. The
DFR technique alters the topological structure of the network by closing tie switches or opening
sectionalizing switches to achieve the desired objective function subject to network and
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operational constraints. The phase balancing technique alters the phase combination between
the three-phases to mitigate the network imbalance. It is important to note that both DFR and
phase balancing techniques use non-linear, non-differentiable, highly combinatorial, and
constrained optimization algorithms to find the optimal solution [15].

Due to the advent of smart grid technology and the availability of reliable network information
in real-time, it is possible to operate DFR and phase balancing techniques remotely from a
central control system. Additionally, phase balancing and DFR techniques can reduce total
power loss, voltage, or current imbalance without purchasing new equipment when compared
with the first category. Due to these reasons, DFR and phase balancing techniques are widely
utilized to mitigate the impact of voltage imbalance in smart grids. In the subsequent sections,
the state-of-the-art DFR and phase balancing techniques are discussed in detail.

State-of-the-art techniques to mitigate
imbalance in LV distribution grids

The

* * contribution of
. - . this paper
Neutral current compensating Distribution network pap
devices re-configuration techniques
Passive filters or Purpose built Distribution feeder
special designed active power reconfiguration Phase balancing
transformers filters (DFR)
Zigzag transformer with r‘:‘_\’":'“F shunt AP —p- Heuristic search \] L] ¥
- single-phase ey L Ant colony Phase ) -
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Figure 1: Available practical technigues to mitigate imbalance in the LV distribution networks

DFR techniques

The DFR technique optimizes the open or closed state of sectionalizing switches and tie
switches to transfer the loads from overloaded feeders to the lightly loaded feeders to minimize
desired objective functions (e.g., voltage imbalance, load imbalance, power loss, etc.) while
preserving the radial configuration of the LV distribution systems [16].

Many researchers have used different optimization techniques such as heuristic search [17], ant
colony optimization [18], [19], genetic algorithm [17], [20]-[22], incremental algorithm [23],
fuzzy approach [24], [25], colored petri net algorithm [26], [27], second-order cone
programming [28], mixed-integer linear programming [29], hybrid bacterial foraging - spiral
dynamic [30] algorithms to mitigate load imbalance and power loss using DFR techniques. The
time-varying nature of loads and distributed generators, and their uneven distribution in the
network cause LV feeders to often become unbalanced. Although the DFR techniques can only
mitigate imbalance at the system level it cannot mitigate phase imbalance at the feeder level
[3]. Hence, phase balance techniques have been proposed to mitigate feeder level imbalance.
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Phase Balancing Techniques

The phase balancing technique can be implemented in two ways: (1) load re-sequencing [4],

[31]-[39] and (2) load re-phasing [40]-[42]. In the load re-sequencing technique, the phase

sequence at each busbar is re-sequenced to their optimal combination. To avoid the reverse

operation of inductive loads, the positive and negative phase sequences are only taken into
account [43], [44]. In the load re-phasing technique, the loads from the overloaded phases are
transferred to the lightly loaded phases by analyzing the current or power difference between
the phases. To identify the optimum phase sequence for the three-phase loads and optimum
phase combination for the single-phase loads, different optimization techniques have been
proposed. Examples of these include, heuristic search [31], [33], [41], mixed integer
programming [32], fuzzy logic and combinatorial optimization [40], particle swarm
optimization [43], bacterial foraging — particle swarm optimization [43], simulated annealing

[35], [45] and genetic algorithm [36]-[38], [42]. However, these techniques were tested on the

small LV networks with a few loads and have not been considered for large LV networks due

to the high computational time they take to identify the optimum solution. Finally, these phase
balancing techniques based on single-phase and three-phase loads and feeders raise many
concerns, such as:

e The fact that load switches must be installed between the phases, at each end of the client.
As a result, these phase balancing techniques are not suitable for large LV networks, due
to the high initial cost for the installation of load switches [3].

e In addition to the high initial cost, these load re-phasing techniques are subject to several
indirect costs such as the cost of customer interruption, the cost of customer reliability, etc.
[46].

e The fact that sequencing or re-phasing loads can adversely affect the operation of customer
devices.

In order to avoid the aforementioned practical problems in load re-sequencing and load re-
phasing methods, this paper proposes a novel re-phasing technigue based on grid-connected
single-phase PV systems.

Hardware Emulation and Inverter Design

Many researchers focus on mitigation techniques and use either hardware or simulation-based
environments to validate their solutions. Any of this method should be accurate, reproducible
and at the same time be economical and easy to implement. Alternatively, the test environment
should be kept at minimal risk. Authors of [10] shows that most of these techniques are tested
in a simulation-based manner. Reference [11] presents a study on the effect of line impedance
and loading on the voltage profile in distribution network with distributed solar photovoltaic
system using MATLAB/SIMULINK platform. Reference [12] has used OpenDSS along with
Python and MATLAB to investigate the effects of distributed generation on power system. In
reference [13] the complete power system is implemented in MATLAB/Simulink and,
LabVIEW has been used to enable fast and reliable measurement functions.

However, all above kinds of simulations have a gap with the real scenario as they do not
consider most of the real time effects on distribution networks such as temperature variations,
load changes etc. Only a limited number of research have been done considering this aspect
[14,15,16]. To address this issue, our focus was on developing an emulator of a distribution
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network with high PV penetration. This emulator mainly attempts to mimic the behavior of a
real distribution line and is a compromise of smart metering infrastructure, energy storage
system, solar PV setup with open-source inverters and a SCADA system.

PV re-phasing arrangement

In this section, the structure of the re-phasing switch and the operating mechanism of automatic
PV re-phasing in LV distribution grids are explained.

Structure of the PV re-phasing switch

PV re-phasing PV re-phasing
algorithm algorithm
WPV re-phasing PV re-phasing
commands ; commands

I
I

cohtrol sigr]lals
I
| |
| 4
I

Phase - a

s

To dc-dc converter or solar panels

Phase - a
Phase - b
Phase - ¢

) Nase - C

iy

Inverter phase
connection Phase - b

Phase - ¢

;

Neutral

PV rephasing switch Inverter arrangement

(@ (b)
Figure 2: (a)-Thyristor switch, (b)-Inverter arrangement

Figure 2-(a) shows a schematic of a PV rephasing switch that can be connected to the output
of the single-phase inverter. As can be seen, switching between phases can be achieved by
blocking the already conducting pair of thyristors (or triac) and turning the pair of thyristors
that are connected to the phase to which output should be connected. In order to avoid any
circulating current between phases, a dead band should be introduced between the blocking
signal and the turning on signal. However, this will eventually course the PV inverter to take
the start-up mode, thus, introducing an interruption of a few minutes (less than 3 min). The
inverter shown in Figure 2-(b) can be used to prevent such a transient. In this arrangement, a
half-bridge inverter is used to convert dc into ac. If the output needs to be connected to Phase
- a then switches S; and S are operated in a complementary manner using a PWM switching
pattern and all the other switches are blocked. If the output needs to be connected to Phase - b
then S and S, will be blocked and Ss and Ss will be turned on. As these switching transients
take nanosecond level times, it can be used as a rapid rephasing arrangement but with extra
cost for the two switching arms. The same arrangement can be introduced for full-bridge single-
phase inverters.



The architecture of the automatic PV re-phasing arrangement
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Figure 3: Schematic of the automatic PV re-phasing arrangement

Figure 3 shows the operating mechanism of the proposed PV re-phasing strategy. The
necessary data such as PV generations and load demands are measured from smart meters and
transmit to the supervisory control and data acquisition unit (SCADA). Typically, these smart
meter measurements are subjected to different types of systematic, random, and
communication errors. Therefore, in the next step, state estimation is performed to detect the
presence of bad data. These preprocessed smart meter data are sent to the PV re-phasing
algorithm to determine the optimal phase combination of grid-connected PV systems such that
the overall voltage unbalance of the network is minimized. Finally, the re-phasing program
transmits the required phase changes of PV systems to the SCADA system. Then, SCADA
sends required re-phasing commands to the installed PV re-phasing switches and re-phasing
operation is carried out.

Problem formulation

The aim of this work is to develop a strategy to minimize the overall voltage unbalance of the
network such that the power quality and the reliability of the distribution system can be
improved. The objective of this optimization problem can be expressed as the minimization of
the mean voltage unbalance factor (VUF) of the network as in,

N
1
VUF = 5 Z VUE, (1)
n=1

where, VUE, is the voltage unbalance factor at n-th busbar and N is the total number of busbars
in the network.



Subjected to the constraints:

1. Voltage unbalance at each busbar (VUE,) must be strictly below the specified maximum
unbalance level (VUE,,4,):
VUE, < VUE4 (2)
forn=1,23,..,N.
2. Phase voltage magnitudes (&, V2, and V¢ ) must strictly between the upper (V,4,) and
lower (Vi) limits:
L%ﬁn = Mfer'Wf = Mnax (3)

forn = 1,2,3,..., N, where, &, VP and V;¢ are the voltage magnitudes of a, b, and ¢ phases
at n-th busbar, respectively.

Equation (1) corresponds to the objective function to be minimized and represents the overall
voltage unbalance (VUF) of the distribution network. The inequality in (2) considers a
constraint for voltage unbalance factor and ensures individual voltage unbalance factors (VUE,
forn = 1,2,.., N) are below the specified maximum value, VUF,,,,.. The inequality in (3) deals
with the constraints for voltage magnitudes. It ensures the phase voltages (V& V;2, and ¢ )
fall within the acceptable voltage limits (lower limit V,,;,, and upper limit ,,,,). In this study,
Vimin Was considered as 0.94 pu and V},,,, was considered as 1.06 pu. In other words, (2) and
(3) define the feasible regions for voltage unbalance (VUE,) and phase voltage magnitudes
V&, VP e, respectively.

In order to minimize (1) while simultaneously satisfying the constraints (2) and (3), penalty
functions were introduced. The main idea of these penalty functions is that an optimal PV
configuration (i.e. the optimal solution) requires that constraints be active so that this optimal
solution lies in the feasible regions for voltage unbalance and phase voltage magnitudes. To
ensure this, a penalty is applied to possible solutions when constraints are not satisfied.
Therefore, the aforementioned optimization problem was reformulated as the minimization of
the penalized objective function, J(x), given by,

n=N n=N n=N n=N
J(x) = VUF + k; Z tvur, + k2 <z Hyg + Hyb + ﬂVﬁ) (4)
n=1 n=1

where,
the penalty function for voltage unbalance (uyyr,) is given by:

VUE, — VUFpqy ; when VUE, > VUEq,

Hyur, = {0 ; when VUE, < VUF, .. forn=1,...N,
the penalty function for voltage magnitudes of phase A (uya) is given by:

|Kf"vﬁuJ;“&wnqu< me
fya = 0 ;when Vi < V2 < Vs forn=1,..,N,
VE — Vipax ;When Vit > V..

the penalty function for voltage magnitudes of phase B (,U.Vrll)) is given by:



“/le — Vininl ; when VY < Vinin
Hyb = 0 ;when Vi < VP < Ve forn=1,..,N,
VP = Vinax swhen V2 > Voo

the penalty function for voltage magnitudes of phase C (uy¢) is given by:
|VnC - Vminl ;When Vnc < Vmin

pye = 0 ;whenVyim < V¥ < Viax forn=1,..,N,
Ve — Vipax ;When Ve > Voo

x is the PV configuration vector, and k;and k, are the constant imposed on the penalty
functions. The graphical illustrations of these penalty functions are shown in Figure 4.

Hyurn My By By a
1-VUE oo .
|Feasible E Feaslible
region i o region (
J | > pu)
0] VUF, 1 VUF, 0 Vi 1 Vo VAVE Ve
(a) (b)

Figure 4: Penalty functions for (a) voltage unbalance and (b) phase voltage magnitudes.

The phase combination of grid-connected PV systems at a given time is represented by the PV
configuration vector, x. Therefore, for a network having N, number of grid-connected PV
systems, the PV configuration vector x consists of N,,,, number of phase entries where each
phase entry corresponds to the phase of a grid-connected PV system in the network. Hence,
each element (x,,) in the PV configuration vector, x can take one of the three phases (i. e. x,,, €
P,P = {a, b, c}). The format of the PV configuration vector is illustrated in Figure 5 with an
example PV combination.

Format of the PV configuration vector x € Pvv

Phase of | Phaseof | Phase of Phase of Phase of
PV, PV, PV, PV, PV,

Example PV configuration vector x!

Phasea | Phaseb | Phasec Xm EP Phase a

Figure 5: The format of the PV configuration vector x

It is important to note that there are different definitions available for the voltage unbalance
factor; in this paper, the IEC definition [47] was used. In the IEC definition (IEC TR 61000-3-
14:2011), the voltage unbalance factor is calculated as the ratio of negative sequence voltage
component to the positive sequence voltage component and can be expressed as follows [47]:

V- Negative sequence voltage component at n'® busbar
L =
n

VUE, = (5)

Positive sequence voltage component at nth busbar
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The three-phase sequence voltage components were obtained by the symmetrical
transformation. The steps for the computation of three-phase sequence voltage components
from three-phase voltages can be found in [4].

Bacterial Foraging Optimization

Bacterial foraging optimization algorithm (BFOA) is a smart optimization technique that has
proven to be very effective in search domains having several dimensions. BFOA is inspired by
the social foraging behavior of E. coli bacteria. The underlying biology behind the foraging
strategy of E. coli is emulated and used as a simple optimization algorithm [48], [49]. In this
paper, a discrete and adaptive version of BFOA is introduced to solve the PV re-phasing
problem.

Concept of BFOA

During the foraging period, real bacteria achieve their motion with the help of their tensile
flagella. Using these tensile flagella, bacteria can perform two basic motion types called tumble
and swim. In the classical BFOA, the bacteria undergo chemotaxis, where they like to move
towards nutrient gradient while avoiding the noxious environments. When they get a sufficient
amount of food, they increase their length and under suitable temperature, they break in the
middle to form an exact replica of itself. This phenomenon is called the event of reproduction
in BFOA. However, due to the occurrence of sudden environmental changes or attacks, the
chemotaxis progress may be destroyed and a group of bacteria may move to some other place
or some other mutation may be introduced to the bacteria population. This phenomenon is
called the elimination dispersal event in BFOA, where all the bacteria in the region are killed
or a group is dispersed into a new part of the environment. References [30], [48]-[52] provide
a comprehensive analysis of the classical BFOA in different optimization problems.

Primary steps of the proposed DBFOA

The proposed DBFOA improves upon the classical BFOA by modifying the principal
mechanisms to specifically handle the PV re-phasing problem. The modified versions of the
principal mechanisms of the algorithm were named as D-Chemotaxis, D-Reproduction, and D-
Elimination dispersal. The following subsections discuss these three principal mechanisms
which drive the proposed DBFOA. The mapping of the terms in the PV re-phasing problem
and the classical BFOA problem are shown in Table 1.

Table 1: Related terminology

Variable Definition in PV rephrasing problem Definition in classical BFOA
Ny, The number of grid-connected PV systems in the network The dimension of the search space
S The number of PV configuration initializers Total population of the bacterium
N, The number of D-chemotactic steps The number of chemotactic steps
N, The maximum number of random phase changing steps The swimming length
performed
Nye The number of D-Reproduction steps The number of reproduction steps
Poy D-elimination dispersal probability Elimination dispersal probability
i i-th PV configuration vector The i-th bacterium in the population
j Incremental counter (index) for D-chemotaxis step Index for the chemotaxis step
k Incremental counter (index) for D-reproduction step Index for the reproduction step
l Incremental counter (index) for D-elimination dispersal step Index of the elimination-dispersal event
r Incremental counter (index) for the random phase changing step Index for swimming step

The cost at the location of the i-th

. P . . i . .
J(i, k, k,1) | The cost of i-th PV configuration vector x'(j, k, 1) bacterium xi(j, k, )
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Discrete Chemotaxis (D-Chemotaxis):

The D-Chemotaxis step updates the phase combination in a PV configuration vector such that
the new phase combination has a lower cost value compared to its previous phase combination.
In other words, the D-Chemotaxis step updates the phase combination in a direction
corresponding to a gradient of decreasing cost value.

Here, the present phase combination in i-th PV configuration vector is given by x*(j, k, 1) and
it’s updated version is denoted by x'(j + 1,k,[) where, j, k, and [ are the index for D-
Chemotaxis, D-Reproduction, and D-Elimination dispersal, respectively.

The proposed D-Chemotaxis step first identifies the highest unbalance region (Hy ;") in the
network corresponding to the phase combination in the i-th PV configuration vector, x'(j, k, [).
Here, the highest unbalance region is referred to the busbars within k,, number of busbars from
the busbar with highest unbalance (nyyg_, ). Once the highest unbalance region Hy,' is
identified, only the phase combinations of grid-connected PV systems in the highest unbalance
region, Hyy' are randomly changed to generate the updated phase combination,
x'(j + 1,k,1). This reduces the number of possible phase configurations greatly, while
mitigating the impact of re-phasing on the overall network. However, the random change in
the phases of PV systems in the highest unbalance region Hy ;' does not guarantee that it finds
a phase combination with a lower cost value compared to its present phase combination
x'(j, k, 1) at once. Therefore, in such a situation, the random phase changing is repeated until
it finds a suitable phase combination with lower-cost value, within a maximum of N, iterations.
If D-Chemotaxis is unable to find a phase combination with lesser cost value within the
maximum N, cycles, then the present phase combination x!(j, k, [) is retained as its updated
phase combination x(j + 1, k, ) as it is reasonable to assume that we have reached a low-cost
point through random changes.

The pseudocode of the D-chemotaxis procedure is given in Algorithm 1 and the main steps are
depicted in Figure 6.

Algorithm 1: D-Chemotaxis

Step 1: Perform a load flow analysis for the phase combination in i-th PV
configuration vector, x(j, k, 1).

Step 2: Evaluate the cost function-J (i, j, k, ) based on the load flow results, and set
Jiase = (4, k, D).

Step 3: Identify the busbar with the highest voltage unbalance nyyr,__ and, then
identify the busbars within the radius of k,, busbars from the busbar with
highest unbalance nyy,  to form the highest unbalance region, Hy,;.

Step 4: Randomly change the phase combination of PV systems in the highest
unbalance region H; to find a phase combination with lower-cost value
compared to J; ;¢

Step 5: If a suitable phase combination is identified within N, steps, then use that
phase combination as the updated phase combination, x*(j + 1, k, 1.

Step6:  Else, x{(j + 1,k,1) = x'(j, k, D).
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Figure 6: Proposed D-Chemotaxis procedure

Discrete Reproduction (D-Reproduction)

In D-Reproduction, the PV configuration vector having the highest cumulative cost (i.e.
worst PV configuration) is eventually replaced by the PV configuration vector with the
least cumulative cost (i.e. best PV configuration). The cumulative cost of the i-th PV
configuration vector (J¢) for a given k and [ was calculated from,

Ng+1

Ji= ) JGjkD ©®
=1

The pseudocode of the D-Reproduction step is given in Algorithm 2.

Algorithm 2: D-Reproduction

Step 1: Determine the cumulative cost /. of all the PV configuration vectors for
given k and [ from Equation (6).
Step 2: Replace the phase combination of the PV configuration vector having the

highest cumulative cost by the phase combination of the PV configuration
vector having the least cumulative cost.

Discrete Elimination Dispersal (D-Elimination Dispersal)

In D-Elimination Dispersal, some PV configuration vectors are randomly liquidated
(eliminated) with a very small probability P,; while the new replacements are randomly
initialized over the search space. The D-Elimination Dispersal operator helps PV
combinations that are trapped in local minima to escape.
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The pseudocode of the D-Elimination Dispersal step is given in Algorithm 3.

Algorithm 3: D-Elimination Dispersal

Step 1: For all PV configuration vectors (i.e. for i =1,2,3,...,5) repeat the
following steps to perform D-Elimination dispersal.

Step 2: Generate a Random Number between 0 and 1: RN! = rand(0,1).

Step 3: If RN < P,,, Replace the phase combination in i-th PV configuration
vector by a random phase combination.

Step 4: Else, proceed to Step 2 for the next PV configuration vector (i =i + 1).

Initialization of PV configuration vectors

The BFOA is a population-based optimization algorithm. Hence, the quality of the optimal
solution and the time to convergence heavily depend on the initial population (in this paper
the initial population is also referred to as the set of PV configuration initializers to add
more contextual flavor). In most of the situations, the initial population is randomly selected
from the solution space. However, it has been noted that random initialization is not an
effective way to initialize the PV configuration initializers, especially when more
contextual information is available to better optimize the selection of the initial points.
Therefore, a novel initialization method was introduced to identify the suitable phase
combinations for PV configuration initializers. A performance comparison is added in the
results and discussion to highlight the effectiveness of the proposed initialization technique.

The proposed initialization method determines the initial phase combinations for the PV
configuration initializers in such a way that those initial phase combinations have a small
active power mismatch (see algorithm 4, step 4) at the secondary side of the MV-LV
transformer. The suitable phase combinations with minimum active power mismatch were
selected from the brute force checking strategy where the active power mismatch for the
whole solution space is computed to identify the phase combinations that have, smaller
active power mismatch. However, for a network that has a large number of grid-connected
PV systems, the brute force searching will take a long time to find a set of suitable phase
combinations with smaller active power mismatch. Therefore, in order to improve the speed
of the initialization, such large networks are partitioned into smaller regions (R4, R,, R3, ...)
and the active power balancing was considered separately for each region (see Figure 9).
In other words, a regional minimization is performed to facilitate the global optimization.
The proposed initialization process is graphically illustrated in Figure 7 and the pseudocode
is given in Algorithm 4.

Algorithm 4: Initialization of PV configuration initializers

Step 1: Collect the active power consumption of loads and the active power
generation through smart meters.

Step 2: Partition the large network into smaller regions (R4, R,, R3, ..., R;.).

Step 3: Identify the solution space (i.e. all possible phase combinations) for each
region. Note: For a region having w number of grid-connected PV systems,
there are 3" possible phase combinations in the solution space.
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Figure 7: Generation of initial phase combinations for PV configuration initializers based
on active power balancing technique for a large distribution network.

Implementation of DBFOA

The complete structure of the proposed DBFOA

The complete structure of the proposed DBFOA is shown in Figure 8.
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Pseudocode of DBFOA

The pseudocode of the proposed DBFOA applied to reduce the overall unbalance of a
network is given in Algorithm 5.

Algorithm 5: The proposed DBFOA

Step 1:

Step 2:

Step 3:

Step 4.

Initialize all the PV configuration initializers - x* (use Algorithm 4).
Initialize of the following parameters:

e S: The number of PV configuration initializers.

e N.: The maximum number of D-Chemotaxis is performed.

e N,: The Maximum number of times random phase changing is performed.

e N,.: The maximum number of times D-Reproduction is performed.

e P,,: The probability that each PV configuration vectors are eliminated.

Set all loop counters to zero.

e Incremental counter for D-Elimination dispersal step (1) = 0.

¢ Incremental counter for D-Reproduction step (k) = 0.

¢ Incremental counter for D-Chemotaxis step (j) = 0.

¢ Index of the PV configuration vectors (i) = 0.

D-Elimination Dispersal loop: [ = [ + 1.

D-Reproduction loop: k = k + 1.

D-Chemotaxis loop, j = j + 1. [Algorithm 1]

A

For i =1,2,..,S, execute a D-Chemotaxis step for i-th PV configuration
vector as follows.

Perform a load flow analysis for the phase combination in i-th PV
configuration vector - x*(j, k, 1) to obtain three-phase voltages and voltage
unbalance factors.

Evaluate the cost function J(i, j, k, 1).

Let J,.sc = J(i,], k, 1) so that the PV configuration vector having a lower cost
could be identified.

Identify the highest voltage unbalance region HY,, corresponding to phase
combination x'(j, k, 1) from the voltage unbalance factors obtained in Step 4
B.

Set: random phase changing loop counter to zero, r = 0.
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G. Whiler < N,,

Increment the random phase changing loop counter: r = r + 1.

Randomly change the phase combination of the PV systems in the
highest unbalance region to determine the new phase combination of i-
th PV configuration vector x*(j + 1, k, 1).

Evaluate the cost function J(i,j + 1, k,1) corresponding to the phase
combination x'(j + 1, k, 1).

iv. If:J0, 7+ 1L,k D < Jiaste
Go to the next PV configuration vector (i =i + 1) (i.e. Go to Step 4
B. to process the next PV configuration vector).
v. Else:
Go to Step 4 G.
H. End of while.

Couldn’t find a phase combination better than x* (U, kD).

Setx'(j + 1k, 1) = x'(j, k, 1).

Go to the next PV configuration vector (i =i + 1) (i.e. Go to Step 4 B. to
process the next PV configuration vector).

Step5: If,j <N.gotoStep4 (j =j+ 1). Inthis case, continue D-Chemotaxis.

Else, go to Step 6.

Step 6:  D-Reproduction [Algorithm 2]:

A. For the given k and [, and for each i = 1,2, ..., S evaluate the cumulative cost
of i-th PV configuration vector as follows:

Ng+1

Je= D gD
j=1

B. Replace the phase combination of the PV configuration vector having the
highest cumulative cost by the phase combination of the PV configuration
vector having the least cumulative cost.

Step7: Ifk < N,,, goto Step 3 (k = k + 1). We have not reached the number of
specified D-reproduction steps, so we start the next generation of the D-
Chemotaxis loop.

Else, go to Step 8.
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Step 8:  D-Elimination Dispersal [Algorithm 3]:
» For i=1,2,..,5, eliminate PV configuration vectors with probability P,
while the new replacements are randomly initialized over the search space.

Step9:  If,l < Ng,gotoStep2 (I =1+ 1);
Else, End.

Parameters of DBFOA

The parameter values used in the proposed DBFOA are given in Table 2. The number of
PV configuration initializers (S), and the values for N., N,, N,.., and N, were selected by
considering the convergence speed of the DBFOA and the values used in the previous
studies [30], [48], [50]. The elimination-dispersal probability - P,; and the radius of the
highest unbalance region - k,, were selected to maximize the convergence speed of DBFOA
by executing the algorithm for a possible range of values for P,; and k,,.

Table 2: Parameter values used for the proposed DBFOA

Parameter Value
Number of PV configuration initializers (S) 10
Maximum number of D-Chemotaxis steps (N,) 5
Maximum number of random phase changing steps (N,.) 5
Maximum number of D-Reproduction steps (N,.) 5
Maximum number of D-Elimination steps (N.4) 5
Elimination & dispersal probability (P.4) 0.2
The radius of the highest voltage unbalance region - Hy; (k,) 3

The maximum limit for phase voltage magnitudes (V,,4) ;LJOE;
The minimum limit for phase voltage magnitudes (V,,,;,) 254

The maximum limit for voltage unbalance factors (VUF,,,,)  0.3%
Number of grid-connected PV systems in the network (N,,) 26
Number of busbars in the network (N) 63
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Figure 9: Single line diagram of the test LVDG network (Lotus Grove, Sri Lanka) used

for the simulations.

The network topology with 63 busbars as shown in Figure 9 was used for the simulations.
The number 0 node is the root node and connected to the secondary side of the MV-LV
transformer. The rated capacity of the transformer is 400 kVA and the input/output voltage
rating is 11 kV/415 V. The solid lines in Figure 9 represent the three-phase feeders with
three-phase or single-phase loads and PV systems connected. The per length impedance

matrix of the feeder line is given in Table 3.

Table 3: Impedance matrix (Z%P¢™) per km for the overhead cable (ABC 70) in the

network.
| Phase a Phase b Phase ¢ neutral
Phase a 0.4918 + 0.7888i 0.0486 + 0.6292i 0.0487 + 0.6701i 0.0486 + 0.7000:¢
Phase b 0.0486 + 0.6292i 0.4918 + 0.7888i 0.0487 + 0.6405i 0.0486 + 0.6490i
Phase ¢ 0.0487 + 0.6701i 0.0487 + 0.6405i 0.4918 + 0.7888i 0.0487 + 0.7080i
Neutral 0.0486 + 0.7000i 0.0486 + 0.6490i 0.0487 + 0.7080i 0.6790 + 0.7910i

There are 26 grid-connected single-phase PV systems and 92 single-phase or three-phase
loads. The capacity of PV systems, their locations, and their default phase configuration
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are given in Table 4 and the daily operation curve (hourly generation profile) of PV systems
is shown in Figure 10-(a).

Table 4: The details of the grid-connected single-phase PV systems connected to the

network
Initial phase configuration  Capacity (Pyax)/
PV No. Connected busbar (Fixed phase) KW
PV1 3 a 3.60
PV2 4 b 10.80
PV3 5 a 7.20
PV4 6 c 3.60
PV5 7 a 9.00
PV6 15 a 7.56
PV7 17 b 7.56
PV8 19 a 3.60
PV9 22 c 18.00
PV10 27 a 7.20
PV11 29 c 9.72
PV12 32 a 9.00
PV13 33 b 5.94
PV14 34 a 9.00
PV15 37 b 4.68
PV16 40 c 6.30
PV17 43 c 12.60
PV18 43 b 12.60
PV19 44 c 12.60
PV20 44 b 12.60
PV21 47 a 14.40
PV22 49 a 18.00
PV23 55 c 9.54
PV23 57 b 8.64
PV25 59 a 12.42
PV26 61 c 7.74

Normalized active power
Normalized active power

0 0
012345678 91011121314151617181920212223 012345678 91011121314151617181920212223
Hours Hours

Figure 10: (a) Hourly generation profile of PV systems (b) hourly load profile for single-
phase/ three-phase loads.

Moreover, the network shown in Figure 9 consists of 92 single-phase and three-phase loads.
The maximum capacity of loads and their power factor values at each busbar are given in
Table 5, and the hourly load profile of loads is shown in Figure 10-(b).
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Table 5: The capacity of loads and power factor values at each busbar

Active power/ (kW) Active power/ (kW)
BUSbar P‘rgax Pr?lax Prgax pf BUSbar PT?L(ZX P‘nblax PT;:'Lax pf
(kW) (kW) (kW) (kW) (kW) (kW)
1 2.19 0.55 1.85 0.981 35 0.85 0.88 0.75 0.949
1 1.28 0.46 0.55 0.991 36 0.67 1.45 1.27 0.945
1 2.43 0.28 1.88 0.913 37 0.79 0.66 1.24 0.965
2 2.33 0.26 1.50 0.991 37 1.91 1.14 1.63 0.971
3 0.19 0.45 0.34 0.963 38 1.97 1.55 1.27 0.975
3 0.12 0.69 0.68 0.910 41 1.72 1.05 2.01 0.928
4 0.33 0.58 0.17 0.928 41 1.35 1.15 1.39 0.968
4 0.48 0.52 1.08 0.955 42 0.47 0.60 0.32 0.966
5 0.54 1.36 0.69 0.996 42 1.27 1.50 1.11 0.916
5 1.43 1.43 1.33 0.996 43 1.97 0.30 2.12 0.912
6 1.53 2.22 0.64 0.916 43 1.27 1.04 0.87 0.950
6 1.04 0.78 0.27 0.997 44 0.98 0.25 1.86 0.996
7 0.24 0.25 0.29 0.996 44 1.72 0.65 0.41 0.934
7 0.56 1.24 0.79 0.949 45 1.06 1.71 1.81 0.959
8 0.54 1.09 2.46 0.980 45 0.70 0.76 1.02 0.922
8 1.76 0.42 0.90 0.914 45 0.41 2.49 1.99 0.975
9 1.03 2.79 0.86 0.942 45 0.69 1.43 1.07 0.926
9 1.18 0.51 0.99 0.992 46 0.46 0.15 0.18 0.951
10 0.91 4.05 0.06 0.979 46 2.11 1.02 1.85 0.970
13 1.39 1.45 0.74 0.996 46 1.01 1.88 1.50 0.989
14 0.16 0.38 0.15 0.966 47 1.22 1.05 1.22 0.996
15 4,93 1.57 0.14 0.904 47 2.59 1.19 1.10 0.955
15 1.39 2.17 0.32 0.985 47 1.39 2.61 0.29 0.914
16 0.96 0.90 0.53 0.993 50 2.03 0.89 1.17 0.915
16 1.44 2.95 0.50 0.968 51 2.05 0.87 1.86 0.926
17 0.77 0.69 0.72 0.976 51 0.48 0.17 0.54 0.984
17 0.92 1.05 0.82 0.974 52 0.42 0.43 0.24 0.925
18 0.21 0.74 1.13 0.939 52 1.20 1.57 1.52 0.981
18 1.03 1.18 1.88 0.966 53 0.59 0.29 0.81 0.924
19 0.34 2.01 1.63 0.917 53 1.76 2.61 0.42 0.993
19 1.51 1.04 1.44 0.971 54 0.78 1.12 0.89 0.935
20 1.14 1.03 0.21 0.903 54 3.42 1.45 0.18 0.920
21 0.73 0.58 0.97 0.928 55 0.16 0.04 0.19 0.925
22 1.37 1.89 0.52 0.905 55 0.13 0.09 0.06 0.962
22 1.32 1.94 1.02 0.910 56 2.36 1.45 0.97 0.947
23 1.28 1.45 1.56 0.982 57 0.76 1.03 1.79 0.935
23 0.40 0.27 0.21 0.969 57 1.56 0.83 0.99 0.983
24 0.26 0.07 0.26 0.932 58 1.69 0.33 1.56 0.959
25 0.90 1.99 0.69 0.995 58 1.32 1.37 1.60 0.955
26 2.04 1.80 0.84 0.903 59 0.98 1.85 3.82 0.992
27 4.62 0.12 0.30 0.944 59 0.95 0.68 0.75 0.929
28 0.52 2.18 1.98 0.938 60 0.99 1.35 1.45 0.976
29 0.27 0.59 0.42 0.977 60 0.74 1.04 0.81 0.975
30 1.35 2.42 0.72 0.980 61 0.98 1.85 3.82 0.938
35 2.25 0.92 0.82 0.919 62 0.95 0.68 0.75 0.957

Convergence characteristics of the proposed DBFOA

The effect of D-Chemotaxis

This section demonstrates the effectiveness of the D-Chemotaxis procedure utilized in
DBFOA. The proposed D-Chemotaxis is specially designed for the PV re-phasing
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problem as opposed to merely directly adopting it from classical chemotaxis. The
proposed D-Chemotaxis identifies the region around the busbar with the highest
unbalance (Hyy) and then, only the phase combination of grid-connected PV systems
in that region are randomly changed to find the optimal solution iteratively. However,
in classical chemotaxis, a fixed number of PV systems are randomly selected from the
network and then, the phase configurations of those PV systems are randomly changed.
This random selection of PV systems in classical chemotaxis may result in the
formation of much higher unbalance levels in the network, thus, ultimately resulting in
slower convergence.

Since the increase in voltage unbalance levels of a particular region of a network is
mainly due to the mismatch of active and reactive power levels in the same region, the
proposed D-chemotaxis step randomly changes the phase configuration of PV systems
in the highest unbalance region iteratively. This could lead to a dramatic increase in the
convergence speed of the DBFOA as shown in Figure 10. According to the results, the
proposed D-chemotaxis step in the DBFOA resulted in faster convergence of the
algorithm when compared to the classical chemotaxis under the same conditions (same
initial population, same values for parameters, etc.). Also, the proposed chemotaxis step
causes the optimal solution to settle in a place with lower cost value as opposed to
classical chemotaxis where final settling cost is much higher as Figure 10 depicts.

The effect of D-chemotaxis

= D-Chemotaxis
Classical Chemotaxis

Best cost

0 50 100 150 200 250
Epochs

Figure 10: The effect of D-chemotaxis on the convergence of DBFOA.

Effect of the initialization of the PV configuration initializers

As described in section 4.3, an active power balancing approach was introduced to find
initial phase combinations for the PV configuration initializers as opposed to the
random initialization of the classical technique. Figure 11 depicts the convergence
properties of the DBFOA under two cases: (1). The PV configuration initializers were
initialized based on the active power balancing technique and (2). The PV configuration
initializers were randomly initialized. According to the results, the starting cost of
DBFOA under the proposed power balancing initialization is approximately 83% lower
than the random initialization. This implies that the active power balancing technique
was able to generate phase combinations that are closer to the optimal phase
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combination. Ultimately, the DBFOA with the proposed initialization technique
converged to the optimal solution with fewer iterations compared to the random
initialization.

=== Proposed Initialization
=—e—= Random Initialization

2. Reductionin

Best cost
__________________..

Reduction in

----------------------

50 100 150 200 250
Epochs

Figure 11: Convergence of the DBFOA for proposed and random initialization
methods.

Effects of PV re-phasing

This section demonstrates the effect of PV re-phasing on voltage unbalance and phase
voltage magnitudes of residential distribution grid with high penetration of solar power.
The proposed PV re-phasing algorithm was implemented on the real distribution
network shown in Figure 8. The variations of loads and PV power generation
throughout the day were considered in the simulations by utilizing hourly load and PV
generation profiles shown in Figure 9.

The goal of PV re-phasing is to reduce overall voltage unbalance (VUF) of the network
by dynamically changing the phase configuration of rooftop solar systems in the
network. Figure 12 and 13 clearly illustrate the effect of PV re-phasing on the overall
voltage unbalance and phase voltages, respectively. According to Figure 12,
significantly high voltage unbalances are observed during the daytime when PV
systems have a fixed phase configuration. Whereas the dynamic PV re-phasing
significantly reduces the overall voltage unbalance of the network (mean unbalance is
below 1 %) especially during the period from 8 am to 5 pm, where high PV penetration
is present. In addition, Table 7 provides the optimal phase configuration of PV systems
that are determined from the proposed DBFOA from 6 am to 7 pm. The colored cells
in Table 7 belong to the phases of PV systems that are not changed in the subsequent
hour. Since not each rooftop PV system is subjected to PV re-phasing at each hour,
SCADA needs to send the PV re-phasing commands only for the rooftop solar systems
that are required to re-phase in the next PV-rephasing operation. Moreover, the
proposed algorithm can be improved to minimize the number of PV re-phasing
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operations that each rooftop PV system undergoes throughout the day by modifying the
cost function of the optimization algorithm. Finally, these results confirm that the
proposed re-phasing strategy is successful in reducing the voltage unbalance levels of
domestic distribution grids that have many grid-connected rooftop PV systems, while
simultaneously maintaining the phase voltages within their acceptable limits.
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Figure 12: Distribution of voltage unbalance values of the network throughout the day
for ‘with’ and ‘without” PV re-phasing.
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Figure 13: Evolution of (a) phase-a, (b) phase-b, and (c) phase-c voltage of the
network throughout the day for ‘with” and ‘without” PV re-phasing.
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rooftop solar systems that are not changed in the subsequent hour.

Table 7: Hourly phase configurations of rooftop PV systems determined by the
proposed DBFOA. The colored cells in the table represent the phase configuration of
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Since the proposed PV re-phasing technique can maintain the voltage imbalances of the
network well below the 1% threshold during the daytime while keeping the phase
voltages within their acceptable voltage range, utility providers can allow additional
rooftop solar systems into the network. In order to get a clear idea about the amount of



additional renewable energy capacity facilitated by the PV re-phasing operation,
simulations were performed by adding new rooftop solar systems (on top of existing
140.4 KW of solar PV as specified by Table 5) to the existing network. For each addition
of a new rooftop solar system, 20 Monte-Carlo simulations were performed by
randomly changing its connection point in the LV network to ensure an unbiased and
fair simulation. For this study, the capacity of each new rooftop solar system to be
connected to the existing LV network is considered to be 5.4 kW that corresponds to
the average capacity of a rooftop PV system in the existing network. The maximum
voltage unbalances and maximum phase voltage values of the network recorded for
“with” and “without” re-phasing are depicted in Figure 14.

According to Figure 14-(c), the maximum voltage unbalance of the network is well
below the 1% threshold for the proposed PV re-phasing technique even under the
integration of new rooftop solar systems up to a total capacity of 302.4 kW. In contrast,
as can be seen from Figure 14-(a), the maximum voltage unbalance values of the
network exceed the 1% threshold line for the fixed phase configuration. However, as
depicted in Figure 14 — (b) and (d), the maximum voltage of the network gradually
increases with the addition of new rooftop solar systems to the network. Due to this
reason, rooftop solar systems with a total capacity of 248.4 kW can be safely integrated
into the LV network without violating the statutory limits of both voltage unbalance
and phase voltage magnitudes. This is about a 77% increase in the rooftop solar capacity
of the network compared to the originally installed solar capacity (140.4 kW).
Therefore, it is apparent that the proposed PV re-phasing strategy can completely
overcome the voltage unbalance issue due to the installation of distributed energy
sources in the LV and facilitate to install additional rooftop solar systems into the
network.

In addition, it should be pointed out that the above conclusions are made under the
assumption that the voltage unbalance should be kept below 1%, and the phase voltage
can vary between 0.94 pu and 1.06 pu (+6% tolerance level). However, some
countries/regions allow the phase voltage to vary within a larger range, such as 0.9 pu
to 1.1 pu (that is, a +10% tolerance level). Under this new voltage limit, the proposed
PV re-phasing approach can increase the usable PV capacity of the network to more
than the capacity obtained with a voltage tolerance of +6%. It can be seen from
Figure 14-(d) that if the maximum allowable voltage level is 1.1 pu, solar PV totaling
more than 302.4 kW can be safely integrated into the original network. That is
approximately a 115% increase compared to the originally installed solar capacity
(140.4 kW) of the network.
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Figure 14: Variation of (a) maximum voltage unbalance and (b) maximum voltage
unbalance with the total connected PV capacity of the LVDG network for “without”
re-phasing. Variation of (c) maximum voltage unbalance and (d) phase voltage
magnitude with the total connected rooftop solar capacity for “with” re-phasing.

Comparison of different optimization techniques

In order to predict the superiority of the proposed DBFOA, the convergence
characteristics of the proposed DBFOA for the test system is compared with three other
widely used optimization algorithms in power systems, namely, Discrete Genetic
Algorithm (DGA), Shuffled Frog-Leaping Algorithm (SFLA) and Heuristic Search
(HS), and the results are shown in Figure 15. The algorithms were written on Matlab®
(version: R2016a) - Open DSS (version: 8.4.1.1) co-simulation environment and
executed on a processor with Intel Core i7-7700HQ with 32 GB RAM running at 3.4
GHz. From the figure, it is clear that the DBFOA only takes 38 iterations to converge
to the best solution. In addition to that, DBFOA shows a stable and quick convergence
with a global searching capability to find the optimal phase configuration. Thereby,
ensuring that the LVDG maintains strict power quality standards, even under heavy PV
penetration in a near-real-time fashion.
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Figure 15: Performance comparison of proposed DBFOA with DGA, SFLA, and
Heuristic search.

Table 8 shows the computational performance of the four algorithms. The average
execution time of a single epoch for the three algorithms is almost the same. However,
the proposed DBFOA converges to the optimal solution very fast compared to DGA,
SFLA, and Heuristic Search.

Table 8: Computational efficiency of DBFOA, DGA, SFLA, and Heuristic search in
terms of CPU time

Algorithm Execution time/Epoch Time to convergence/ Cost after 250 epochs
(s) (s)

Proposed DBFOA 0.888 33.744 0.5362

DGA 0.846 175.122 0.6172

SFLA 0.897 56.511 0.6331

Heuristic search 0.622 121.912 0.9276

Line Model

400 V three-phase four-wire distribution system with the total length of 540 m is
modeled using resistors and inductors. All aluminum bare conductor (AAC/ Fly)
parameters are used to develop the model. This model can be used to create voltage
violations for testing purposes and techniques for mitigating voltage violations can be
also tested.
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Calculations for the Line Model

Parameter values of a Fly conductor
DC resistance of the line conductors

Inductance
Current carrying capacity

= 0.451 Q/km

=0.291 mH/km
=199 A

Base values are selected as shown in Table 01.

Table 01: Base Values for the Calculation

For the real line

For three-phase model

Taken as 100 kw

Taken

Vbase 400 V 400 V

|base 150 A 5 A

A J3x400x150 103.9 kW | /3x400x5 = 3.46 kW
base

as 3.5 kW

Zbase 4002/:|.00X:|.03 =16Q

400%/3.50x10° = 45.7 Q

Considering 1km Fly conductor, calculations in Table 02 can be done.

Table 02: Parameters for 1 km Fly Conductor

Ohm p.u.
Resistance of a
0.451 0.29293
conductor
Reactance of a
0.291 0.18901
conductor

Considering 180m long Fly line segment and calculations in Table 03 can be done.

Table 03: Parameters for 180 m Fly Conductor

Real Line Model
Ohm p.u. Ohm p.u.
Resistance of a
0.08118 0.05074 2.6 0.05074
conductor
Reactance of a
0.05238 0.03274 15 0.03274
conductor

Using the reactance value of 1.5 Q, corresponding inductance value can be obtained as

5 mH.
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Line model consists of three 180 m long Fly conductor equivalent segments. Therefore,
the total length is 540 m. 1 Q resistors with 2kW power and 5 mH inductors are used
to hardware implementation. Single 180 m long segment is shown in Figure 1.

1Q 10 5mH
Phase A — \\\—"A\N—"""

1Q 1Q 5mH
Phase B— AANN—A\N\\—"""

1Q 1Q 5mH
Phase C— A\\N—\\\—"""

1Q 1Q 5mH
Neutral ANAN—NNN—"""

Figure 01: 180 m Fly Conductor Model

Two 1 Q resistors are connected in series to get the total of 2 Q resistance which
corresponds to the resistance of 180 m long Fly conductor. 5 mH inductors are
connected in series with the resistors to get the reactance corresponds to 180 m long
Fly conductor. 6 resistors and 4 inductors are required for single 180 m long Fly line
segment. Total of 24 resistors and 12 inductors are required to develop the complete
line model of 540 m as shown in Figure 02.

3Phase oo ANN—AMNN—"""—— 3Phase oo AN AN—""""—— 3Phase e ANN—NN—"""——
Smart Meter | | Smart Meter | | Smart Meter |
#1 RS R6 L3 #2 R13 R14 L7 #3 R21 R22 L11

—=t =t

Figure 02: Complete Line Model Circuit Diagram

X/-Y,Y/-Zand Z/ - END are the three 180 m long segments of the line model. X/ -
Y segment can be named as line segment 1, Y/ - Z segment can be named as line
segment 2 and Z/ -END segment can be named as line segment 3. R1 to R24 represent
1 Q resistors and L1 to L12 represent the 5 mH inductors. F1 to F9 represent the 5 A
fuses used in the phase conductors. Three 3-phase smart meters are used at the
beginning of the line segment 1, beginning of line segment 2 and at the beginning of
line segment 3 as shown in Figure 02.

Figure 03 shows a sketch of the front panel of the line model. Figure 04 shows the front
panel of the hardware implemented model.
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Figure 03: Sketch of the front panel of the
line model

Figure 04: Front panel of the line model

Figure 02 and Figure 03 can be compared for more clarity. In Figure 03, it can be
observed that there are two X terminal sets, two Y terminal sets and two Z terminal
sets. The purpose of using two terminal sets is to operate the line segments separately.
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As an example, if we want to operate only the line segment 1 i.e., only 180m, then no
need to short circuit Y-Y point and Z-Z points. Connecting X-X is sufficient. For
operation of full 540 m model, Y-Y and Z-Z points has to be short circuited.

Figure 05 and 06 show the front and rear views of the internal of the line model. Figure
07 is the labeled circuit diagram. Cables, resistors and inductors are labeled in the
hardware model according to the Figure 07.

Figure 05: Front view of the inside of the line

model
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Figure 06: Rear view of the inside of the line
model
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Figure 07: Labeled circuit diagram of the complete line model

Refer Figure 07 to identify the components in the hardware setup. Two extreme corners
of the cables are labeled in the hardware setup along with the resistor and inductor
labels according to the Figure 07.
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Inverter Design

This project is based on two drawbacks in PV systems. One is the low energy extraction
problem and the other one is the phase unbalance due to the random installation of small
size rooftop PV systems in LV network. A single-phase three-limb inverter is designed
to test the solutions. The ultimate proposed solution for efficiency problem and phase
unbalance problem in distribution network is to design and test a three-limb single-
phase inverter which can do re-phrasing while running at its maximum power point.
The intention is to introduce an MPPT unit to the designed inverter in the laboratory
and make it to do re-phasing according to the optimized data obtained using DBFOA
from LV network. Block diagram of the system is shown in Figure 08.

- ~ |
(.'_l_ T Vi "JT LV Network

!
Ve de PWM PWM

MPPT Ve Controller Rl.r‘-][;:llu:li:g DATA

Figure 08: Introducing Units for the Available Three-Phase Inverter to Mitigate
Efficiency Problem and Phase Unbalance Problem

Hardware Design and Implementation

Initially the algorithms were tested in simulation platform. They were expected to test
in hardware setup. For that, three-limb inverter and the filter were designed in the
laboratory. The output of the designed inverter and capability of working long hours by
withstanding temperature were verified in the laboratory environment under open loop
running condition.

The Printed Circuit Board (PCB) was soldered as shown in Figure 09. Intelligent Power
Module (IPM) FSBB20CHG60F was used to facilitate the requirement of six IGBTs of
the inverter. When soldering, minimum amount of wire lengths were used to minimize
the capacitive effect of wires.

Figure 09: Top and Bottom View of Soldered Inverter Setup
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Results and Outputs of the Inverter Design

Open Loop Output Voltage and Current Testing

There are three-limbs in the inverter. They are for phase A, phase B and phase C. Two
phases were considered at a time and checked the output waveform. A rheostat was
connected instead of the LV network shown in Fig.2. since the setup was executed in
open loop condition. Then the output voltage V3 was observed using the oscilloscope.

The PWM signal was given using the model created in Simulink through a T1 C2000
control board. Modulation index can be changed using the model in Simulink.
According to the switching frequency of the PWM signal, filter characteristics were
changed. As shown in Fig.2, an LCL filter was used for the setup. For 10 kHz switching
frequency, L1=0.7 mH, L2=0.7 mH, C=5 uF while for 5 kHz switching frequency,
L1=1.25 mH, L2=1.25 mH, C=8 uF were used.

ek Prevu

W

. 2.00ms S00kS/s 8 7 T
& o0V ) 10k points -32.0v
Value Mean Min Max Std Dev

20 Apr 2021
[ 1 T 28LY 281 281 281 0.00 15:54:27

[ 3 TN 5.10Y 44.0 3.62 230 82,9

Figure 10. Output Voltage Waveform before Filtering
The switching frequency of the PWM signal was set to 10 kHz. Input DC voltage of
400V with modulation index of 0.8 was given to the inverter using a solar emulator.
Rheostat of 160Q was used as the output load. Output voltage waveform of the inverter
before filtering is shown in figure 10. Filtered output voltage and current are shown in
figure 11 and figure 12.
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Figure 11: Filtered Output Voltage Waveform
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Figure 12: Filtered Output Current Waveform
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As shown in figure 10, the width of square pulses was altered according to the PWM
signal. The desired amplitude of 400V was obtained. Figure 11 shows that, after
filtering, the sinusoidal output voltage waveform with 320 V amplitude was obtained.
Since the modulation index was 0.8 and input DC voltage was 400V, this result can be
accepted. The capacitive effect of wires may have caused the noise presented in both
current and voltage waveforms.

Temperature Testing

The inverter has to be capable of working long hours without any interruption. When
working continuously, temperature in the hardware setup will increase. Therefore, the
designed inverter was checked for temperature withstanding capability. As a safety
measure, setup was mounted on a heat sink. The input voltage of 300V was given with
0.8 modulation index. Rheostat of 160Q2 was connected through the output phases.
Temperature on capacitor, inductors, heat sink and near IPM were taken in 30 minutes
intervals under natural cooling condition.

Temperature on capacitor, inductors, heat sink and near IPM were taken in 30 minutes
intervals under natural cooling condition. Table 4 summarizes the results obtained.

Table 4: Temperature Variation

Time Inductor Inductor Capacitor IPM giial:
1/°C 2/°C °C °C C
9.30 30.8 27.8 27.8 32.9 30.4
a.m
10.00 63.3 28.5 29.7 37.8 33.8
a.m.
10.30 77.0 29.2 29.7 38.6 31.0
a.m.
11.00 91.3 29.2 30.5 425 32.0
a.m.

Temperature of inductor 1 was increased rapidly under natural cooling. The reason may
have been the large harmonic currents flowing through it. Forced cooling is suggested
for more reliable operation.
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Noise Analysis

The distortion visible in the output waveforms were analyzed for both 10 kHz and 5
kHz switching frequencies. 10 kHz design was executed for both 10 kHz and 5 kHz
while the 5 kHz design was also executed for both 5 kHz and 10 kHz. Then the output
voltage waveform V3 and voltage across the capacitor V2 (as shown in figure 08.) were
extracted. Then the simulation model constructed in Simulink was used to get the
desired V2 and V3 waveforms. Simulation waveforms were compared with hardware
executed V2 and V3 waveforms to get the error signal. Then the noise Probability
Density Functions (PDFs) for V2 and V3 waveforms were constructed. Kurtosis values
for each case were noted.

The PWM switching frequency plays a major role in inverter. For more precise filtering
typically 5 kHz or 10 kHz PWM switching frequency is used. To investigate the effect
of changing PWM frequency, noise analysis is done for four cases mentioned in here.
Figure 13 shows the noise PDF for filtered output voltage (V3) while figure 14 shows
the noise PDF for voltage across the capacitor (V2). Kurtosis values for each case are
also shown beside the figures.
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Figure 14: Noise PDFs and Kurtosis Values for VVoltage across the Capacitor

When observing figure 13 and 14, it can be observed that the noise PDFs are Gaussian
bell shaped. When considering Kurtosis, the kurtosis value of 3 implies the Gaussian
noise. Therefore, it can be concluded that case 1 and case 2 (i.e., 10 kHz design results)
noises are more Gaussian while case 3 and case 4 (i.e. 5 kHz design results) are closer
to super Gaussian noise. The reason for super Gaussian noise may have been an external
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effect on the 5 kHz system. Therefore, it can be concluded that 10 kHz design is better
since 5 kHz design showing super Gaussian noise distribution.

Conclusion

In this paper, a novel method was introduced to mitigate the voltage unbalance in LV
distribution grids through coordinated re-phasing of grid-connected rooftop PV
systems. The optimum phase combination of grid-connected rooftop PV systems is
determined from the modified discrete bacterial foraging optimization algorithm
(DBFOA) at fixed time intervals. The DBFOA takes smart meter measurements such
as load demands and PV generations as the inputs to determine the optimum phase
configuration such that the resulting phase combination minimizes the overall voltage
unbalance in the network, subject to various operating and network parameters. In order
to perform automatic PV re-phasing, a PV re-phasing switch is introduced. This can
connect to the output of the single-phase PV inverters to enable the PV re-phasing. To
nullify the transient time associated with the automatic re-phasing switch, a half-bridge
inverter arrangement is also proposed.

In order to demonstrate the effectiveness of the proposed re-phasing strategy, the PV
re-phasing algorithm was simulated on a real LV distribution network. The time-
varying nature of loads and solar PV was considered using the hourly load and PV
generation profiles. The results show that the proposed re-phasing strategy can
significantly reduce the voltage unbalance well below the 1% threshold line as
compared to the fixed phase configuration during the daytime where PV penetration is
high. Thereby the proposed PV re-phasing strategy facilitates utility providers to allow
more rooftop solar systems into LV networks. The proposed case studies demonstrate
that PV re-phasing technique can increase the renewable energy penetration into the
considered LV network by 77%.

The main advantage of the proposed PV re-phasing technique compared to existing
load and feeder reconfiguration techniques is that this method only deals with single-
phase PV systems. Hence, it will not create any impact on supply reliability.
Furthermore, the initial cost for installation of PV re-phasing switches, and other
indirect costs such as customer interruption cost and reliability cost are significantly
minimal, as compared to existing state-of-the-art DFR and phase balancing techniques.
The initial cost for installing PV re-phasing switches can be recovered by the long-term
economic benefits due to the improvement in usable PV capacity and due to the
possibility of operating the system in a near balanced condition. Further, compared to
the rephasing arrangements reported in the literature, i.e. introducing rephasing
switches to all loads, the cost incurred due to the introduction of re-phasing switches,
only to PV plants, makes the proposed method more cost-effective.

The main limitation of this work is that the proposed PV re-phasing method is only
effective during the daytime and cannot make a significant reduction to the unbalance
factor at night. However, the Volt-Var (Q-control) control can be used to reduce voltage
unbalance and improve power quality during night-time, because PV inverters can
supply reactive power (Q) to the grid up to their rated capacity at night. Therefore,
combining the PV re-phasing technique with Volt-Var control would be an ideal
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solution and is considered as future research work. In addition, it should be noted that
the unbalance reduction capability of the proposed PV re-phasing technique greatly
depends on the number of grid-connected rooftop solar systems in the distribution
network. Therefore, for distribution systems with a smaller number of grid-connected
rooftop solar systems, the number of possible configurations is limited, thus,
optimization via fine-tuning through re-phasing is not possible as the number of
configurations to adjust is limited. Further, a communication protocol needs to be
developed to ensure that the PV re-phasing command issued by the algorithm is actually
performed by the switches, because if one/several re-phasing switch commands are not
executed due to communication errors or other technical issues, the system can be at a
worse state than before. Therefore, improvements should be made to address these,
before implementing the proposed PV re-phasing technique in an actual network.

Even though the proposed re-phasing algorithm concentrates on mitigation of voltage
unbalance, it is also possible to modify the objective function to minimize the number
of PV re-phasings required for each PV re-phasing operation as well. Furthermore,
additional research is required to determine the optimal timing for PV re-phasing
operations and the effectiveness of a hybrid algorithm based on PV and load re-phasing
techniques.

Based on the hardware implemented inverter results, it can be stated that the designed
inverter can be used to get accurate outputs. Forced cooling system has to be used to
obtain a more reliable operation. According to the noise analysis, 10 kHz PWM
switching frequency is better with corresponding filter inductors and capacitor values.

The hardware implemented line model can be used to create voltage violations for
testing purposes and techniques for mitigating voltage violations can be also tested.
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Problems if any, Encountered During the Course of the Project

The world, the country as well as the university was marred with all sorts of problems,
difficulties and challenges over the span of this project. Inevitably, all of those issues had some
adverse effects on the progress and flow of this project.

The component of the projects, which is heavily dependent on computational developments
(albeit, using real data from a segment of the low-voltage grid of Sri Lanka) progressed rapidly,
converting all these external hindrances to a blessing. As the “regular” work was stopped
several times (including the Easter Attack, some Union Actions, then ultimately lockdowns
due to COVID), it gave extra time to spend on the components which only require
computational and intellectual commitment.

One immediate consequence of all these hindrances was the fact that the Research Student was
unable to register for a research degree (viz. MPhil). As he was scheduled to apply for his
doctoral studies, this delay resulted in an impossible timeline, should he register for an MPhil.

The most severe adverse effect of all these stoppages of work was the hindrances on completing
the procurement of equipment and consumables. The investigators sought two extensions to
complete the procurement process. However, due to delays resulted form all these issues and
the reluctance by vendors to respond to the calls for quotations (due to the rather negative
perception of the economic factors caused by the pandemic), the procurement processes could
not be completed even at the lapse of the two extensions.

Nevertheless, being resourceful, the investigators were able to implement the prototypes of the
hardware setups utilizing some equipment on a shared basis. Therefore, the downside is, though
the concepts have been validated and proved in hardware, the so developed hardware setups
do not belong to the grant.

Subjected to these alterations and workarounds, the entire work framework envisioned and
proposed under this grant was completed, albeit, with more publications than anticipated.

The investigators would like to refer to the Gantt Chart proposed in the research proposal as

well as the extension request letters (which provide justification for the delays) at this point.
These documents are provided as appendices at the end of this report.
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Major Findings
The major findings of this work can be summarized as follows:

e The renewable energy penetration can be maximized through coordinated re-phasing of
solar photovoltaic (PV) generators in the low-voltage grid

e An automatic photovoltaic re-phasing switch that can be connect to single-phase
photovoltaic inverters to realize this switching action effectively

e A modified discrete bacterial foraging optimization to determine the optimum phase
combination of photovoltaic systems, this sets the stage for possible other such compatible
techniques for optimization of the PV absorption

For detailed discussion of the research contributions, please refer the publications resulted
from this grant.
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Follow-Up In Terms of Technology Development/Start-up Business

The first and foremost follow-up action prior to commercialization (i.e. commercial
technology development and/or start-up) is to secure the intellectual property rights. Once
they are secured, the developed prototypes may be developed in industrial standards, and then
subjected to field testing. Therefore, though the outcomes of this work are promising, still a
significant amount of rigorous work remains to be completed in order to serve as a commercial
technology. Nevertheless, the work is quite promising and deployable.
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Section 4: Impact of Research Results

Part A:
@ Relevance of results achieved to scientific advancement

The work done under this grant was accepted for publication in three high impact journals, which are
also highly reputed as journals at the cutting edge of engineering development and research. Therefore,
it is evident that the results achieved under this grant are at a pristine level and that they contribute
naturally to scientific advancement as well as technological development.

2 Dissemination/application of research output — please give the tentative plan

Maximizing the absorption of solar PV generated in the LV grid has major consequences towards
achieving energy sustainability. Higher influx of renewable sources have the tendency to intrinsically
impair the electric grid due to its variability. The principal impairment is the grid instability and voltage
violations. As outcomes of this research, we provide the analysis of these issues, a remedial course of
action, a viable hardware tool and an appropriate optimization tool to achieve the desired performance.

There lies a significant requirement for the improvement of the inverter and the inverter control strategy
based on this premise. Therefore, these tools and techniques have to be further developed and advanced.
The next is to scale-up the design, This is mostly a technological development, and therefore, will be
heavily in need of extensive testing. Next, the setup must be tested upon a “model house” and then
tested in a “controlled network™ and then, test with some pilot cases.

Part B:
Relevance of results achieved to national/socio-economic development - please give recommendations
clearly as this write — up may be forwarded to the potential users who will benefit from the research

Energy security is by far the most important factor for achieving economic success. The work

carried under the banner of this grant provides several key steps in making energy security a
reality by providing a viable, sustainable and economical solution.
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)

(2)

Section 5: Miscellaneous

List of major equipment acquired during the project period, their value and their functionality

None

List of publications/communications arising from the project and/or presentations made at
seminars, workshops etc. (Please attach copies)

Journal Papers: Three (03)

(1) W.G. Chaminda Bandara, G.M.R.l. Godaliyadda, M.P.B. Ekanayake, J.B. Ekanayake,

()

©)

“Coordinated Photovoltaic Re-Phasing: A Novel Method to Maximize Renewable Energy
Integration in Low Voltage Networks by Mitigating Network Unbalances”, Applied
Energy, Volume 280, 2020, 116022, Elesevier

SCIE Journal Impact Factor: 9.746

Wele Gedara Chaminda Bandara, Dilini Almeida, Roshan Indika Godaliyadda, Mervyn
Parakrama Ekanayake, Janaka Ekanayake, “A Complete State Estimation Algorithm for a
Three-Phase Four-Wire Low Voltage Distribution System with High Penetration of Solar
PV, Electrical Power and Energy Systems, Volume 124, 2021, 106332, Elesevier

SCIE Journal Impact Factor: 4.630

A. S. Jameel Hassan, Umar Marikkar, G. W. Kasun Prabhath, Aranee Balachandran, W. G.
Chaminda Bandara, Parakrama B. Ekanayake, Roshan |. Godaliyadda, Janaka Ekanayake,
“A Sensitivity Matrix Approach Using Two-Stage Optimization for Voltage Regulation of
LV Networks with High PV Penetration”, Energies, Volume 14(20), 2021, 103390, MDPI
SCIE Journal Impact Factor: 3.004

Conference Papers: One (01)

)

Aranee Balachandran, G. W. K. Prabhath, W. G. Chaminda Bandara, G. M. R. I.
Godaliyadda, M. P. B. Ekanayake, J. B. Ekanayake, “Reactive Power Compensation for
Voltage Violations in Distribution Network”, 14" IEEE International Conference on
Industrial and Information Systems (ICIIS), Kandy, Sri Lanka, 18-20 December, 2019

Patent Applications: One (01)

Sri Lankan Paten Application Number 21543 (Submitted on 12" January, 2021; Under Review)
Title: Single Phase Re-Phasing Solar Inverters for a Re-Configurable LV Network that has
Accepted Voltage Profiles and Unbalances
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Section 6: Summary Statement of Expenditure

Total Total Percentage
. Amount Spent out
Vote Received Comments
(Rs.) Spent To of totgl
Date (Rs.) | Allocation
Personnel 1,200,000.00 | 1,038,30000 | 8796 | Research Student was employed
e e for less than 22 months
. Unable to complete procurement
Equipment 54,300.00 0.00. 0% process due to COID*
Consumables | 568,989.00 0.00.| 0% Erﬁité'si t&‘:’;‘%’gfg’jocureme”t
Lab Services
& Sample
Analysis
Travel and
subsistence i i i
Postgraduate
registration - - -
fees
Statistical
analysis ] ] ]
Calibration of
instruments ) i )
Miscellaneous | 2000000 | - 0% | Unable o complete procurement
Total 1,843,289.00 | 1,038,300.00 Balance Rs. 804,989.00

* Two extensions were sought from the NSF and were granted. However, due to the calamity
amidst the COVID-19 pandemic and the frequent cessation of work due to lockdowns etc., the
procurement process was severely hampered. In addition, the vendors were reluctant to respond
further delaying the procurement process. Eventually, the procurement process was not
completed before the expiration of the grant.
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Section 7: Signatures and Approval

(1) Signatures of the Investigators

/

C f /7 A ’
L % Y / e i
A '
Principal Investigator Co-Investigator Co-Investigator
Dr. M. P. B. Ekanayake Dr. G. M. R. I. Godaliyadda Prof. J. B. Ekanayake

(2) Comments of the Head of Department / Signature

Comments:
Signature:

(3) Head of the Institution’s Signature

Signature:
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ARTICLE INFO ABSTRACT

Low Voltage Distribution Grids (LVDGs) become highly unbalanced due to the advent of single-phase solar PV
plants. As a result, the voltage and current levels of the neutral conductor show a significant increase. Therefore,
monitoring of the entire state of the network is essential. However, the existing state estimation algorithms
estimate voltage states of the phase conductors while ignoring the state of the neutral conductor. This paper
presents a novel approach to estimate the complete state of the LVDGs. A novel state reduction method was
introduced to model the three-phase four-wire feeder line using a 3 X 3 admittance matrix, which incorporates
the neutral coupling effect on phase conductors. Next, the reduced admittance matrix together with the linear
approximations of active and reactive power functions were combined to formulate the Low Voltage-Linear State
Estimation (LV-LSE) algorithm. Finally, the performance of LV-LSE algorithm was analyzed for different mea-
surement uncertainties, scales of line lengths of the network, and data-loss conditions. Results show that, for all
the cases, LV-LSE algorithm together with the proposed reduction method can estimate voltage states with an
average maximum voltage magnitude error of less than 4.32 X 1073 pu and current states with an average
maximum current magnitude error of less than 1.81 x 1073 pu.

Keywords:

State estimation

Admittance matrix

Solar PV

Energy management system
Low voltage distribution grids

1. Introduction

It is now recognized that one of the main contributors to climate
change is the higher percentage of emissions from conventional power
generating sources. This has encouraged the governments around the
world to constitute several targets for the integration of Renewable
Energy Sources (RESs) into the grid. Out of different RESs, the capital
cost of solar photovoltaic (PV) continues to fall at a considerably higher
rate. According to a recent report by the regulator of Australia, AEMO,
it has been forecasted that solar PV would be the main contributor to
electricity generation by 2050 [1].

During the last decade, the number of PV plants connected to LVDGs
have shown a rapid increase. However, the integration of scattered PV
plants instigates additional challenges to the existing LVDGs and those
challenges become aggravated with the increasing level of PV pene-
tration.

Traditionally, power systems have been designed to operate on
unidirectional power flows. However, due to the high proliferation of

PV systems, bidirectional power flows can be seen on the LVDGs, thus
causing adverse consequences. Some of the possible impacts are voltage
rise, voltage fluctuations and unbalances, thermal overloads, higher
levels of harmonics etc. The severity of these impacts depends on the
configuration of the distribution network, penetration level, and the
location of the PV node in the distribution network.

1.1. Impact of high intake of solar PV

A study on investigating the impact of high intake of solar PV was
reported in [2]. A Monte Carlo based methodology was developed and
applied for a typical unbalanced residential network (Fig. 1) in Sri
Lanka using a three-phase, four wire LV network model.

Under the Monte Carlo implementation, pre-defined number of PV
panels having randomly generated PV capacity between 2 and 7 kW
was connected to randomly generated nodes and phases of the dis-
tribution system. One hundred power flow simulations were performed
by varying the PV capacity and location, and several critical parameters

* This research was supported by the National Science Foundation (NSF), Sri Lanka (grant number: RG/2018/EA & ICT/01).

* Corresponding author.

E-mail addresses: chaminda.bandara@eng.pdn.ac.lk (W.G. Chaminda Bandara), dilinialmeida2@gmail.com (D. Almeida),
roshangodd@ee.pdn.ac.lk (R.I. Godaliyadda), mpb.ekanayake@ee.pdn.ac.lk (M.P. Ekanayake), ekanayakej@cardiff.ac.uk (J. Ekanayake).

https://doi.org/10.1016/j.ijepes.2020.106332

Received 9 November 2019; Received in revised form 27 May 2020; Accepted 27 June 2020

0142-0615/ © 2020 Elsevier Ltd. All rights reserved.


http://www.sciencedirect.com/science/journal/01420615
https://www.elsevier.com/locate/ijepes
https://doi.org/10.1016/j.ijepes.2020.106332
https://doi.org/10.1016/j.ijepes.2020.106332
mailto:chaminda.bandara@eng.pdn.ac.lk
mailto:dilinialmeida2@gmail.com
mailto:roshangodd@ee.pdn.ac.lk
mailto:mpb.ekanayake@ee.pdn.ac.lk
mailto:ekanayakej@cardiff.ac.uk
https://doi.org/10.1016/j.ijepes.2020.106332
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ijepes.2020.106332&domain=pdf

W.G. Chaminda Bandara, et al.

Electrical Power and Energy Systems 124 (2021) 106332

1 2
2
51m 1 )
26m 2
5m
7Y 10m 2 )
. 10KW 6kW sow (4 102m 1 1
el [3) 5.0kW
2 g () 5 kW 32m
45m 2 12i 12m N/ Q
23m 8m) 217m 60
7N m
@ 28m 2 2 4kW 3
) 3.3kW 26m \om 2 ONE
[ s0m L
1 N Sm 1
; . 17.0kW g 4om
T 36m
15m ~ 1 3.5kW - F1 4.2kW 4
< 2.6kW 169m 1 1 6)
4 g o ! tp -
N ()
20m E3 150m 2
' 2 DM 027
12m 4 F4 400 kVA
8 \4
2.0kW 29m
118m 74m \ ,  64m 2
2 5m, 30m
oA A
) 10.0kW
2
2 57m
8m, 20m 127m
43N z
N 2
N N75m
5.4kW
2

Fig. 1. Single line diagram of the residential network. More details about the network can be obtained from [2] and Appendix A.

were extracted from the load flow results. Then the impacts were
analyzed using voltage unbalances, neutral currents, voltage and
thermal limits. A more comprehensive study on this is accepted for
publication [3] and only some preliminary results are shown here to

highlight the importance of determining the state of the neutral con-
ductor.

180

Fig. 2 illustrates the maximum value of the variation throughout the
one hundred simulations (arranged in ascending order) for neutral
current and voltage unbalance factor for the worst-case scenario, i.e.
minimum loading and maximum PV generation. The variation of
maximum voltage with the total installed PV capacity is shown in Fig. 3
for the same case.
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Fig. 2. Variation of (a) maximum neutral current and (b) maximum voltage unbalance factor for hundred simulations.
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Fig. 3. Variation of maximum voltage with total installed PV capacity.

Results from the impact assessment revealed that under high pe-
netration of solar PV, depending on their location and phase, some of
the critical parameters such as voltage and voltage unbalance factor
violated the statutory limits. Also, it was observed that the highly un-
balanced allocation of single-phase PV units can create significantly
large neutral currents.

In order to mitigate the aforementioned impacts of solar PV and
thereafter to ensure optimal, secure, reliable and coordinated operation
of LVDGs, an Energy Management System (EMS) is crucial. State
Estimation (SE) is considered as an essential element of the EMS as it is
not possible to perform real-time monitoring and control without
knowing the state of the entire LVDG [4].

1.2. Distribution System State Estimation (DSSE)

Distribution System State Estimation (DSSE) algorithms process raw
measurements (including voltage and current magnitudes, active and
reactive power measurements) and additional pseudo values to esti-
mate the actual state of a power system. DSSE enables real-time dis-
tribution grid monitoring and provides the initial condition of the
power system for a variety of applications including voltage control,
feeder reconfiguration and Demand Side Management (DSM).

Algorithms developed for DSSE were widely adapted from estima-
tion techniques developed for Transmission System State Estimation
(TSSE) that have been developed for over six decades [5]. When con-
sidering TSSE, the Weighted Least Squares (WLS) approach is the most
popular SE algorithm among the many alternatives proposed [6-11].
The common choices for state variables are node voltage or branch
current [12,13]. There is always an assumption of a “balanced system”
at transmission-level. This allows for the decoupling of the three-phase
system, making in per-phase positive sequence network data being
sufficient for analysis [14-18].

In contrast, distribution grids under radial and weakly-meshed op-
erations have highly unbalanced three-phase branches due to numerous
combinations of unequal single-phase, two-phase, three-phase loads
and small-scale distributed generators. In distribution networks, real-
time measurements are limited and network observability is not
achieved unless pseudo values and network reduction techniques are
used. These distinct features of distribution systems prohibit the direct
application of mature state estimation methods developed for TSSE
[19,5].

In addition to the state estimators proposed for transmission sys-
tems, three-phase DSSE that accommodates unsymmetrical character-
istics of distribution systems are reported in the literature. In [20], a
multi-phase DSSE that calculates system states by utilizing a con-
strained WLS method while including standard three-phase state

estimation capabilities is presented. In [21], a two-step procedure has
been introduced for multi-area state estimation in distribution systems.
Here, the first step local estimations are refined through a WLS based
second step which integrates the information available from neigh-
boring zones. In [22], a three-phase admittance matrix-based DSSE
model has been proposed. The proposed DSSE model tackles issues
related to consistency, zero-injections, and inclusion of voltage mea-
surements. The real and imaginary parts of the bus voltages are utilized
as state variables while power and voltage measurements are converted
into equivalent currents and voltages. Reference [23] proposed a DSSE
model using particle swarm optimization to estimate on-load tap
changing for voltage control. The proposed method utilized both dis-
crete and continuous variables to estimate transformer tap positions.
However, due to the different grounding configurations, the asym-
metrical nature of loads, distributed energy sources, and the number of
available measurements, will limit the universal applicability of the
aforementioned DSSE models proposed in the existing literature.
References [20-23] can be utilized for LVDGs with a multi-grounded
neutral configuration where neutral voltages are zero and can be
naturally excluded. Successively, an original admittance matrix can be
reduced to 3 x 3 using the Kron’s reduction. However, rather than
multi-grounded neutral, in some countries, the neutral conductor is
only grounded at the secondary side of the MV-LV transformer, which
renders non-zero potential across the neutral conductor. Furthermore,
the recent deployment of proliferated distributed energy sources re-
sulted in high levels of neutral currents and voltages as studied in this
paper. This warrants increased interest in three-phase DSSE models that
incorporates the neural conductor states. However, incorporating the
neutral conductor states in a DSSE model increases the number of states
to be estimated and increases the size of the Jacobian matrix, thus in-
troducing a significant computational burden. Nevertheless [19] con-
sidered a three-phase DSSE algorithm with explicit neutral configura-
tion. In this reference, a multi-phase DSSE model has been proposed for
distribution systems with a three-phase four-wire configuration. The
proposed DSSE model utilized two types of state reduction strategies to
improve its computational performance. The first is the use of the KCL
theorem at neutral to represent neutral voltage as a linear combination
of non-neutral phases. The second is the elimination of voltages at zero
injection phases by linearly combining voltages of non-zero neutral and
non-zero injection phases. Consequently, only voltages of non-neutral
and non-zero injection phases are used as state variables to reduce the
scale of the DSSE model. Moreover, different types of measurements
such as phase-to-ground voltages, phase-to-neutral voltages, neutral
currents, and non-neutral currents are utilized to achieve full network
observability. However, the aforementioned DSSE model has not been
generalized as an admittance matrix reduction technique that can be
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used for any three-phase four-wire DSSE model or any load flow algo-
rithm to eliminate neutral conductor states. Also, it does not estimate
the voltage states of neutral and zero-injection phases. It should be
stressed that, the estimation of complete state estimation is essential for
the Distribution System Operators (DSOs) for highly unbalanced dis-
tribution systems. In this paper, solutions to all these above issues are
addressed.

With the recent deployment of smart meters and distribution system
measuring infrastructure, the visibility of LVDGs was enhanced. smart
meters are installed at the connection points of some customers’ that are
capable of monitoring the real-time active and reactive power flows and
additional information required by the DSOs such as voltage and cur-
rent [24-26]. Different types of DSSE techniques that utilized such
smart meter data have been proposed in recent literature. In [25] the
technical feasibility of using smart meters and their measurements for
LV network observability and controllability through SE techniques
have been analyzed. In [26,27], LV SE through real-time measurements
of smart meters have been proposed. In [28], the impact of different
uncertainty sources such as smart meters, non-synchronized measure-
ments and synchronized measurements provided by Phasor Measure-
ment Units (PMSs) on three-phase SE has been analyzed. In [29], a
smart control system for LVDGs has been designed using an automatic
evaluation of critical voltage nodes based on power snapshot data
collected from smart meters. A three-phase SE algorithm which utilized
customers’ energy bills to calculate average demands and a three-phase
load flow algorithm to generate pseudo-measurements of voltage
magnitudes, active and reactive power injections which ensures com-
plete observability and a low investment cost for application in a typical
distribution system has been proposed in [30]. In [31], a three-phase
four-wire state estimation algorithm has been proposed by utilizing
(4 X 4) admittance matrix. However, to avoid numerical instabilities in
this method, the sum of currents are assumed to be zero at all nodes of
the LV network, even at the non-injection nodes. This is not a realistic
assumption when LVDGs are highly unbalanced.

Smart meters can provide real-time measurements unless there are
no communication errors [32]. Ideally, an LVDG with 100% smart
meter coverage, where all smart meters can upload their measurements
in real-time, can directly estimate the total load of the LVDG. However,
in reality, due to the fact that a large number of smart meters are
sparsely distributed in an LVDG, only a small fraction of smart meters
can report their voltage and power values at the same time. In addition,
the information collection procedure of smart meters is subjected to
data loss because smart meters use wireless signals to transmit data
from smart meters to an Access Point (AP) [33]. Due to these practical
problems with smart meters, the amount of measurements in an LVDG
is far from enough to guarantee observability. Thus, the DSSE model
based on linearized active and reactive power functions proposed in
this paper, which provides complete state estimation of the network,
even under 60% availability of smart meters tackles the limited mea-
surement availability problem more effectively compared to existing SE
techniques. Further, the performance of the proposed LV-LSE algorithm
was analyzed under different levels of smart meter data loss to de-
monstrate its robustness under such adverse conditions.

1.3. Objective and contribution of the paper
The contributions of this paper are summarized as follows:

® An accurate reduction technique to model three-phase four-wire
system by incorporating the neutral coupling effect on phase con-
ductors. The use of Kron’s reduction to simplify LV feeder lines leads
to inaccurate results in the monitoring of LVDGs, especially when
the system is highly unbalanced. Therefore, the proposed reduction
method is a more generalized approach to simplify the three-phase
four-wire system and significantly improves the accuracy of the LV-
LSE algorithm.
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o An efficient sequential LV-LSE algorithm: The existing WLS based
SE algorithms require a larger amount of measurements compared
to the number of state variables that are required to be estimated by
a factor of 1.7 to 2.2. In most of the practical situations, available
measurements are limited due to the limited number of smart meters
installed, unavailability of smart meters, communication errors at a
given time, and possibility of data loss during transmission. The
linearized active and reactive power functions, the assignment of
pseudo values for loads, voltage magnitudes and angles, and the
sequential nature of estimating voltage states allow the proposed
LV-LSE algorithm to operate effectively, even with 60% availability
of smart meter data.

2. Materials and methods
2.1. LV feeder model

2.1.1. Representation of three-phase feeder lines as a 4 X 4 admittance
matrix

Most of the distribution lines in LVDGs consist of four conductors
(thee phase conductors and one neutral conductor). The mutual cou-
pling between each conductor is significant since the conductors are
arranged in geometrically close distances and carry significant amount
of current through them. Fig. 4 shows the series and mutual impedances
of a three-phase distribution line. The method developed by Carson
[34] can be used to accurately compute series and mutual impedances
for both overhead and underground distribution lines. The application
of Carsons’s equation has become the standard for computation of line
impedances. Because Carson’s equation has resulted in an infinite
series, a modified version of Carson’s equations have been proposed in
[35]. The modified Carson’s equations compute series and mutual im-
pedance values with an error less than 0.3% compared with the values
obtained using the original Carson’s equations. Therefore, the modified
Carson’s equations were used to calculate series and mutual impedance
values. The modified Carson’s equations for a overhead cable assuming
a frequency of 50 Hz and a ground resistivity of 100 Qm are:

zii = 0.0493 + 1, + j0.0628 ln(0'3048) + 8.0251 |Q/km
GMR; )]
304
Z;j = 0.0493 +j0.0628[ln(0 30 8) + 8.0251)Q/km
y (2)

where, z;; is the self impedance of the i-th conductor (Q/km), z;; is the
mutual impedance between i-th conductor and j-th conductor (Q/km),
1 is the ac resistance of the i-th conductor (Q2), GMR; is the geometric
mean radius of the i-th conductor (m) and Dy is the distance between
i-th conductor and j-th conductor (m). Therefore, the impedance matrix
of the unbalanced three-phase four wire system was formulated as,

Fig. 4. Impedance of LV three-phase feeder section [17,36].
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Zaa Zab Rac Zan
aben _ Zba Zbb Zbc Zbn
Zea Zeb Zee Zen
Zna Znb Zne Znn (3)

where, the diagonal elements in Z%*" represents the self-impedance (z;;)
of each conductor and the off-diagonal elements represents the mutual-
impedance (z;) between the two conductors. Zben matrix relates the
voltage drop between each conductor and the phase currents. From the
Zaben yaben ywas computed by taking the matrix inverse of Ze,

2.1.2. Representation of three-phase feeder line as a 3 X 3 admittance
matrix

Most of the SE algorithms then reduce 4 X 4 admittance matrix to a
simpler form of 3 X 3 under several assumptions. The most common
reduction method is to use Kron’s reduction. Kron’s reduction [37] can
be used to simplify 4 X 4 admittance matrix to a 3 X 3 admittance
matrix by decoupling the neutral conductor from phase conductors.
Kron’s reduction achieves this by assuming the potential of the neutral
conductor is zero. However, this assumption is not valid in most of the
LVDGs. The primary objective of this section is to develop an accurate
reduction method to simplify 4 X 4 admittance matrix into a 3 X 3 ad-
mittance matrix by accounting for the possible non-zero potential of the
neutral conductor.

The 4 X 4 admittance matrix relates the phase currents and voltage
drop of the line section as,

AB AB
IaAB Yea Yoo Ve Yam AVaAB
I _ | Yoa Yoo Yoc Yon AVy
IAB Yea Yeb Yee Ven AVCAB

c
Ya Inb Yo Y,
IAB na Jn nc  Jnn AV’;«;B (4)

n

where, I [/B A and IA® denote the phase currents and
AVAE, AVAB, AVAB and AVAE denote the voltage drop across each phase
between A and B points (see Fig. 4). Therefore, current through the

phase-m € {a, b, c, n} was written as,

W= 3 s
k=a,b,c,n (5)

where, (5) generates a set of four equations for phases-a, b, ¢, and n.
The neutral current (I*%) was approximated as,

I~ — Z

¢=a,b,c (6)

The negative sign in the (6) indicates that the direction of neutral
current flow is opposite to the current flow of phase conductors. By
equating (5) when m = n and (6),

P~ E = Z Y- AVEP
¢=a,b,c k=a,b,c,n (7)
Therefore,
-2 = Y yueavi?
AVAB — ¢=a,b,c k=a,b,c
" Yon ®

By substituting to AVA% in (5) from (8) and after simplification for
m € {a, b, c}, generate three set of equations as,

(1+M)nyl‘3+ D MI;B= 3 (qu_

Yan p=my,my “nn g=ab,c

Yondg ) AV
)

nn

9

where, in the equation for phase— m, variables m; and m, denotes the
other two phases. For example, if m = b then m;, m, = a, c. Thereafter,
by rearranging the set of three equations generated in (9) for
m € {a, b, ¢} in matrix form,
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(1 + @) Yan Yan
Ynn Ynn Ynn B
Yon (1 n m) Yon AB
Ynn Ynn Ynn B
1+ y—
Ynn
Yan¥na yanynb yanym:
( (T ) (Mlb - (Xu - )
Ynn
_ YbnYna YbnYnb YbnYne
= (e = 220) (o — 22 ) (e — 2
Yen¥na JenYnb _ Yendne
(“’ Yan ) (y‘-‘b Yan ) (y“ Yan )

Jen. Jen.
Ynn Ynn

<

A‘/QAB
AVAB
[ A _ (10)
Let’s denote Eq. (10) as,
Lelgpe = Y AVie an

where, I} = VAE = [AVAB AVAB AVAETT, L is a
complex valued scalar matrix and Y* is exactly the same as in the
Kron’s reduction (I;2 = Y%°AV4E). As can be noted, the introduction of
the L matrix is the innovation of the proposed method and it in-
corporates the neutral conductor coupling effects on the phase con-
ductors. In addition, it can be clearly seen that the matrix L has a full
rank, hence the inverse of L always exists. Therefore, the proposed
reduction method was written as,

1 2 1Y,

Iipe = (L71Y ). AV8 = Yobe.AV4S 12)

The matrix: Y% = [-1Y%¢ defined in (12) is the reduced version of the
Yyeen in (4), while including the effects of the neutral conductor on
phase conductors. Let’s denote the elements of the Y%* as,

yaa J_{lb yac
Y = | Yoy Iop Foe
yca ycb ycc (13)

2.1.3. Kron’s reduction

Kron’s reduction assumes there is no significant current through the
neutral conductor (i.e. a balanced three-phase system). Hence, voltage
drop across the neutral conductor can be approximated as zero. For this
reason, the conventional SE algorithms assume that the neutral con-
ductor is grounded at both ends of the distribution line (see Fig. 5) and
that is represented as a zero potential across the neutral conductor of
the whole system. This assumption allows the Kron’s reduction to
eliminate the neutral conductor and reduce 4 X 4 admittance matrix
(Yebm) to a simpler form of 3 x 3 (Y%¢) [37-39],

Ay z

Phase - a

Fig. 5. A four-wire multi-grounded distribution line.
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n
abe — YbnYna YbnYnb YbnIne
Yer = (yba - ) (ybb - ) (ybc - 7)
Ynn Ynn Ynn
Yen¥na YenInb YenYne
(ca Ynn ) (ycb Ynn ) (yw Ynn ) (14)

where the symbols have the same meanings as defined previously. Due
to the “balanced” assumption made in the Kron’s reduction, the accu-
racy of the SE results significantly decreases specially when the system
is highly unbalanced. In contrast, the proposed reduction technique
(Y*) incorporates the neutral coupling effects on phase conductors
and thereby allows SE algorithms to perform well under severely un-
balance situations.

2.2. State estimation algorithm

2.2.1. The SE problem

The objective of the SE is to calculate consistent values for state
variables, based on a set of real-time measurements available at the
EMS from the smart meters and other LV measuring infrastructure. The
WLS SE problem was formulated as a minimization of objective func-
tion (J (x)) as in [40,41],

J(x) = w;e?
; 15)

subjected to the constraint,
z=hXx)+e ae)

where, w; is the weighting factor for respective measurement, e is the m
dimensional measurement error vector, z is the m dimensional mea-
surement vector, consists of active and reactive power flows and bus
voltage magnitudes, x is the n dimensional state vector, which consists
of all the bus voltage magnitudes and angles and h(-) is the measure-
ment function which relates x to z.

2.2.2. Measurement redundancy (1)

A necessary condition for the application of WLS based SE is a po-
sitive measurement redundancy (7 > 0) [42-44]. In other words, the
number of available measurements (m) must be greater than the
number of state variables (n). The above definition of the measurement
redundancy can be expressed in a mathematical form as [44],

n= U 1,n= M)hases'(ZN - 1)
n an

where, Npuqs is the number of phases considered in the SE algorithm
and N is the total number of nodes in a network. For example:
Nphases = 1 for per-phase SE in transmission networks, Npuees = 3 for
three-phase SE in distribution networks and Nppqs = 4 for SE in LVDGs
including the neutral conductor.

In most of the practical cases 7 is in the range of 0.7 to 1.2 [42]. As
mentioned in the introduction, achieving a positive measurement re-
dundancy is difficult in LVDGs because not each and every household is
equipped with smart meters - even the available smart meters are not
highly reliable and only measures voltage magnitudes and complex
power flows. Therefore, in this research it was assumed that about 60%
of households are equipped with smart meters which measure voltage
magnitudes and complex power flows at the location where they are
installed. As can be noted from Eq. (17), the inclusion of the neutral
conductor states in the SE algorithm also reduces the measurement
redundancy in LVDGs. Hence, these practical limitations present in the
LVDGs prohibit the use of WLS based SE algorithms to effectively de-
termine the complete states of network. Therefore, a sequential LV-LSE
was developed by utilizing the novel reduction technique as outlined in
section 2.1.2 to achieve a positive measurement redundancy. The pro-
posed sequential LV-LSE algorithm is described in the following
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2.2.3. Linearization of the measurement function

Generally, the measurement function (h(-)) is nonlinear for all
measurements (active and reactive power flows, current magnitudes,
etc.) except for voltage magnitudes. In this section, the nonlinear active
and reactive power functions were linearized using the Taylor series
approximations of sin(-) and cos(-) terms.

In Section 2.1.2, three-phase, four-wire line was modeled using a
4 X 4 admittance matrix and then reduced to a 3 X 3 admittance matrix
(Y) while accounting for the effects of the neutral conductor. Moreover,
Y matrix relates the phase currents and voltage drop across the line
segment AB using the relationship,

Iy = Y. AVy? (18)

The complex power flow (S;?) through phase-m is given by the equa-
tion for m € {a, b, c}, as,

¢=a,b,c

Sa® = Vi x 17" = V£( )y y‘mgAwAB]
19

where, * denotes the complex conjugation.

Let’s denote, z,bwf is the voltage angle for node-A and phase-m, |V is
the voltage magnitude for node-A and phase-m, g,, and b, are the
conductance and the susceptance of admittance element j,, of the
admittance matrix Y. Therefore, (19) was expanded as,

SAB = Aw,;‘[ ST (@ + JBme) (VA 29 = WP apf)]]

¢=a,b,c
(20)
Let’s denote,
AYRE =t — yPF for m, ¢ € {a, b, c}
cos,AV,]g:cos(Alp;l‘f) and sin;‘,?:sin(Azpyﬁf 1)

using the above notations in (21) the active power (P2%) and reactive
power (Q.28) flows for phase-m can be expressed as (see Appendix C for
the derivation),

PB
= WA D) (IVAIG-cOSi+bpesingd]
é=a,b,c
— 1VPI-[8,0 COSAB+Dppp-singiE] } 22)
AB

m

_yA AT .oinAA_f AA
= Val 2 {IVE (8 Sinye—Dme-cospyg]
¢=a,b,c

= IV [geSiNgG—bme-cospi ]} (23)
The Taylor series approximations of sin(-) and cos(-) were defined as
(only linear terms were considered),
sinﬁ?:sin(mbnﬁ"‘ ~ sin(Agbnﬁ) + cos(Al,b,flf‘r)A n/:lA
cosat=cos(ApAY) ~ COS(A!/)m) - sin(AiprfL“‘y)-A A4
sinﬁ?:sin(Agbyle ~ sin(Agbnffr) + cos(Al,b,fli)Agbn’:lB
cosar=cos(APp2F) ~ cos(AY) — sin(Aya®)-ApP (24)
The assignment of operating points (points where the functions are
linearized) for the voltage angles were conducted as,

0, if(m-6)=0
o if(m—6€)=-1v2

AA _ apAB _ 2T
Am€,r~Am€,r_ 37
-2 . _
= if(m—-¢)=-2v1 (25)

under the assignment of phase a = 1, phase b = 2 and phase c = 3.
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Fig. 6. Flow chart of the proposed sequential LV-LSE algorithm.

The operating points (points where the functions are linearized) for
voltage magnitudes were calculated locally for each line segment by
utilizing the available smart meter data to improve SE accuracy. Let’s
assume g number of smart meter voltage measurements (|V;|) were re-
ceived for line segment AB. Then the local operating point for voltage
magnitude |V;| was calculated as,

1 q
Vi~ = IV
9

Assuming the operating points for voltage angles as given by (25)
and voltage magnitudes as given by (26), and applying Taylor series
approximations on (22) and (23), the linearized approximations for the
active (P;%) and reactive ((j,’,?B) power functions for phase-m were ex-
pressed after simplifications as (see Appendix D for the derivation),

(26)

Paf= 3 W (VA - V) = ) IGRWe(8) — ¢))

¢=a,b,c ¢=a,b,c (27)
Q= Y Wlag(IVA - V) = 3 IGPW(¢ — ¢

¢=a,b,c ¢=a,b,c (28)
where,

‘I’P—gm COS(Am? ) + Dy esin(ARE )
r) + bm £COS (Am€ r)

bm,ecos(A? )

=& esm(A
(I)Q - _\PP_gm €Sln(Am€ r)
Wy = Bp=g,, ,c08(An7,) + by esin(Ant )
After linearizing the active and reactive power flow functions

through phase conductors, the measurement function (h(-)) given in
(16) was represented as a linear equation for feeder section AB as,

z=Hx+e 29)
where, z and e have the same meanings as previously described in (16)
and H is the linearized measurement matrix. With the application of

WLS, the estimated state vector X was calculated with the equation
given by,

X = [HTUH)'HTU Y] ¢z (30)

where, U is the diagonal matrix with respective measurement variances
of measuring instruments given by,

U = diag (o, o, 0%, ...,02) (31)

2.3. Overall procedure of LV-LSE algorithm

The proposed sequential LV-LSE algorithm consists of five steps,
which is shown in Fig. 6. It also shows the location of the smart meters
and the type of measurements available to the LV-LSE algorithm for a
selected Monte-Carlo simulation.

STEP: 1 Collect smart meter data and assign pseudo values for un-

known measurements: An LVDG network having single-phase
PV plants and single-phase households were considered for this
study. As mentioned previously, it was assumed that all the PV
plants and about 60% of single-phase customers are connected
to the LVDG through smart meters. The location, phase, and
availability of smart meters of single-phase customers and PV
plants are shown in Fig. 6 and summarized in Table 1. In ad-
dition to the smart meters, three-phase power meters were
distributed among the LVDG as shown in Fig. 6 (denoted by
the triangles).
For the unknown single-phase loads, load pseudo values were
generated by utilizing available active and reactive power
measurements collected from households, PV-plants, and
three-phase power meters. As shown in Fig. 6, the considered
LVDG network was divided into eleven regions
(denoted by R, where r =1, ---,11) for the generation of load
pseudo values. The net power consumption (P Ne[ ) in a parti-
cular region-(R,) for phase-m € a, b, ¢ was calculated from
three-phase power meter measurements by applying the power
balance equation (i.e. Py%, = Power coming into the R, -
Power going out from the R, - Power loss in R,). Then, the load
pseudo values for unknown loads in the region-R, were ran-
domly generated subjected to the constraints,
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Table 1
Detailed description of single-phase loads and PV panels connected to the LVDG
network, and the availability of smart meters at the connection points.
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pseudo __ pNet Y24 load
DI R DI AR I

VieR, VjER, VkeR, (32)
and,

load pseudo load
Pmin < Pm,i < Pmch (33)

where, 3 p. PRS0 is the sum of load pseudo values of phase-

m in region-R,, PR, is the net power consumption of phase-m

in region-R,, Zv; <k, Dy is the total power generated by the PV
plants connected to phase-m in the region-R;, 3, R, P},ﬁ‘}f is
the total power consumption of households with a smart me-
ters connected to phase-m in the region-R, and, P%%¢ and P}%¢
are the maximum and minimum active power consumption
values of a household, respectively. The maximum and
minimum possible values of single-phase loads were obtained
from prior knowledge about the LVDG. In addition, the power
factor values of single-phase households for the considered
network are generally around 0.90. Hence, the power factor
values of known loads were randomly generated between 0.85
and 0.95.

STEP: 2 Backward step: Computation of complex power flows through
the phase conductors: Once the active and reactive power
values of each household and PV plant were known, the
complex power flow (S/8) through each branch was computed
in the backward direction starting from the last branch and
proceeding backwards towards the root node at each step (see
the direction of blue arrows in Fig. 7).

STEP: 3 Forward step: Estimation of voltage states of phase con-
ductors: In this step, the voltage states of all the nodes were
evaluated in sequential manner starting from the secondary
side of the MV-LV transformer and then proceeding towards
the end of network at each step (see the direction of red arrows
in Fig. 7). The sequential nature of the SE algorithm allows to
achieve the requirement of positive measurement redundancy
(n > 0) despite the low availability of smart meter data. Con-
sider the first branch of the MV-LV transformer. Let it be the
line segment AB as shown in Fig. 4. Therefore, the node-A is
equivalent to the secondary side of the transformer. The active
and reactive power flows through phase conductors
(B, Qq, Py, Qp, B, and Q.) are available from step 2. In addi-
tion, the phase voltage magnitudes of node A
(IVA1, V21, and IVA]) are known to the SE algorithm from the
measuring instrument placed at the secondary side of the
transformer. The pseudo values for voltage angles for three-
phases at node-A (¢, ¢, and ¢”*) were assumed to be
0°, —120° and — 240°. Thus, the measurement vector z was
formulated as,

z = [IVAL IV VAL ¢4 8% @4 B Qu Poy Qb By QI (34)

by assuming, no measurements were available from node-B. If
any measurement is taken from the node-B, it should be in-
cluded in (34) to enrich the accuracy and the measurement
redundancy (n) of LV-LSE algorithm. Then, the state vector
Go= VAL g VAL g, VAR o2, V1L @2, VB, ¢f, V81, 81y for  dis-
tribution line-AB was calculated by utilizing Eq. (30). It is
important to note that Eq. (30) can always provide the optimal
solution under the linearized condition when the length of the
measurement vector (z) is equal to or greater than the length
of the state vector (x) at any given time. To ensure the above
condition, the estimated voltage states of the previous branch
will be utilized as pseudo values when formulating the mea-
surement vector for the current branch. For example, when
calculating the state vector for distribution line BC, the voltage
states determined in the previous step of node B
(VB IVEIL VAL @5, ¢2, ¢5) were used as the pseudo-values
for unknown voltage magnitudes and angles in this step, so
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Fig. 7. Calculation routes for the proposed LV-LSE algorithm.

Table 2
Maximum measurement uncertainties of smart meters.

Voltage Active and Reactive Power
Full-Scale Uncertainty Full-Scale Uncertainty
Case I 300 V 0.5% 7 kW 1.0%
Case II 300V 0.5% 7 kW 1.5%
Case III 300V 1.0% 7 kW 1.5%
Case IV 300 V 1.0% 7 kW 2.0%

that a positive measurement redundancy can be guaranteed.
By repeating the process for each proceeding line segment in
the forward direction as shown in Fig. 7 - red arrows, voltage
states of all phase conductors at all nodes were evaluated.

STEP: 4 Forward step: Estimation of current through the neutral
conductor: Next, the complex current flow of each branch for
phase-m € {a, b, ¢} was calculated using,

s [(SaP) (B i)
" \vg ) T v

m m (35)
where, [P is the current flow of phase-m from node-A to node-
B, SpP =P® + jQ2P is the complex power flow of phase-m
from node-A to node-B and V;, is the phase voltage at node A
for phase m. Then, the neutral current flow from node-A to

node-B (I;*¥) was calculated by the relationship,

== 1P

¢=a,b,c (36)

STEP: 5 Forward step: Estimation of voltage states of the neutral
conductor
In most of the LVDGs, the neutral connection is firmly
grounded on the secondary side of the MV-LV transformer.
Therefore, the potential of the neutral conductor is approxi-
mately zero on the secondary side of the MV-LV transformer.
Thus the voltage states of the neutral conductor was de-
termined for each node using the relation given by,

2

¢=a,b,c,n

Vi =Vt e 1P

37

For optimum performance, it is important to follow the calculation
routes defined in Fig. 7 and the steps described above.

2.4. Application of proposed LV-LSE algorithm for three-phase three-wire
systems

The proposed analysis on the assumption that, the neutral conductor
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Fig. 8. Performance of LV-LSE algorithm with Kron’s reduction - Y% (represented by dotted lines and unfilled markers) and with proposed reduction - Y ¢
(represented by solid lines and filled markers) for different measurement uncertainties of smart meters (for the four cases given in Table 2) with transformer loading

(a) AMVME (pu) (b) SDVME (pu) (¢) AMCME (pu) and (d) SDCME (pu).

and its associated state variables are present in all distribution lines.
However, the proposed LV-LSE algorithm can be easily adapted for the
state estimation of three-wire systems with a simple modification.
Three-wire distribution lines can be represented using 3 X 3 ad-
mittance matrices considering self-impedances of phases a, b, and ¢ as
the diagonal elements and the mutual coupling among them as off-di-
agonal elements. Following this model, the admittance matrix
(Yfﬁgh,%wm) of a three-wire distribution line was written as,

10

Yaa
Yba
Yea

Yab e
Yob Ve
Yo Jee

Y;E;Jhﬁ—wire
(38)

where the symbols have the same meanings as defined previously. Since
there is no neutral coupling effect on phase conductors, these ad-
mittance values can be directly utilized in the LV-LSE algorithm without
any further modification. Also, STEP 5 in the LV-LSE algorithm de-
scribed in Section 2.3 can be discarded as there were no neutral voltage
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Table 3

Comparison of performance metrics of the proposed LV-LSE algorithm with
Kron’s reduction and proposed reduction under different voltage, active and
reactive power measurement uncertainties of smart meters (refer Table 2) for
full transformer loading condition.

Case No.  Error Metric Error of LV-LSE algorithm with Percentage
reductionof error
Kron’s Proposed
reduction - Y%¢  reduction - Y ¢

Case I AMVME (pu) 5.35x 1073 3.71 x 1073 30.60%
SDVME (pu)  2.84 x 1073 2.12x 1073 25.45%
AMCME (pu) 272 x 1073 1.22x 1073 55.21%
SDCME (pu)  1.30 x 1073 0.62 x 1073 52.40%

Case II AMVME (pu) 5.35x 1073 3.70 x 1073 30.78%
SDVME (pu)  2.83 x 1073 2.12x 1073 25.12%
AMCME (pu) 273 x 1073 1.23 x 1073 55.13%
SDCME (pu)  1.29 x 1073 0.62 x 1073 51.92%

Case III AMVME (pu) 543 x 10~3 3.93 x 1073 27.71%
SDVME (pu)  3.01 x 1073 2.49 x 1073 17.24%
AMCME (pu) 273 x 1073 1.72x 1073 36.90%
SDCME (pu)  1.32x 1073 0.88 x 1073 33.85%

Case IV AMVME (pu) 543 x 1073 3.93x 1073 27.63%
SDVME (pu)  3.00 x 1073 2.48 x 1073 17.15%
AMCME (pu) 277 x 1073 1.72x 1073 37.87%
SDCME (pu)  1.33x 1073 0.87 x 1073 34.61%

states to be estimated in the three-wire system.
2.5. Ground truth generation and performance metrics

2.5.1. Ground truth generation

A Monte Carlo based simulation scheme for the proposed LV-LSE
was implemented on the Matlab-OpenDSS hybrid environment. Under
the Monte Carlo implementation, load power values, load power factor
values, capacities of PV plants and the location of smart meters were
randomly assigned for each simulation run. Next, a load flow analysis
was performed on the LV network shown in Fig. 1, and the corre-
sponding voltage and current values (magnitudes and angles) were used
as the ground truth for the SE algorithm.

2.5.2. Performance metrics
The following performance metrics were used to analyze the per-
formance of the proposed LV-LSE algorithm.

1. Average Maximum Voltage Magnitude Error - AMVME (pu)

MC
AMVME = ||IAVIIZ8 = % max

~i i
15j< VJ B VJ pu
-1 1SNy

(39

2. Standard Deviation of Voltage Magnitude Error - SDVME (pu)

avg
[Ny ?

| ~i .
e VZ Vi Vi
MC

i=1

SDVME = | AV =

VN
: (40)

3. Average Maximum Current Magnitude Error - AMCME (pu)

11
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avg MC

AMcME = |a1| = -2 max |1/ - 1| pu
- MC i1 1< 41
4. Standard Deviation of Current Magnitude Error - SDCME (pu)
avg
i L — .
MC VZ Ij = I
j=1
SDCME = || AI =— 3 “———pu
MC im1 ]\Jm
2 (42)

where, MC is the number of Monte Carlo simulation performed for each
case (MC = 500), Ny, is the total number of voltage states in the net-
work (Njy;= 63 nodes x 4 [voltage states/node] = 252 voltage states),
17; is the estimated voltage magnitude (pu) of j-th state variable at the
i-th Monte Carlo simulation, V} is the true voltage magnitude of the j-th
state variable at the ;’—th Monte Carlo simulation (obtained from the
load flow analysis), T ; is the estimated current magnitude (pu) of j-th
branch current at the i-th Monte Carlo simulation, I J‘ is the true current
magnitude (pu) of the j-th branch current at the i-th Monte Carlo si-
mulation (obtained from the load flow analysis), and Ny is the total
number of branch currents (including the neutral current flows) in the
network (Nj; = 62 feeder sections X 4 [current states/feeder section] =
248 current states).

3. Results and discussion

The network shown in Fig. 1 was used to implement the proposed
LV-LSE algorithm. The network consists of 92 households and 19
rooftop PV plants, with a total installed PV capacity of approximately
60 kW. The capacity of loads and rooftop PV plants for each simulation
were randomly assigned. For the simulations, about 60% of households
and all the rooftop PV plants were assumed to be connected to the
LVDG through smart meters. In addition, there is a measuring device at
the secondary side of the MV-LV transformer to measure aggregated
power flows into the LVDG and node voltages. For this network, it was
assumed that P/ = 0.2 kW and P/% = 7 kW,

The performance of the proposed LV-LSE algorithm was analyzed
under three scenarios: (A) for different measurement uncertainties of
smart meters (B) for different scales of the original network and (C) for
different data loss conditions of smart meter data.

3.1. Performance under different measurement uncertainties of smart
meters

Smart meters with various precision levels are currently available in
the market to measure voltage, current, active and reactive power
flows. High-performance smart meters measure these voltages, cur-
rents, and power levels with great accuracy and do not require ad-
vanced SE algorithms to determine the true states of the network.
However, high-accuracy smart meters are expensive and are not eco-
nomical for large-scale deployment. In contrast, low-accuracy smart
meters are cheaper to use in LVDGs, however they add some un-
certainty to the original measurement. This allows more burden on SE
algorithms to accurately estimate the actual states of the network. In
this case study, the influence of smart meter measurement uncertainty
on the accuracy of the proposed LV-LSE algorithm was explored. The
measured voltage magnitudes, active and reactive power values (Zeqs)
for the LV-LSE algorithm were calculated using,
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Fig. 9. Performance of LV-LSE algorithm with Kron’s reduction - Y% (represented by dotted lines and unfilled markers) and with proposed reduction - Y ¢
(represented by solid lines and filled markers) for different scales of the original network (L = 0.5 X Ly, L = 1.0 X Ly, and L = 1.5 X L,) with transformer loading. (a)
AMVME (b) SDVME (c) AMCME (d) SDCME.

Zmeas = Zirue + FS-N (0, UP,Q,\VD

(43)

where, Z;,. is the true value of the measurement which was obtained
from the load-flow analysis, FS is the full-scale meter reading related to
each type of measurement, and opq v is the standard measurement
uncertainty related to the each type of measurement, which was de-
termined from dividing the maximum measurement error values given

12

in Table 2 by 1.96 to ensure 95% of confidence level, and N (0, op o, v|)
is the normally distributed random variable with zero mean and a7 ¢ 1,
variance.

The performance of the proposed LV-LSE algorithm was analyzed
for both Kron’s reduction and the proposed reduction method under
different measurement uncertainties of smart meters (as listed in
Table 2) with transformer loading from 10% to 100% as shown in
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Table 4

Comparison of performance metrics of the proposed LV-LSE algorithm with
Kron’s reduction and proposed reduction under different scales of line lengths
of the network (L = 0.5 X Ly, L = 1.0 X Lo and L = 1.5 X L) shown in Fig. 1 for
full transformer loading condition

Case Error Metric Error of LV-LSE algorithm with Percentage
reductionof
Kron’s Proposed error
reduction - reduction -
yabe yabe
L=05xLy AMVME (pu) 3.79x 103 2.55 x 1073 32.73%
SDVME (pu)  1.86 x 1073 1.29 x 1073 30.99%
AMCME (pu) 1,97 x 1073 0.57 x 1073 77.66%
SDCME (pu)  0.86 x 1073 0.27 x 1073 68.66%
L=10xLy AMVME (pu) 521 x 103 3.60 x 1073 30.85%
SDVME (pu) 2,57 x 1073 1.79 x 1073 30.28%
AMCME (pu) 267 x 103 0.65 x 1073 75.56%
SDCME (pu) 1,18 x 1073 0.31 x 1073 73.71%
L=15xLy AMVME (pu) 622x 103 4,28 x 1073 31.17%
SDVME (pu)  3.05x 1073 2.10 x 1073 31.16%
AMCME (pu) 3,07 x 103 0.77 x 1073 74.80%
SDCME (pu)  1.36 x 1073 0.37 x 1073 72.98%

Fig. 8. For each of the cases, the performance metrics given in Section
2.5.2 were calculated by performing Monte Carlo simulations.

From the results shown in Fig. 8, the proposed LV-LSE algorithm
with the proposed reduction method outperforms the proposed LV-LSE
algorithm with Kron’s reduction for all of the uncertainty cases. For
example, let us consider the case I where voltage uncertainty of 0.5%
and active and reactive power uncertainty of 1.0%. The variation of the
performance metrics of the LV-LSE algorithm with Kron’s reduction and
proposed reduction method against the transformer loading is shown
using dotted red lines with unfilled markers and continuous red lines
with filled markers, respectively. As can be noted from Fig. 8 - (a), (b),
(c¢) and (d), all the error metrics (AMVME, SDVME, AMCME, and
SDCME) gradually increase with transformer loading; however the
error values of the proposed LV-LSE algorithm with the proposed re-
duction method is always considerably small as compared to LV-LSE
algorithm with Kron’s reduction.

It can also be observed that, the accuracy of the SE algorithm is
more sensitive to the uncertainties in voltage measurements than to
uncertainties in active and reactive power measurements. This phe-
nomenon can be distinguished by comparing the variation of the error
metrics for the cases [ and II with cases III and IV. In cases I (Fig. 8 - red
lines) and II (Fig. 8 - black lines), when only the uncertainty of active
and reactive power measurements are different; however, the variation
of the error metrics almost coincide with each other throughout all the
transformer loading conditions. In contrast, when considering cases II
(Fig. 8 - black lines) and III (Fig. 8- blue lines), when only the un-
certainty of voltage measurements is different (voltage uncertainty of
case III is higher than the voltage uncertainty of case II), leading to a
significant increase in error metrics in case III compared to case II

A comparison of the error metrics (AMVME, SDVME, AMCME, and
SDCME) under full transformer loading conditions for each of the un-
certainty cases are listed in Table 3 for LV-LSE algorithm with proposed
reduction and LV-LSE algorithm with Kron’s reduction.

3.2. Performance under different line lengths

In this case study, the performance metrics of the proposed LV-LSE
algorithm were analyzed for different scales of line lengths of the ori-
ginal LVDG shown in Fig. 1, assuming all smart meters have voltage
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uncertainty of 0.5% and power uncertainty of 1% (case I in the previous
case study).

In general, most LVDGs have a total length of about 2 km. The total
length of the network shown in Fig. 1 is about 1.3 km. Therefore, there
is a possibility of expanding the original network by a factor of 2 km/
1.3 km = 1.5 in maximum. Thus, the performance metrics for LV-LSE
were calculated for two different scales of original line lengths (i.e., 0.5
and 1.5) for Kron’s reduction and proposed reduction methods, as
shown in Fig. 9. The results shown in Fig. 9 revealed that the perfor-
mance metrics are sensitive to the variation of line length of the net-
work.

From the results shown in Fig. 9, the proposed LV-LSE algorithm
with the proposed reduction method performs better as compared to
the proposed LV-LSE algorithm with Kron’s reduction for all of the
uncertainty cases. Besides, as we observed in the previous case study,
the use of the proposed reduction method in the LV-LSE algorithm
(represented by continuous lines with filled markers) resulted in the
degradation of all error metrics as compared to the use of Kron’s re-
duction (represented by dotted lines with unfilled markers). In order to
highlight this observation, a comparison of the error metrics (AMVME,
SDVME, AMCME, and SDCME) under full transformer loading condi-
tions for different scales of the original network is listed in Table 4 for
LV-LSE algorithm with proposed reduction and LV-LSE algorithm with
Kron’s reduction.

3.3. Performance under different data loss conditions

As discussed earlier, it was assumed that about 60% of households
in the network shown in Fig. 1 are equipped with smart meters.
Moreover, pseudo values for unknown measurements were assigned as
give by the Eq. (32) and (33) to obtain a positive measurement re-
dundancy.

Various communication technologies have been developed to
transmit smart meter data to EMS (or DSOs). The most common tech-
nique is to use the Wide Area Network (WAN). However, not all of these
communication techniques are 100% reliable and are subject to data
loss. Therefore, this section analyzed and presented the performance of
LV-LSE under data loss conditions.

It is essential to mention the underlying meaning behind the com-
munication/transmission data loss. For example, “5% data loss” implies
that 5% of the voltage, active, and reactive power measurements, which
are previously known to the SE algorithm (from the installed smart
meters), are now unknown due to losses in the communication network.
Therefore, for the vacated measurements, pseudo values were assigned
in the same manner as described in Section 2.3.

Fig. 10 depicts the variation of error metrics with transformer
loading for different data loss conditions from 0% to 25% in steps of 5%
for the LV-LSE algorithm with Kron’s reduction and with the proposed
reduction. According to the figures, voltage and current magnitude
errors of the LV-LSE algorithm gradually increase with the data loss, as
expected. Also, it is clear that the values of error metrics are con-
siderably low for the LV-LSE algorithm with the proposed reduction
method (illustrated in continuous lines filled markers in Fig. 10) as
compared to the LV-LSE with Kron’s reduction (illustrated in dotted
lines an unfilled markers in Fig. 10). Moreover, the comparison of error
metrics under the full transformer loading condition for the LV-LSE
algorithm with Kron’s reduction and LV-LSE algorithm with the pro-
posed reduction method is given in Table 5.

3.4. Computational performance of the LV-LSE algorithm
The proposed LV-LSE algorithm was written on Matlab® (version:

R2016a) - Open DSS (version: 8.4.1.1) hybrid environment. When this
algorithm was executed on a processor with Intel Core i7-7700HQ with
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Fig. 10. Performance of LV-LSE algorithm with Kron’s reduction - Y%¢ (represented by dotted lines and unfilled markers) and with proposed method - Y%* (re-
presented by solid lines and filled markers) under different data loss conditions (0 %, 5 %, 10%, 15%, 20%, and 25%) with transformer loading. (a) AMVME (b)

SDVME (c) AMCME (d) SDCME.

32 GB RAM running at 2.8 GHz, the average value of time to process the
LV-LSE was 0.0928 s. When implemented on a regular low-cost pro-
cessor unit with Intel Core i5-8250U and an 8 GB RAM running at
2.53 GHz, the average execution time was 0.1022 s. Moreover, the
number of Floating-Point Operations (FLOPS) of the proposed LV-LSE
algorithm was calculated to be 16368, using a Matlab® program de-
veloped by Hang Qian [45]. The average execution time of the iterative

14

WLS SE was recorded as 1.0340 s (on the processor with Intel Core i7-
7700HQ) which exceeds the average execution time of the proposed
LV-LSE algorithm (0.0928 s). Hence, the proposed LV-LSE algorithm is
computationally efficient when compared to the iterative WLS SE al-
gorithm.
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Table 5

Comparison of performance metrics of the proposed LV-LSE algorithm with
Kron’s reduction and proposed reduction under different data loss conditions of
the network (0%, 5%, 10%, 15%, 20%, and 25%) shown in Fig. 1 for full
transformer loading condition

Percentage Error Metric Error of LV-LSE algorithm with Percentage
DataLoss reduction of
Kron’s reduction Proposed error
reduction
0% AMVME (pu) 3.81 x 1073 3.61 x 1073 05.09%
SDVME (pu)  2.01 x 1073 1.79 x 1073 11.24%
AMCME (pu) 2,73 x 1073 0.63 x 1073 77.08%
SDCME (pu)  1.12x 1073 0.29 x 1073 74.31%
5% AMVME (pu) 4,07 x 103 3.64 x 1073 10.49%
SDVME (pu) 2,11 x 1073 1.81 x 1073 14.27%
AMCME (pu) 2,96 x 1073 0.88 x 1073 70.25%
SDCME (pu)  1.23x 103 0.41 x 1073 66.76%
10% AMVME (pu) 4,55 x 1073 3.79 x 1073 16.75%
SDVME (pu)  2.31 x 1073 1.90 x 1073 11.75%
AMCME (puw) 316 x 1073 1.17 x 1073 62.97%
SDCME (pu)  1.34x 1073 0.53 x 1073 60.33%
15% AMVME (pu) 4,94 x 1073 3.98 x 1073 19.54%
SDVME (pu) 2,48 x 1073 1.97 x 1073 20.45%
AMCME (puw)  3.40 x 1073 1.47 x 1073 56.81%
SDCME (pu)  1.46 x 103 0.66 x 1073 54.45%
20% AMVME (pu) 536 x 1073 4.10x 1073 23.56%
SDVME (pu) 2,63 x 1073 2.02 x 1073 23.14%
AMCME (pu) 3.48 x 1073 1.61 x 1073 53.78%
SDCME (pu)  1.51 x 1073 0.72 x 1073 52.30%
25% AMVME (pu) 5,68 x 1073 4.32x 1073 23.91%
SDVME (pu)  2.80 x 1073 2.12x 1073 24.17%
AMCME (pu)  3.48 x 1073 1.81 x 1073 49.96%
SDCME (pu)  1.59 x 103 0.81 x 1073 48.90%

4. Conclusion

This work outlines a complete state estimation algorithm, developed
to estimate and monitor the overall states of the low voltage distribu-
tion network under high PV penetration. The proposed algorithm per-
forms accurately, even under severely unbalanced conditions. The

Appendix A. Details of the residential network
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proposed LV-LSE algorithm has been simulated on a typical unbalanced
residential network that consists of 92 single-phase and three-phase
loads, and 19 rooftop PV plants.

The proposed LV-LSE algorithm uses a novel method for simplifying
the 4 X 4 admittance matrix of the three-phase four-wire feeder line
into a 3 X 3 admittance matrix, while incorporating the effect of the
neutral states on phase conductor states. The LV-LSE algorithm devel-
oped based on this simplified feeder model and the Taylor series ap-
proximations of active and reactive power functions, was able to pro-
vide accurate and fast results even under low availability of smart meter
data on the network.

Above all, the proposed LV-LSE algorithm has been validated on an
OpenDSS-Matlab hybrid simulation environment for three different
practical scenarios, namely for different measurement uncertainties of
smart meters, different scales of feeder lengths and different measure-
ment data loss conditions. Results of these case studies reveal that the
proposed state estimation algorithm has been able to estimate voltage
states with the average maximum voltage error of 4.48 X 10~* pu and
average voltage error of about 2.54 x 10~ pu, under 1% measurement
uncertainty for voltage measurements and 0.5% measurement un-
certainty for power measurements at 100% transformer loading and 60%
availability of smart meters. As the average value of time to process the
LV-LSE is approximately 0.1 s, a commonly available smart meter with
accuracy type 1% and sampling rate 1 s is adequate to implement the
proposed LV-LSE.

Moreover, it has been observed that the accuracy of the state esti-
mation algorithm can be improved by increasing the number of mea-
suring nodes in the distribution system’s infrastructure. The estimation
of the optimum number of instruments required and optimal placement
of measuring nodes will be explored as future work.

Declaration of Competing Interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influ-
ence the work reported in this paper.

Acknowledgment

We would like to acknowledge the financial support provided by the
National Science Foundation (NSF), Sri Lanka (Research Grant No: RG/
2018/EA & ICT/01).

Details of the residential network used for the analysis is given in Table A.6.

Table A.6

Details of the LVDG network shown in Fig.

1

Property

Description

Distribution transformer specifications
Distribution transformer vector group
Transformer earthing type

No. of distribution feeders

Number of customers

Number of rooftop PV systems

Total installed PV capacity

Total length of the network

Medium of electricity distribution

11 kV/415 V, 400 kVA
Dyl1
Solid-earthed neutral
4
94 (single phase)

18 (single phase)

93.4 kW
1.3 km
Overhead cable, type ABC-70
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Appendix B. Technical information of the overhead line in the residential network
The technical information of the overhead cables used in the LVDG network is given in Table B.7.
Table B.7

Technical information of the overhead line (ABC-70) used in LVDG network
shown in Fig. 1

Property Value/ (units)
Nominal area of the phase conductors 70 mm?
Nominal area of the neutral conductor 1 54.6 mm?
Insulation material XLPE
Conductor shape Circular
DC resistance of phase conductors 0.443 Q/km
DC resistance of neutral conductor 0.630 Q/km
Insulation thickness of phase conductors 1.8 mm
Insulation thickness of neutral conductor 1.6 mm

Appendix C. Derivation of non-linear active (PA%) and reactive power (Q/A%) flow functions

SaE=1val gt ] [(gm€+j5m€)(|vg‘|Azp;*—wfuzpf)]J

¢=a,b,c (C]-)
B= Vil 2t D (e WA 2 = 8y WP 288 + jbe IV 20 = jBe WV 2T
¢=a,b,c (C2)
SaB = WVl 22 D7 [Ge WA 2 = W = 8 WV 2 = 9P — jbyme VA 2 = Y + jbye VP 2 — 9F]
¢=a,b,c (C.S)
Using the notations given in (21), the above equation was simplified as,
5= v Z [Ge VA& 28922 — 8,0, WP LAY = jBye WAL 2022 + jByp (VP 2097P
¢=a,b,c (C.4)
Let us separate the above equation to it’s real and imaginary components as,
SAE =AY (VA G cospd by sinad] — IVE1[G,,-cospbtbye-sinaZ]}
¢=a,b,c
+j VA Z {IVAg,,,-Sinid—Dpe-cospa] — IVEI[G,,,-Singb+Dbye-cosis]}
¢=a,b,c (CS)

The real part of (C.5) gives the active power flow through phase-m € {a, b, ¢, } between busbars A and B (P25) as,

PAB = V4| Z {IVAI[gM COSHA4+-Dpp-singid] — IVBI[gM COSiaE+bpe-siniab]}
¢=a,b,c (C6)

The imaginary part of (C.5) gives the reactive power flow through phase-m € {a, b, c, } between bus-bars A and B (Q2%) as,
QP =1Vl Yo VARG, st —bye-cospms] — IVEI[G,p-singi+bye-cospme]}
¢=a,b,c (C.7)

Appendix D. Derivation of linearized active (P *) and reactive power (Q,®) flow functions

Let us consider the non-linear active power function (P,A%) for phase-me {a, b, c} given by,

PAB = V4| Z {IVA (80 COSA4+Dye-siniis] — (VB (80 COSAB+Bpe-siniab]}
€=a,b,c (D].)

The nonlinear sin(-) and cos(-) functions were substituted with their Taylor series approximations (24) as,

PP =1Vl Y {IVAIg,,(cos(AgAt) — sin(ag)- Ay
¢=a,b,c

+ bpe- (sm(Al,b )+ COS(AI,D o2 Al,b )
- VA [gm€~(cos(A1p b) - sm(A - A"
+ by (sin(AY2) + COS(AIP o)-ApAR 1} (D.2)

It was assumed that Ay, € .~ Ap2P because the distance between two adjacent basbars in LVDGs are very small as compared to MVDGs (see Fig. 1).
With this assumption, above equation was rewritten as,
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Pp® =1t D) {IVAIG,,(cos(AgP) — sin(Agl)-Agat
£=a,b,c

+ by (sin(Ay2) + cos(Ay2)-AgM)]
— VP18, (cos(Agl) — sin(Aag2)-Ag P
+ by (sin(Ay2) + cos(Ayn2)-AgaP 1} (D.3)

Eq. (D.3) was rearranged as,

PAE = 1VAL DT {(@necos(APAE) + Besin(ApAE))-(IVA — IVED)
¢=a,b,c

+ (=g SIN(AYE) + becos(ApP))-(IVA- At — VA AP} (D.4)
The local operating points for the voltage magnitudes were assigned (as given in (26)) to (D.4) as,

Pp® =Gl 30 {@uecos(A’) + Bresin(Ag"))-(IVA — V71
¢=a,b,c

+ (=8 SIN(AYRE) + becos(AP))-(IVI-Agnt — IVI-AgP)} (D.5)
Eq. (D.5) was simplified as,

Pp® = ) {IV(g,cos(A%AR) + Besin(AgAE))-(1VA — VP

¢=a,b,c
+ VP (=8eSIn(A%1) + binecos(Ayy2))-(Ag — AYrP)} (D.6)
As previously defined in (21), it is known that Ap?* = 4 — 9 and A5 = y4 — 3P, Therefore, ApA* — ApAE = —(y* — ¢P). By substituting this

to (C.5), the linearized active power function for phase-m (P,2f)was obtained as,

PP = 3 {IVI(g,cos(A%E) + byesin(AgA2))-(IVA — V1)

¢=a,b,c
— VP (=gpeSIN(AYE) + bmecos(AihiP))-(3 — 9P} (D.7)
Similarly, the linearized reactive power function for phase-m (G,QB )was obtained as,
i’ = D UVI@sin(ay)) — bpecos(Ai))-(IVA = VA1)

¢=a,b,c
— IV, +(8,,,c08(AYAR) + Byesin(AYE))-(9 — 9P} (D.8)

Appendix E. Supplementary material
Supplementary data associated with this article can be found, in the online version, at https://doi.org/10.1016/j.ijjepes.2020.106332.
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Nomenclature

Hyy' Highest unbalance region in the network

i Index of i-th PV configuration vector

j Incremental counter (index) for D-Chemotaxis step
JL Cumulative cost of i-th PV configuration vector
Jlast Best cost recorded

J(i,j,k,1) Cost of i-th PV configuration vector at j-th D-Chemotaxis
step, k-th D-Reproduction step and 1-th D-Elimination
Dispersal step

J(x) Penalized objective function

k Incremental counter (index) for D-Reproduction step

' Radius of the highest unbalance region

kr Number of phase combinations having smallest active
power mismatch

l Incremental counter (index) for D-Elimination Dispersal
step

nyur,,  Busbar with the highest voltage unbalance

N Total number of busbars in the network

N, Number of D-Chemotaxis steps

Npy Number of grid-connected PV systems in the network

N; Maximum number of random phase changing steps
performed

Nre Number of D-Reproduction steps

Py D-Elimination Dispersal probability

r Incremental counter (index) for the random phase
changing step

RN! A random number between 0 and 1

S Number of PV configuration initializers

VUF Mean voltage unbalance factor

VUFpae Specified maximum unbalance level

VUF, Voltage unbalance factor at n-th busbar

Vinax Specified maximum phase voltage magnitude

Vinin Specified minimum phase voltage magnitude

vV, Negative sequence voltage component at n-th busbar

v, Positive sequence voltage component at n-th busbar

Ve Voltage magnitude of phase-a at n-th busbar

%4 Voltage magnitude of phase-b at n-th busbar

Ve Voltage magnitude of phase-c at n-th busbar

x PV configuration vector

Xm m-th element of the PV configuration vector

x'(j,k,1) i-th PV configuration vector at j-th D-Chemotaxis step, k-th
D-Reproduction step and I-th D-Elimination Dispersal step

Zaben Impedance matrix for the overhead cable

Hys Penalty function for voltage magnitude of phase-a

Hyp Penalty function for voltage magnitude of phase-b

Hye Penalty function for voltage magnitude of phase-c

Hyur, Penalty function for voltage unbalance

1. Introduction

With the de-carbonization agenda of many countries, the integration
of renewable energy sources (RES) such as solar and wind energy into
the power system has increased considerably. Among these RES,
photovoltaic solar energy (PV) is one of the fastest-growing renewable
energy sources with an annual growth rate of 35 to 40% [1]. At the end
of 2019, the global cumulative solar energy capacity stood at 580 GW.
These installations come in three forms: ground-mounted PV (GPV)
[2,3], floating PV (FPV) [4,5], and rooftop PV [6,7]. As GPV and FPV use
dedicated feeders for connection to the network, there is no local impact
on the network, whereas the random installation of small-size rooftop
PV systems in LV networks causes a voltage unbalance. The unbalance in
the phase voltages and the resulting flow of large neutral currents can
increase the distribution and transformer losses due to overheating and
can overload the neutral conductor [8,9]. Due to these consequences of
voltage unbalance, utility providers limit the usable PV capacity that
they can accommodate for LV networks [10-12]. Therefore, an effective
solution is needed to improve the future integration of solar PV sources
into LV networks. How to effectively reduce the unbalance is a long-
standing question, and much effort has been devoted to answering this
question in the past decade.

Table 1 summarizes the various approaches proposed in the litera-
ture in order to minimize network unbalance along with their advan-
tages and limitations. As can be seen from Table 1, these techniques can
be mainly divided into two categories [13]. The first category mitigates
the network unbalance by using neutral current compensation devices
such as passive harmonic filters and specially designed active power
filters. The second category is based on distribution network reconfi-
guration techniques and can be divided into two: distribution feeder
reconfiguration (DFR) and phase balancing. It is important to note that
both DFR and phase balancing techniques use non-linear, non-differ-
entiable, highly combinatorial, and constrained optimization algorithms
to find the optimal solution [14].

The neutral current compensation devices do not mitigate the
network imbalance, but they filter excess neutral current flowing
through the neutral conductor. In [15], a synchronous machine has been

used to filter out all the zero-sequence harmonic currents of the neutral.
Apart from the synchronous machines, different transformer topologies
have also been analyzed by the researches to compensate neutral cur-
rent. Commonly used topologies to reduce the neutral current are a zig-
zag transformer [16], a star-delta transformer [17], T-connected trans-
former [18] and, star-hexagon transformer constructed from three
single-phase three-winding transformers [19]. Nowadays, power-
electronic-based compensators such as H-bridge shunt Active Power
Filter (APF) [20], capacitor midpoint APF [21], and three-phase four-
wire four-leg APF [22], and Dynamic Voltage Restorer (DVR) [23] have
also been used to overcome neutral current and other power quality
problems. However, all of the aforementioned methods reduce only the
neutral current but cannot reduce total power loss, voltage, or current
unbalance. Hence, many researchers have used DFR techniques to
mitigate system-level unbalance and power losses.

The DFR technique optimizes the open or closed status of section-
alizing switches and tie switches to transfer the loads from overloaded
feeders to the lightly loaded feeders in order to minimize desired
objective functions (e.g., voltage unbalance, load unbalance, power loss,
etc.) [24]. Many researchers have used different optimization tech-
niques to identify the optimum states of the sectionalizing and/or tie
switches. In [25], a heuristic search methodology has been utilized for
the feeder reconfiguration problem. In [26], Ant Colony Optimization
(ACO) along with Graph Theory has been used to determine the opti-
mum status while maintaining the system radiality. In [27], a method to
convert distribution network reconfiguration problem into a spanning
tree of the graph is proposed, then an improved ACO algorithm is uti-
lized to solve the reconfiguration problem. In [28], the genetic algo-
rithm (GA) is utilized for the reconfiguration problem using a composite
multi-objective function of power loss saving, voltage profile, voltage
unbalance and current unbalance of the system. In [29], a multi-
objective evolution programming method with adapted weight calcu-
lation is applied in order to overcome the weakness of the traditional
GAs [30,31]. In [32], a combined optimization technique has been
developed with heuristic rules and fuzzy logic for efficiency and robust
performance. A hybrid optimization algorithm based on fuzzy logic and
Bees algorithm is also used in reconfiguration and multiple DG
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Advantages

Limitations

Table 1
Summary of available techniques to mitigate network unbalances from the literature.
Category Technique Examples
Neutral current Passive filters and Synchronous machines as filters [15]
compensating transformers
devices

T connected transformer [18]

Star-hexagon transformer [19]

Star-Delta transformer [17]

Zig-zag transformer [16]

Active power filters H-bridge shunt APF [20]

Three-phase four-wire capacitor midpoint APF [21]

Three-phase, four-wire, four-leg APF [22]

Distribution network Distribution feeder [24,25,26,27,28,29,30,31,32,33,34,35,36,37,38,39,40]
reconfiguration reconfiguration
techniques

Phase balancing (load ~ [41,42,43,44,45,46]
re-sequencing and

load re-phasing)

Not require any additional
controller

Synchronous machine can be
operated as a synchronous
condenser (to reactive power
control) and/or motor or
generator.

Neutral current can be
compensated to a large extent
Can reduce the zero-sequence
harmonic current to a large
extent

Neutral current can be reduced
to a large extent

Neutral current can be reduced
to a large extent

Control can be done either as a
three-phase unit or three sepa-
rate single-phase units

Ability to reduce power quality
problems

Compensate not only the
neutral current but also the
harmonics from loads

Most suitable for compensation
of high neutral currents

Better controllability

Lower DC voltage requirement

Minimize load imbalance
Loss reduction

Congestion management
Increased hosting capacity in

Compensation characteristic
depends on the zeros sequence
impedance of the synchronous
machine

High initial and maintenance
cost

Bulky

Compensation characteristics
are depending on the
impedance of the transformer,
location, and source voltage

Neutral voltage variations
may lead to abnormal
operation of the load side.
Increased number of
switching devices

Voltage unbalance between
the capacitors

Difficulty in controlling the
four-leg inverter

Only mitigate the system level
unbalance and cannot
mitigate the phase level
unbalance

normal conditions

Capability to isolate fault areas
by maintaining continuity of
power supply to non-faulted
areas

Ability to minimize phase level
unbalance

A large number of re-phasing
switches need to be installed
Require complex optimization
techniques to find optimal
phase combination for load
switches

placement [33]. In addition, a Colored Petri nets (CPN) inference
mechanism-based distribution feeder load balancing technique has been
proposed in [34]. An improved version of an aforementioned CPN
optimization algorithm is proposed in [35]. Recently, an enhanced
second-order cone programming (SOCP)-based method for load
balancing using multi-terminal soft open points (SOP) has been pro-
posed in [36]. An improved version of the aforementioned algorithm has
been proposed in [37] which allocates SOPs and DG units simulta-
neously with and without network reconfiguration. In [38], a dynamic
distribution network reconfiguration approach is proposed in the
context of the active distribution network (ADN) under high penetration
of distributed generations. In [39], an optimal network reconfiguration
technique is formulated as a multi-objective stochastic mixed-integer
linear programming (S-MILP) model. In [40], a new technique based
on Bacterial Foraging with Spiral Dynamic (BF-SD) is applied for
simultaneous optimization of re-phasing, reconfiguration, and DG
placement. Although the aforementioned DFR techniques can only
mitigate unbalance at the system level it cannot mitigate phase unbal-
ance at the feeder level [13]. Hence, phase balancing techniques have
been proposed to mitigate feeder level unbalance.

The phase balancing technique can be implemented in two ways: (1)
load re-sequencing and (2) load re-phasing. In the load re-sequencing
technique, the phase sequence at each busbar is re-sequenced to their
optimal combination. To avoid any reverse operation of inductive loads,

the positive and negative phase sequences are only taken into account
[41]. In the load re-phasing technique, the loads from the overloaded
phases are transferred to the lightly loaded phases by analyzing the
current or power difference between the phases. To identify the opti-
mum phase sequence for the three-phase loads and optimum phase
combination for the single-phase loads, different optimization tech-
niques have been proposed. In [42], a mixed-integer programming
formulation for phase balancing optimization has been proposed. In
[43], Simulated Annealing (SA) has been introduced as an effective
method to solve the phase balancing problem while paying attention to
the non-linear effects such as voltage drops and energy losses. In [44], an
application program is developed which contains a function of load flow
and phase balancing of feeders with phase re-phasing. In [45], A fuzzy
logic-based phase balancing approach along with an optimization ori-
ented expert system has been proposed for LVDGs. An advanced version
of the aforementioned algorithm has been proposed in [46] in which the
algorithm is extended for both radial and meshed distribution networks
in the presence of unbalanced loads. In [47,48], the economic feasibility
of the phase balancing approach to mitigate network unbalance has
been analyzed under the presence of plug-in battery electric vehicles
changing and distributed energy storage systems. However, all of these
phase balancing techniques have been tested on small LV networks with
a few loads and have not been implemented in large LV networks due to
the high computational time they use to identify the optimum solution.
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Fig. 1. (a) Thyristor switch, (b) Inverter arrangement.

Also, the aforementioned unbalance mitigation techniques raise many
concerns when they implemented in practical networks such as:

e high initial cost due to the fact that load switches need to be installed
between the phases, at each end of the client [13],

o several other indirect costs such as the cost of customer interruption,
the cost of customer reliability, etc. [47], and

e possible harm or damage to the customer equipment at the time of re-
phasing.

Considering the above limitations of load re-phasing, in this paper, a
PV re-phasing technique is proposed that only relies on the rooftop solar
systems to minimize the network unbalance. Therefore, the re-phasing
switches need to be installed only at the connection point of each
rooftop solar system and require much fewer re-phasing switches per
network as compared to load/feeder re-phasing techniques. Due to this
low capital requirement for the implementation of the proposed PV re-
phasing technique, it is ideal for the large-scale deployment in LV net-
works to minimize the network unbalance. Also, the proposed PV re-
phasing technique has no impact on supply reliability and requires
minimum or no customer interruption. Therefore, the proposed PV re-
phasing technique is a more economical and effective way to mini-
mize the network unbalance, and thereby facilitate to improve the
integration of clean and renewable solar energy into the LV networks.
The main contributions of this paper are listed as follows:

e A novel strategy to minimize unbalance in LV networks based on
automatic re-phasing of grid-connected rooftop PV systems. The
grid-connected rooftop solar systems are periodically re-phased to
their optimal phase combination at pre-selected time intervals to
minimize the system unbalance. The proposed PV re-phasing tech-
nique can maintain the voltage unbalance well below the 1%
threshold line while simultaneously maintaining the phase voltages
within their acceptable limits. This will help utility providers to
allow more rooftop solar systems into the network without bothering
about network unbalance. The case studies demonstrate that the
proposed PV re-phasing strategy can improve the usable PV capacity
of the considered network by 77%.

e A PV rephasing switch is proposed to perform automatic rephasing
of grid-connected single-phase PV systems. Since the re-phasing
switch only re-phases rooftop PV systems, not the loads or the
feeders, it will not have any impact on supply reliability.

Additionally, no customer interruption is required at the time of PV
re-phasing.

e A discrete bacterial foraging optimization algorithm (DBFOA) was
introduced to determine the optimal phase combination of grid-
connected single-phase PV systems. The proposed DBFOA im-
proves upon the classical BFOA by modifying the principal mecha-
nisms of the classical method to specifically catered to the PV re-
phasing problem, thereby increasing both convergence speed and
accuracy. The proposed bacterial foraging optimization algorithm
determines the optimal phase combination for rooftop PV systems
such that it will minimize the violations of voltage unbalance and
phase voltage magnitudes.

The rest of the paper is organized as follows. Section 2 describes the
structure of the proposed re-phasing switch and the overall operating
mechanism of the PV re-phasing technique. Section 3 formulates the PV
re-phasing problem. Section 4 describes the principal mechanisms of the
proposed bacterial foraging optimization algorithm and the imple-
mentation details (i.e. the flow chart and the pseudo-code), as well as the
simulation results, are given in Section 5. Finally, Section 6 presents our
conclusions and future work.

2. PV re-phasing arrangement

In this section, the structure of the re-phasing switch and the oper-
ating mechanism of automatic PV re-phasing in LV distribution grids are
explained.

2.1. Structure of the PV re-phasing switch

Fig. 1(a) shows a schematic of a PV rephasing switch that can be
connected to the output of the single-phase inverter. As can be seen,
switching between phases can be achieved by blocking the already
conducting pair of thyristors (or trial) and turning the pair of thyristors
that are connected to the phase to which output should be connected. In
order to avoid any circulating current between phases, a dead band
should be introduced between the blocking signal and the turning on
signal. However, this will eventually course the PV inverter to take the
start-up mode, thus, introducing an interruption of a few minutes (less
than 3 min). This configuration is widely used for ac switching appli-
cations and its operation can be found in standard textbooks [49]. The
thyristors used for this configuration should be able to continuously
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Fig. 2. Schematic of the automatic PV re-phasing arrangement.

carry the maximum current that the PV plant generates. The main
drawbacks are the continuous on-state loss (equal to the square of the
current times dynamic resistance of the thyristor) and the extra cost due
to the introduction of three back-to-back thyristors and its control
circuits.

The inverter in Fig. 1(b) shows an alternative rephasing arrangement
that can be used for nanosecond level transients from one phase to
another. In this arrangement, a half-bridge inverter is used to convert dc
into ac. If the output needs to be connected to Phase - a then switches S;
and S, are operated in a complementary manner using a PWM switching
pattern and all the other switches are blocked. If the output needs to be
connected to Phase - b then S; and S, will be blocked and Sz and S4 will
be turned on. Therefore, the leg S3 — S4 is idling until the rephasing

algorithm instructed to change the connection of the single-phase PV
source from Phase — a to b. Even though the presence of two extra arms
incurs an additional cost, there are no additional losses due to the
introduction of two more arms. The same arrangement can be intro-
duced for full-bridge single-phase inverters.

When the above arrangements are employed for PV rephasing,
switching from one phase to another will take place throughout the day
and power electronic switches will experience transient switching. Back-
to-back thyristor switches are used in power factor correction arrange-
ments that are used for power factor correction and harmonic filtering.
In this arrangement, the back-to-back thyristor switches operate
frequently depending on the power factor of the load, and they have
proven to be robust under such frequent switching operations for many
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Fig. 3. Penalty functions for (a) voltage unbalance and (b) phase voltage magnitudes.
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Phase of | Phase of | Phase of Phase of Phase of
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Example PV configuration vector x°

Phasea | Phaseb | Phasec Xm EP Phase a

Fig. 4. The format of the PV configuration vector.x

Table 2
Related terminology.

Variable Definition in PV rephrasing problem Definition in classical BFOA

N,y The number of grid-connected PV systems in the network The dimension of the search space
S The number of PV configuration initializers Total population of the bacterium
N, The number of D-chemotactic steps The number of chemotactic steps
N, The maximum number of random phase changing steps performed The swimming length

The number of reproduction steps
Elimination dispersal probability
The i-th bacterium in the population
Index for the chemotaxis step

Index for the reproduction step

Index of the elimination-dispersal event

Index for swimming step

Nre The number of D-Reproduction steps

Peq D-elimination dispersal probability

i i-th PV configuration vector

j Incremental counter (index) for D-Chemotaxis step

k Incremental counter (index) for D-Reproduction step

1 Incremental counter (index) for D-Elimination Dispersal step

r Incremental counter (index) for the random phase changing step
J(i,j k. ) The cost of i-th PV configuration vectorx’(j, k, 1)

The cost at the location of the i-th bacteriumx’(j, k, )

decades. Therefore, the employment of back-to-back thyristor switches

in the arrangement proposed in Fig. 1(a) should be robust under PV re-

phasing operations. This additional switching transient that operates on
switches in Fig. 1(b) will not have any impact on switches as they are
anyway switched at 5-10 kHz frequency by PWM during normal

operation.

2.2. The architecture of the automatic PV re-phasing arrangement

Fig. 2 shows the operating mechanism of the proposed PV re-phasing
strategy. The necessary data such as PV generations and load demands
are measured from smart meters and transmitted to the smart metering

system. Typically, these smart meter measurements are subjected to
different types of systematic, random, and communication errors
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Fig. 5. Proposed D-Chemotaxis procedure.
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[50,51]. Therefore, in the next step, state estimation is performed to
detect the presence of bad data. These preprocessed smart meter data are
sent to the PV re-phasing algorithm to determine the optimal phase
combination of grid-connected PV systems, such that the overall voltage
unbalance of the network is minimized. Finally, the re-phasing program
transmits the required phase changes of PV systems through the smart
metering system to the installed PV re-phasing switches and the re-
phasing operation is carried out.

The time required for a PV re-phasing operation depends on the time
it takes to transmit smart meter data from consumers and producers to
the smart metering system (about 4.7 sec under 112 OFDM Symbol Data
Frame [52]), the time required for system state estimation (about 0.10
sec [53]), the time required to execute the PV rephasing algorithm
(about 33.7 sec — see Table 8), and the time it takes to transmit PV
rephasing commands from smart metering system to PV rephasing
switches (about 4.7 sec under 112 OFDM Symbol Data Frame [52]).
Therefore, the need for a PV re-phasing operation can be detected and
then successfully executed in approximately 43.2 s. As mentioned in
Section 2.1, the actual operation of the PV rephasing switches could vary
from 3 min for the topology shown in Fig. 1(a) to a few nanoseconds for
the topology shown in Fig. 1(b).

3. Problem formulation

The aim of this work is to develop a strategy to minimize the overall
voltage unbalance of the network such that the power quality and the
reliability of the distribution system can be improved. The objective of
this optimization problem can be expressed as the minimization of the
mean voltage unbalance factor (VUF) of the network as in,
VOF = 5™ vur ¢))

= N2t VUFs
whereVUF,, is the voltage unbalance factor at n-th busbar and N is the

total number of busbars in the network.
Subjected to the constraints:

1. Voltage unbalance at each busbar (VUF,,) must be strictly below the
specified maximum unbalance level (VUFmqx):

VUF, < VUF s 2

forn =1,2,3,---,N.

2. Phase voltage magnitudes (V¢, V2, andV¢) must strictly between the
upper (Vmax) and lower (Viin) limits:

Vain S Vi, Vi, Vi < Vi ©)
forn =1,2,3,.-- N, where, V3, V?l and V;are the voltage magnitudes of a,
b, and ¢ phases at n-th busbar, respectively.

Eq. (1) corresponds to the objective function to be minimized and

represents the overall voltage unbalance <VUF) of the distribution

network. The inequality in (2) considers a constraint for voltage un-
balance factor and ensures individual voltage unbalance factors (VUF,
forn=1,2,..,N) are below the specified maximum value, VUF,q. The
inequality in (3) deals with the constraints for voltage magnitudes. It
ensures the phase voltages (V2, V%, andV¢) fall within the acceptable
voltage limits (lower limit V;;;; and upper limitVy,qy). In this study, Vi
was considered as 0.94 pu and Vo was considered as 1.06 pu. In other
words, (2) and (3) define the feasible regions for voltage unbalance
(VUF,) and phase voltage magnitudes (V¢, V%, V<), respectively.

In order to minimize (1) while simultaneously satisfying the con-
straints (2) and (3), penalty functions were introduced. The main idea of
these penalty functions is that an optimal PV configuration (i.e. the
optimal solution) requires that constraints be active so that this optimal
solution lies in the feasible regions for voltage unbalance and phase
voltage magnitudes. To ensure this, a penalty is applied to possible so-
lutions when constraints are not satisfied. Therefore, the aforemen-
tioned optimization problem was reformulated as the minimization of
the penalized objective function, J(x), given by,

n=N

—_— n=N n=N n=N
(©))]
where,
the penalty function for voltage unbalance (uyyy, ) is given by:
VUF,, — VUF 0x; when VUF, > VUF 4, o
Hvur, = { 0; when VUF, < VUF . forn=1,-.N" (3

the penalty function for voltage magnitudes of phase-a (uy.) is given
by:
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Fig. 7. The complete structure of the proposed DBFOA.

a
‘V,, - Vm[n|; when V:: < Vm[n

Hys = 0; when Vi < Vi < Voo forn=1,- N 6)

Vit = Viax; when Vi > Vo,

n

the penalty function for voltage magnitudes of phase-b (uy ) is given
by:

b b
[V, = Viin|; when V. < Vi

Hyp = 0; when Vi < V2 < Vy forn=1,--,N )

Vb — Vinax; when Vf > Viax

n

the penalty function for voltage magnitudes of phase-c (uy) is given
by:

[V = Viinl; when Vi < Vi
0; when Vi < Vi < Vi

V; - Vmax; when V:, > Vm(Lx

Hye = forn=1,- N 8)

x is the PV configuration vector, and k;and k, are the constant imposed
on the penalty functions. The graphical illustrations of these penalty
functions are shown in Fig. 3.

The phase combination of grid-connected PV systems at a given time
is represented by the PV configuration vector, x. Therefore, for a network
having N, number of grid-connected PV systems, the PV configuration
vector x consists of N, number of phase entries where each phase entry
corresponds to the phase of a grid-connected PV system in the network.
Hence, each element (x,) in the PV configuration vector-x can take one
of the three phases (i.ex, € P, P = {a,b,c}). The format of the PV
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Fig. 7. (continued).

configuration vector is illustrated in Fig. 4 with an example PV
combination.

It is important to note that there are different definitions available for
the voltage unbalance factor; in this paper, the IEC definition [54] was
used. In the IEC definition (IEC TR 61000-3-14:2011), the voltage un-
balance factor is calculated as the ratio of negative sequence voltage
component to the positive sequence voltage component and can be
expressed as follows [54]:

V, Negative sequence voltage component at n™ busbar

% 100%

9

VUFn:V = Positi "
i ositive sequence voltage component at n" busbar

The three-phase sequence voltage components were obtained by the
symmetrical transformation. The steps for the computation of three-
phase sequence voltage components from three-phase voltages can be
found in [41].

4. Bacterial foraging optimization

Bacterial foraging optimization algorithm (BFOA) is a smart opti-
mization technique that has proven to be very effective in search do-
mains having several dimensions. BFOA is inspired by the social
foraging behavior of E. coli bacteria. The underlying biology behind the
foraging strategy of E. coli is emulated and used as a simple optimization
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Table 3

Parameter values used for the proposed DBFOA.
Parameter Value
Number of PV configuration initializers(S) 10
Maximum number of D-Chemotaxis steps(N.) 5
Maximum number of random phase changing steps(N;) 5
Maximum number of D-Reproduction steps(Nr.) 5
Maximum number of D-Elimination steps(Neq) 5
Elimination & dispersal probability(P.q) 0.2
The radius of the highest voltage unbalance region -Hyy (k,) 3
The maximum limit for phase voltage magnitudes(Vinax) 1.06 pu
The minimum limit for phase voltage magnitudes(Viin) 0.94 pu
The maximum limit for voltage unbalance factors(VUFnax) 1%
Number of grid-connected PV systems in the network(N,,) 26
Number of busbars in the network(N) 63

algorithm [55,56]. In this paper, a discrete and adaptive version of
BFOA is introduced to solve the PV re-phasing problem.

4.1. Concept of BFOA

During the foraging period, real bacteria achieve their motion with
the help of their tensile flagella. Using these tensile flagella, bacteria can
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perform two basic motion types called tumble and swim. In the classical
BFOA, the bacteria undergo chemotaxis, where they like to move to-
wards nutrient gradient while avoiding the noxious environments.
When they get enough food, they increase their length and under suit-
able temperature, they break in the middle to form an exact replica of
itself. This phenomenon is called the event of reproduction in BFOA.
However, due to the occurrence of sudden environmental changes or
attacks, the chemotaxis progress may be destroyed, and a group of
bacteria may move to some other place or some other mutation may be
introduced to the bacteria population. This phenomenon is called the
elimination dispersal event in BFOA, where all the bacteria in the region
are killed or a group is dispersed into a new part of the environment.
Refs. [40,55-60] provide a comprehensive analysis of the classical BFOA
in different optimization problems.

4.2. Primary steps of the proposed DBFOA

The proposed DBFOA improves upon the classical BFOA by modi-
fying the principal mechanisms to specifically handle the PV re-phasing
problem. The modified versions of the principal mechanisms of the al-
gorithm were named as D-Chemotaxis, D-Reproduction, and D-Elimination
dispersal. The following subsections discuss these three principal
mechanisms which drive the proposed DBFOA. The mapping of the
terms in the PV re-phasing problem and the classical BFOA problem are
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Fig. 8. Single line diagram of the test LVDG network (Lotus Grove, Sri Lanka) used for the simulations.
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Phase ¢

neutral

0.0486 + 0.6292i
0.4918 + 0.7888i
0.0487 + 0.6405i
0.0486 + 0.6490i

0.0487 + 0.6701i
0.0487 + 0.6405i
0.4918 + 0.7888i
0.0487 + 0.7080i

0.0486 + 0.7000i
0.0486 + 0.6490i
0.0487 + 0.7080i
0.6790 + 0.7910i

Table 4
Impedance matrix (Z“”C") per km for the overhead cable (ABC 70) in the network.
Phase a Phase b
Phase a 0.4918 + 0.7888i
Phase b 0.0486 + 0.6292i
Phase ¢ 0.0487 + 0.6701i
neutral 0.0486 + 0.7000i
Table 5

The details of the grid-connected single-phase PV systems connected to the
network.

PV Connected Initial phase configuration (Fixed  Capacity (Pmax)/
No. busbar phase) kw
PV1 3 a 2.40
PV2 4 b 7.20
PV3 5 a 4.80
PV4 6 c 2.40
PV5 7 a 6.00
PV6 15 a 5.04
PV7 17 b 5.04
PV8 19 a 2.40
PV9 22 c 8.20
PV10 27 a 4.80
PV11 29 c 6.48
PV12 32 a 6.00
PV13 33 b 3.96
PV14 34 a 6.00
PV15 37 b 3.12
PVie 40 c 4.20
PV17 43 c 6.00
PV18 43 b 8.2
PV19 44 c 6.36
PV20 44 b 5.76
PV21 47 a 8.28
pPV22 49 a 5.16
PV23 55 c 8.40
PV23 57 b 2.20
PV25 59 a 4.80
PV26 62 c 7.20

shown in Table 2.

4.2.1. Discrete Chemotaxis (D-Chemotaxis)

The D-Chemotaxis step updates the phase combination of a PV
configuration vector such that the new phase combination has a lower
cost value compared to its previous phase combination. In other words,
the D-Chemotaxis step updates the phase combination in a direction
corresponding to a gradient of decreasing cost value.

Here, the present phase combination in i-th PV configuration vector
is given by x'(j,k, 1) and it’s updated version is denoted by x'(j +1,k, )
where, j, k, and I are the index for D-Chemotaxis, D-Reproduction, and
D-Elimination dispersal, respectively.

The proposed D-Chemotaxis step first identifies the highest unbal-
ance region (Hyy') in the network corresponding to the phase combi-
nation in the i-the PV configuration vector, x!(j, k, ). Here, the highest
unbalance region is referred to the busbars within k, number of busbars
from the busbar with highest unbalance (nyyg,,, ). Once the highest un-
balance region Hyy' is identified, only the phase combinations of grid-
connected PV systems in the highest unbalance region, Hyy', are
randomly changed to generate the updated phase combination,
x(j+1,k,1). This reduces the number of possible phase configurations
greatly, while mitigating the impact of re-phasing on the overall
network. However, the random change in the phases of PV systems in
the highest unbalance region Hyy' does not guarantee that it finds a

11

phase combination with a lower cost value compared to its present phase
combination x'(j, k, [) at once. Therefore, in such a situation, the random
phase changing is repeated until it finds a suitable phase combination
with lower-cost value, within a maximum of N, iterations. If D-
Chemotaxis is unable to find a phase combination with lesser cost value
within the maximum N, cycles, then the present phase combination
xi(j,k, 1) is retained as its updated phase combination x{(j +1, k, 1) as it is
reasonable to assume that we have reached a low-cost point through
random changes.

The pseudocode of the D-chemotaxis procedure is given in Algorithm
1 and the main steps are depicted in Fig. 5.

Algorithm 1: D-

Chemotaxis

Step 1: Perform a load flow analysis for the phase combination in
i-th PV configuration vector, x'(j, k, ).

Step 2: Evaluate the cost function-J(i,j, k,l) based on the load flow
results, and setJj = J(i,],k,1).

Step 3: Identify the busbar with the highest voltage unbalance
nyur,, and, then identify the busbars within the radius of
k, busbars from the busbar with highest unbalance nyyg,,,
to form the highest unbalance region, Hyy.

Step 4: Randomly change the phase combination of PV systems in
the highest unbalance region Hyy to find a phase
combination with lower-cost value compared to Jjgq.

Step 5: If a suitable phase combination is identified within N,
steps, then use that phase combination as the updated
phase combination, x(j+1,k, ).

Step 6: Else, x(j+1,k,1) = xi(j,k,1).

4.2.2. Discrete reproduction (D-reproduction)

In D-Reproduction, the PV configuration vector having the highest
cumulative cost (i.e. worst PV configuration) is eventually replaced by
the PV configuration vector with the least cumulative cost (i.e. best PV
configuration). The cumulative cost of the i-th PV configuration vector

(ch) for a given k and [ was calculated from,

; Ne+l .
Je=3 " Ik

The pseudocode of the D-Reproduction step is given in Algorithm 2.

(10)

Algorithm 2: D-Reproduction

Step Determine the cumulative cost J¢ of all the PV configuration vectors for
1: given k and [ from Eq. (10).

Step Replace the phase combination of the PV configuration vector having the
2: highest cumulative cost by the phase combination of the PV configuration

vector having the least cumulative cost.

4.2.3. Discrete elimination dispersal (D-elimination dispersal)

In D-Elimination Dispersal, some PV configuration vectors are
randomly liquidated (eliminated) with a very small probability P4 while
the new replacements are randomly initialized over the search space.
The D-Elimination Dispersal operator helps PV combinations that are
trapped in local minima to escape.

The pseudocode of the D-Elimination Dispersal step is given in Al-



W.G. Chaminda Bandara et al. Applied Energy 280 (2020) 116022

Table 6
The capacity of loads and power factor values at each busbar.
Busbar Active power/(kW) pf Busbar Active power/(kW) pf
P, (kW) P (kW) P, (kW) P (W) P (kW) P g (W)
1 2.19 0.55 1.85 0.981 35 0.85 0.88 0.75 0.949
1 1.28 0.46 0.55 0.991 36 0.67 1.45 1.27 0.945
1 2.43 0.28 1.88 0.913 37 0.79 0.66 1.24 0.965
2 2.33 0.26 1.50 0.991 37 1.91 1.14 1.63 0.971
3 0.19 0.45 0.34 0.963 38 1.97 1.55 1.27 0.975
3 0.12 0.69 0.68 0.910 41 1.72 1.05 2.01 0.928
4 0.33 0.58 0.17 0.928 41 1.35 1.15 1.39 0.968
4 0.48 0.52 1.08 0.955 42 0.47 0.60 0.32 0.966
5 0.54 1.36 0.69 0.996 42 1.27 1.50 1.11 0.916
5 1.43 1.43 1.33 0.996 43 1.97 0.30 2.12 0.912
6 1.53 2.22 0.64 0.916 43 1.27 1.04 0.87 0.950
6 1.04 0.78 0.27 0.997 44 0.98 0.25 1.86 0.996
7 0.24 0.25 0.29 0.996 44 1.72 0.65 0.41 0.934
7 0.56 1.24 0.79 0.949 45 1.06 1.71 1.81 0.959
8 0.54 1.09 2.46 0.980 45 0.70 0.76 1.02 0.922
8 1.76 0.42 0.90 0.914 45 0.41 2.49 1.99 0.975
9 1.03 2.79 0.86 0.942 45 0.69 1.43 1.07 0.926
9 1.18 0.51 0.99 0.992 46 0.46 0.15 0.18 0.951
10 0.91 4.05 0.06 0.979 46 2.11 1.02 1.85 0.970
13 1.39 1.45 0.74 0.996 46 1.01 1.88 1.50 0.989
14 0.16 0.38 0.15 0.966 47 1.22 1.05 1.22 0.996
15 4.93 1.57 0.14 0.904 47 2.59 1.19 1.10 0.955
15 1.39 2.17 0.32 0.985 47 1.39 2.61 0.29 0.914
16 0.96 0.90 0.53 0.993 50 2.03 0.89 1.17 0.915
16 1.44 2.95 0.50 0.968 51 2.05 0.87 1.86 0.926
17 0.77 0.69 0.72 0.976 51 0.48 0.17 0.54 0.984
17 0.92 1.05 0.82 0.974 52 0.42 0.43 0.24 0.925
18 0.21 0.74 1.13 0.939 52 1.20 1.57 1.52 0.981
18 1.03 1.18 1.88 0.966 53 0.59 0.29 0.81 0.924
19 0.34 2.01 1.63 0.917 53 1.76 2.61 0.42 0.993
19 1.51 1.04 1.44 0.971 54 0.78 1.12 0.89 0.935
20 1.14 1.03 0.21 0.903 54 3.42 1.45 0.18 0.920
21 0.73 0.58 0.97 0.928 55 0.16 0.04 0.19 0.925
22 1.37 1.89 0.52 0.905 55 0.13 0.09 0.06 0.962
22 1.32 1.94 1.02 0.910 56 2.36 1.45 0.97 0.947
23 1.28 1.45 1.56 0.982 57 0.76 1.03 1.79 0.935
23 0.40 0.27 0.21 0.969 57 1.56 0.83 0.99 0.983
24 0.26 0.07 0.26 0.932 58 1.69 0.33 1.56 0.959
25 0.90 1.99 0.69 0.995 58 1.32 1.37 1.60 0.955
26 2.04 1.80 0.84 0.903 59 0.98 1.85 3.82 0.992
27 4.62 0.12 0.30 0.944 59 0.95 0.68 0.75 0.929
28 0.52 2.18 1.98 0.938 60 0.99 1.35 1.45 0.976
29 0.27 0.59 0.42 0.977 60 0.74 1.04 0.81 0.975
30 1.35 2.42 0.72 0.980 61 0.98 1.85 3.82 0.938
35 2.25 0.92 0.82 0.919 62 0.95 0.68 0.75 0.957
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Fig. 9. (a) Hourly generation profile of PV systems (b) hourly load profile for single-phase/ three-phase loads.
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gorithm 3.

Algorithm 3: D-Elimination Dispersal

Step For all PV configuration vectors (i.e. fori = 1,2, 3, ---,S) repeat the
1: following steps to perform D-Elimination dispersal.v

Step Generate a Random Number between 0 and 1:RN? = rand(0,1).
2:

Step If RN' < P,4, Replace the phase combination in i-th PV configuration vector
3: by a random phase combination.

Step Else, proceed to Step 2 for the next PV configuration vector (i = i+ 1).
4:

4.3. Initialization of PV configuration vectors

The BFOA is a population-based optimization algorithm. Hence, the
quality of the optimal solution and the time to convergence heavily
depend on the initial population (in this paper the initial population is
also referred to as the set of PV configuration initializers to add more
contextual flavor). In most of the situations, the initial population is
randomly selected from the solution space. However, it has been noted
that random initialization is not an effective way to initialize the PV
configuration initializers, especially when more contextual information
is available to better optimize the selection of the initial points. There-
fore, a novel initialization method was introduced to identify the

The effect of D-chemotaxis
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Best cost
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Fig. 10. The effect of D-chemotaxis on the convergence of DBFOA.
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Fig. 11. Convergence of the DBFOA for proposed and random initializa-
tion methods.
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suitable phase combinations for PV configuration initializers. A perfor-
mance comparison is added in the results and discussion to highlight the
effectiveness of the proposed initialization technique.

The proposed initialization method determines the initial phase
combinations for the PV configuration initializers in such a way that
those initial phase combinations have a smaller active power mismatch
(see algorithm 4, step 4) at the secondary side of the MV-LV transformer.
The suitable phase combinations with smaller active power mismatch
were selected from the brute force checking strategy where the active
power mismatch for the whole solution space is computed to identify the
phase combinations that have smaller active power mismatch.

However, it was observed that for an LVDG network having a large
number of grid-connected PV systems, the brute force searching takes a
longer time to find a set of suitable phase combinations with smaller
active power mismatch because the algorithm needs to go through the
entire solution space to identify the phase combinations that have
smaller active power mismatch. For an example, let us consider the
network used for the simulation (see Fig. 9) which has 26 number of
grid-connected PV systems. For this network, the initialization algo-
rithm should go through approximately 3%° ~ 2.54trillion possible phase
combinations (solutions) to identify the best phase combinations having
smaller active power mismatch if the partitioning of the network is not
considered. This not only leads to a longer execution time but also re-
quires massive computer memory to execute the algorithm.

As a solution to the above problem, the network was partitioned into
smaller zones/regions (R1, Rz, R, ---) which have about 2-6 nearby grid-
connected PV systems, which are then utilized to identify phase com-
binations with smaller active power mismatch for each zone (see Fig. 9).
In this way, the possible phase combinations (solutions) of each zone is
in the order of hundreds (3° = 729) and the initialization can be done
very fast according to the algorithm outlined in Algorithm 4. In addition,
this method does not require a large memory to execute and can also be
executed in parallel for all the zones at the same time to make the
initialization even faster. In other words, a regional minimization is
performed to facilitate global optimization. The proposed initialization
process is graphically illustrated in Fig. 6 and the pseudocode is given in
Algorithm 4.

Algorithm 4: Initialization of PV
configuration initializers

Step 1: Collect active power consumption of loads and
the active power generation by PV systems
through smart meters.

Partition the large network into smaller regions
(R1,R2,R3,,Ry).

Identify the solution space (i.e. all possible
phase combinations) for each region. Note: For
aregion having w number of grid-connected PV
systems, there are 3¥ possible phase
combinations in the solution space.

Execute in parallel for R1,R2,R3, - ,R,:

Step 2:

Step 3:

Step 4:

(1) Calculate the active power mismatch for
each phase combination in the solution
space. The active power mismatch is
quantified by the standard deviation of the
three-phase active power in that region.
Identify kg (= 4) phase combinations
having a smallest active power mismatch
among the all possible phase
combinations.

Randomly combine the identified phase
combinations for each region to form the initial
phase combinations for PV configuration
initializers.

2

-

Step 5:

4.4. Implementation of DBFOA

4.4.1. The complete structure of the proposed DBFOA
The complete structure of the proposed DBFOA is shown in Fig. 7.
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Fig. 12. Distribution of voltage unbalance values of the network throughout the day for ‘with’ and ‘without’ PV re-phasing.

4.4.2. Pseudocode of DBFOA

The pseudocode of the proposed DBFOA applied to reduce overall

unbalance of a network is given in Algorithm 5.

Algorithm 5: The proposed DBFOA

Step Initialize all the PV configuration initializers - x (use Algorithm 4).
1: Initialize of the following parameters:
e S: The number of PV configuration initializers.
e N, : The maximum number of D-Chemotaxis is performed.
e N; : The Maximum number of times random phase changing is
performed.
e N, : The maximum number of times D-Reproduction is performed.
e P, : The probability that each PV configuration vectors are eliminated.
Set all loop counters to zero.
e Incremental counter for D-Elimination dispersal step (I) = 0.
o Incremental counter for D-Reproduction step (k) = 0.
o Incremental counter for D-Chemotaxis step (j) = 0.
o Index of the PV configuration vectors(i) = 0.
Step D-Elimination Dispersal loop: | =1+ 1.
2:
Step D-Reproduction loop: k =k + 1.
3:
Step D-Chemotaxis loop, j =j + 1. [Algorithm 1]
4:

A. Fori=1,2, -85, execute a D-Chemotaxis step for i-th PV configuration
vector as follows.

B. Perform a load flow analysis for the phase combination in i-th PV
configuration vector - x!(j, k, [) to obtain three-phase voltages and
voltage unbalance factors.

C. Evaluate the cost function J(i,j,k,I).

D. Let Jig = J(i,j, k,1) so that the PV configuration vector having a lower
cost could be identified.

E. Identify the highest voltage unbalance region Hi,; corresponding to
phase combination x(j, k, 1) from the voltage unbalance factors
obtained in Step 4B.

F. Set: random phase changing loop counter to zero, r = 0.

G. While r < N;,

i. Increment the random phase changing loop counter: r =r + 1.

ii. Randomly change the phase combination of the PV systems in the
highest unbalance region to determine the new phase combination
of i-th PV configuration vector x'(j + 1,k,1).

(continued on next column)
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(continued)

Algorithm 5: The proposed DBFOA

iii. Evaluate the cost function J(i,j+1, k, 1) corresponding to the phase
combination x(j + 1,k, ).
iv. If: J(i,j+1,k, 1) (Jiast»
v. Go to the next PV configuration vector (i = i+1) (i.e. Go to Step
4B. to process the next PV configuration vector).
vi. Else:
vii. Go to Step 4 G.
. End of while.
. Couldn’t find a phase combination better thanx'(j, k,1).
. Setxi(j+1,k,1) =xi(j,k,1).
. Go to the next PV configuration vector (i = i+1) (i.e. Go to Step 4B. to
process the next PV configuration vector).
Step If, j < N, go to Step 4 (j = j+1) In this case, continue D-Chemotaxis.Else,
5: go to Step 6.
Step D-Reproduction [Algorithm 2]:
6:

R o o o

A. For the given k and [, and for eachi = 1,2,---,Sevaluate the cumulative
cost of i-th PV configuration vector as follows:

o =3 ik D aD

B. Replace the phase combination of the PV configuration vector having
the highest cumulative cost by the phase combination of the PV
configuration vector having the least cumulative cost.

Step If k < Ny, go to Step 3 (k = k + 1). We have not reached the number of
7: specified D-reproduction steps, so we start the next generation of the D-
Chemotaxis loop.Else, go to Step 8.

Step D-Elimination Dispersal [Algorithm 3]:
8:

e Fori =1,2,---,S, eliminate PV configuration vectors with probability P4
while the new replacements are randomly initialized over the search
space.

Step If,] < Ngg, go to Step 2 (I =1 + 1);Else, End.
9:

4.4.3. Parameters of DBFOA

The parameter values used in the proposed DBFOA are given in
Table 3. The number of PV configuration initializers (S), and the values
for N, Ny, Ny, and N.q were selected by considering the convergence
speed of the DBFOA and the values used in the previous studies
[40,55,57]. The elimination-dispersal probability - P.4 and the radius of
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Fig. 13. Evolution of (a) phase-a, (b) phase-b, and (c) phase-c voltage of the
network throughout the day for ‘with’ and ‘without’ PV re-phasing.

the highest unbalance region - k, were selected to maximize the
convergence speed of DBFOA by executing the algorithm for a possible
range of values for P4 and k.

5. Test network

The network topology with 63 busbars as shown in Fig. 8 was used
for the simulations. The number 0 node is the root node and connected
to the secondary side of the MV-LV transformer. The rated capacity of
the transformer is 400 kVA and the input/output voltage rating is 11 kV/
415 V. The solid lines in Fig. 8 represent the three-phase feeders with
three-phase or single-phase loads and PV systems connected. The per
length impedance matrix of the feeder line is given in Table 4.

There are 26 grid-connected single-phase PV systems and 92 single-
phase or three-phase loads. The capacity of PV systems, their locations,
and their default phase configuration are given in Table 5 and the daily
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operation curve (hourly generation profile) of PV systems is shown in
Fig. 9(a).

Moreover, the network shown in Fig. 8 consists of 92 single-phase
and three-phase loads. The maximum capacity of loads and their
power factor values at each busbar are given in Table 6, and the hourly
load profile of loads is shown in Fig. 9(b).

6. Results and discussion
6.1. Convergence characteristics of the proposed DBFOA

6.1.1. The effect of D-Chemotaxis

This section demonstrates the effectiveness of the D-Chemotaxis
procedure utilized in DBFOA. The proposed D-Chemotaxis is specially
designed for the PV re-phasing problem as opposed to merely directly
adopting it from classical chemotaxis. The proposed D-Chemotaxis
identifies the region around the busbar with the highest unbalance
(Hyu) and then, only the phase combination of grid-connected PV sys-
tems in that region are randomly changed to find the optimal solution
iteratively. However, in classical chemotaxis, a fixed number of PV
systems are randomly selected from the network and then, the phase
configurations of those PV systems are randomly changed. This random
selection of PV systems in classical chemotaxis may result in the for-
mation of much higher unbalance levels in the network, thus, ultimately
resulting in slower convergence.

Since the increase in voltage unbalance levels of a particular region
of a network is mainly due to the mismatch of active and reactive power
levels in the same region, the proposed D-chemotaxis step randomly
changes the phase configuration of PV systems in the highest unbalance
region iteratively. This could lead to a dramatic increase in the
convergence speed of the DBFOA as shown in Fig. 10. According to the
results, the proposed D-chemotaxis step in the DBFOA resulted in faster
convergence of the algorithm when compared to the classical chemo-
taxis under the same conditions (same initial population, same values
for parameters, etc.). Also, the proposed chemotaxis step causes the
optimal solution to settle in a place with lower cost value as opposed to
classical chemotaxis where final settling cost is much higher as Fig. 10
depicts.

6.1.2. Effect of the initialization of the PV configuration initializers

As described in Section 4.3, an active power balancing approach was
introduced to find initial phase combinations for the PV configuration
initializers as opposed to the random initialization of the classical
technique. Fig. 11 depicts the convergence properties of the DBFOA
under two cases: (1). The PV configuration initializers were initialized
based on the active power balancing technique and (2). The PV
configuration initializers were randomly initialized. According to the
results, the starting cost of DBFOA under the proposed power balancing
initialization is approximately 83% lower than the random initializa-
tion. This implies that the active power balancing technique was able to
generate phase combinations that are closer to the optimal phase com-
bination. Ultimately, the DBFOA with the proposed initialization tech-
nique converged to the optimal solution with fewer iterations compared
to the random initialization.

6.2. Effects of PV re-phasing

This section demonstrates the effect of PV re-phasing on voltage
unbalance and phase voltage magnitudes of residential distribution grid
with high penetration of solar power. The proposed PV re-phasing al-
gorithm was implemented on the real distribution network shown in
Fig. 8. The variations of loads and PV power generation throughout the
day were considered in the simulations by utilizing hourly load and PV
generation profiles shown in Fig. 9.

The goal of PV re-phasing is to reduce overall voltage unbalance
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Table 7

Applied Energy 280 (2020) 116022

Hourly phase configurations of rooftop PV systems determined by the proposed DBFOA. The colored cells in the table represent the phase configuration of rooftop solar

systems that are not changed in the subsequent hour.

Hourly phase confi

guration of rooftop PV systems (a = Phase a, b = Phase b, and c= Phase c)
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(VUF) of the network by dynamically changing the phase configuration

of rooftop solar systems in the network. Figs. 12 and 13 clearly illustrate
the effect of PV re-phasing on the overall voltage unbalance and phase
voltages, respectively. According to Fig. 12, significantly high voltage
unbalances are observed during the daytime when PV systems have a
fixed phase configuration. Whereas the dynamic PV re-phasing signifi-
cantly reduces the overall voltage unbalance of the network (mean un-
balance is below 1%) especially during the period from 8 am to 5 pm,
where high PV penetration is present. In addition, Table 7 provides the
optimal phase configuration of PV systems that are determined from the
proposed DBFOA from 6 am to 7 pm. The colored cells in Table 7 belong
to the phases of PV systems that are not changed in the subsequent hour.
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Since not each rooftop PV system is subjected to PV re-phasing at each
hour, SCADA needs to send the PV re-phasing commands only for the
rooftop solar systems that are required to re-phase in the next PV-
rephasing operation. Moreover, the proposed algorithm can be
improved to minimize the number of PV re-phasing operations that each
rooftop PV system undergoes throughout the day by modifying the cost
function of the optimization algorithm. Finally, these results confirm
that the proposed re-phasing strategy is successful in reducing the
voltage unbalance levels of domestic distribution grids that have many
grid-connected rooftop PV systems, while simultaneously maintaining
the phase voltages within their acceptable limits.

Since the proposed PV re-phasing technique can maintain the voltage
imbalances of the network well below the 1% threshold during the
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Fig. 14. Variation of (a) maximum voltage unbalance and (b) maximum voltage unbalance with the total connected PV capacity of the LVDG network for “without”
re-phasing. Variation of (c¢) maximum voltage unbalance and (d) phase voltage magnitude with the total connected rooftop solar capacity for “with” re-phasing.

daytime while keeping the phase voltages within their acceptable
voltage range, utility providers can allow additional rooftop solar sys-
tems into the network. In order to get a clear idea about the amount of
additional renewable energy capacity facilitated by the PV re-phasing
operation, simulations were performed by adding new rooftop solar
systems (on top of existing 140.4 kW of solar PV as specified by Table 5)
to the existing network. For each addition of a new rooftop solar system,
20 Monte-Carlo simulations were performed by randomly changing its
connection point in the LV network to ensure an unbiased and fair
simulation. For this study, the capacity of each new rooftop solar system
to be connected to the existing LV network is considered to be 5.4 kW
that corresponds to the average capacity of a rooftop PV system in the
existing network. The maximum voltage unbalances and maximum
phase voltage values of the network recorded for “with” and “without”
re-phasing are depicted in Fig. 14.

According to Fig. 14(c), the maximum voltage unbalance of the
network is well below the 1% threshold for the proposed PV re-phasing
technique even under the integration of new rooftop solar systems up to
a total capacity of 302.4 kW. In contrast, as can be seen from Fig. 14(a),
the maximum voltage unbalance values of the network exceed the 1%
threshold line for the fixed phase configuration. However, as depicted in
Fig. 14(b) and (d), the maximum voltage of the network gradually in-
creases with the addition of new rooftop solar systems to the network.
Due to this reason, rooftop solar systems with a total capacity of 248.4
kW can be safely integrated into the LV network without violating the
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statutory limits of both voltage unbalance and phase voltage magni-
tudes. This is about a 77% increase in the rooftop solar capacity of the
network compared to the originally installed solar capacity (140.4 kW).
Therefore, it is apparent that the proposed PV re-phasing strategy can
completely overcome the voltage unbalance issue due to the installation
of distributed energy sources in the LV and facilitate to install additional
rooftop solar systems into the network.

In addition, it should be pointed out that the above conclusions are
made under the assumption that the voltage unbalance should be kept
below 1%, and the phase voltage can vary between 0.94pu and 1.06pu
(+£6% tolerance level). However, some countries/regions allow the
phase voltage to vary within a larger range, such as 0.9pu to 1.1pu (that
is, a £10% tolerance level). Under this new voltage limit, the proposed
PV re-phasing approach can increase the usable PV capacity of the
network to more than thecapacity obtained with a voltage tolerance of
+6%. It can be seen from Fig. 14(d) that if the maximum allowable
voltage level is 1.1pu, solar PV totaling more than 302.4kW can be safely
integrated into the original network. That is approximately a 115% in-
crease compared to the originally installed solar capacity (140.4kW) of
the network.

6.3. Comparison of different optimization techniques

In order to predict the superiority of the proposed DBFOA, the
convergence characteristics of the proposed DBFOA for the test system is
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Table 8

Computational efficiency of DBFOA, DGA, SFLA, and Heuristic search in terms of CPU time.

Algorithm Execution time/Epoch (s) Time to convergence/ (s)  Cost after 250 epochs
Proposed DBFOA  0.888 33.744 0.5362
DGA 0.846 175.122 0.6172
SFLA 0.897 56.511 0.6331
Heuristic search 0.622 121.912 0.9276

compared with three other widely used optimization algorithms in
power systems, namely, Discrete Genetic Algorithm (DGA), Shuffled
Frog-Leaping Algorithm (SFLA) and Heuristic Search (HS), and the re-
sults are shown in Fig. 15. The algorithms were written on Matlab®
(version: R2016a) - Open DSS (version: 8.4.1.1) co-simulation envi-
ronment and executed on a processor with Intel Core i7-7700HQ with
32 GB RAM running at 3.4 GHz. From the figure, it is clear that the
DBFOA only takes 38 iterations to converge to the best solution. In
addition to that, DBFOA shows a stable and quick convergence with a
global searching capability to find the optimal phase configuration.
Thereby, ensuring that the LVDG maintains strict power quality stan-
dards, even under heavy PV penetration in a near-real-time fashion.

Table 8 shows the computational performance of the four algo-
rithms. The average execution time of a single epoch for the three al-
gorithms is almost the same. However, the proposed DBFOA converges
to the optimal solution very fast compared to DGA, SFLA, and Heuristic
Search.

7. Conclusion

In this paper, a novel method was introduced to mitigate the voltage
unbalance in LV distribution grids through coordinated re-phasing of
grid-connected rooftop PV systems. The optimum phase combination of
grid-connected rooftop PV systems is determined from the modified
discrete bacterial foraging optimization algorithm (DBFOA) at fixed
time intervals. The DBFOA takes smart meter measurements such as load
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demands and PV generations as the inputs to determine the optimum
phase configuration such that the resulting phase combination mini-
mizes the overall voltage unbalance in the network, subject to various
operating and network parameters. In order to perform automatic PV re-
phasing, a PV re-phasing switch is introduced. This can connect to the
output of the single-phase PV inverters to enable the PV re-phasing. To
nullify the transient time associated with the automatic re-phasing
switch, a half-bridge inverter arrangement is also proposed.

In order to demonstrate the effectiveness of the proposed re-phasing
strategy, the PV re-phasing algorithm was simulated on a real LV dis-
tribution network. The time-varying nature of loads and solar PV was
considered using the hourly load and PV generation profiles. The results
show that the proposed re-phasing strategy can significantly reduce the
voltage unbalance well below the 1% threshold line as compared to the
fixed phase configuration during the daytime where PV penetration is
high. Thereby the proposed PV re-phasing strategy facilitates utility
providers to allow more rooftop solar systems into LV networks. The
proposed case studies demonstrate that PV re-phasing technique can
increase the renewable energy penetration into the considered LV
network by 77%.

The main advantage of the proposed PV re-phasing technique
compared to existing load and feeder reconfiguration techniques is that
this method only deals with single-phase PV systems. Hence, it will not
create any impact on supply reliability. Furthermore, the initial cost for
installation of PV re-phasing switches, and other indirect costs such as
customer interruption cost and reliability cost are significantly minimal,
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as compared to existing state-of-the-art DFR and phase balancing tech-
niques. The initial cost for installing PV re-phasing switches can be
recovered by the long-term economic benefits due to the improvement
in usable PV capacity and due to the possibility of operating the system
in a near balanced condition. Further, compared to the rephasing ar-
rangements reported in the literature, i.e. introducing rephasing
switches to all loads, the cost incurred due to the introduction of re-
phasing switches, only to PV plants, makes the proposed method more
cost-effective.

The main limitation of this work is that the proposed PV re-phasing
method is only effective during the daytime and cannot make a signif-
icant reduction to the unbalance factor at night. However, the Volt-Var
(Q-control) control can be used to reduce voltage unbalance and
improve power quality during night-time, because PV inverters can
supply reactive power (Q) to the grid up to their rated capacity at night.
Therefore, combining the PV re-phasing technique with Volt-Var control
would be an ideal solution and is considered as future research work. In
addition, it should be noted that the unbalance reduction capability of
the proposed PV re-phasing technique greatly depends on the number of
grid-connected rooftop solar systems in the distribution network.
Therefore, for distribution systems with a smaller number of grid-
connected rooftop solar systems, the number of possible configura-
tions is limited, thus, optimization via fine-tuning through re-phasing is
not possible as the number of configurations to adjust is limited. Further,
a communication protocol needs to be developed to ensure that the PV
re-phasing command issued by the algorithm is actually performed by
the switches, because if one/several re-phasing switch commands are
not executed due to communication errors or other technical issues, the
system can be at a worse state than before. Therefore, improvements
should be made to address these, before implementing the proposed PV
re-phasing technique in an actual network.

Even though the proposed re-phasing algorithm concentrates on
mitigation of voltage unbalance, it is also possible to modify the
objective function to minimize the number of PV re-phasings required
for each PV re-phasing operation as well. Furthermore, additional
research is required to determine the optimal timing for PV re-phasing
operations and the effectiveness of a hybrid algorithm based on PV
and load re-phasing techniques.
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Abstract: The occurrence of voltage violations is a major deterrent for absorbing more rooftop
solar power into smart Low-Voltage Distribution Grids (LVDGs). Recent studies have focused on
decentralized control methods to solve this problem due to the high computational time in performing
load flows in centralized control techniques. To address this issue, a novel sensitivity matrix was
developed to estimate the voltages of the network by replacing load flow simulations. In this paper,
a Centralized Active, Reactive Power Management System (CARPMS) is proposed to optimally
utilize the reactive power capability of smart Photovoltaic (PV) inverters with minimal active power
curtailment to mitigate the voltage violation problem. The developed sensitivity matrix is able to
reduce the time consumed by 55.1% compared to load flow simulations, enabling near-real-time
control optimization. Given the large solution space of power systems, a novel two-stage optimization
is proposed, where the solution space is narrowed down by a Feasible Region Search (FRS) step,
followed by Particle Swarm Optimization (PSO). The failure of standalone PSO to converge to a
feasible solution for 34% of the scenarios evaluated further validates the necessity of the two-stage
optimization using FRS. The performance of the proposed methodology was analysed in comparison
to the load flow method to demonstrate the accuracy and the capability of the optimization algorithm
to mitigate voltage violations in near-real time. The deviations of the mean voltages of the proposed
methodology from the load flow method were: 6.5 x 1073 p.u for reactive power control using
Q-injection, 1.02 x 102 p-u for reactive power control using Q-absorption, and 0 p.u for active power
curtailment case.

Keywords: smart grid; renewable energy integration; rooftop solar PV; PV inverter control; voltage
violation

1. Introduction

Over the years, the integration of renewable Distributed Energy Resources (DERs) to
Low-Voltage Distribution Grids (LVDGs) has gained high prominence due to technological
advancements, increased demand in sustainable energy resources and the advent of decar-
bonisation programs by many countries [1-3]. In light of the increase in DERs, Photovoltaic
(PV) generation systems are shown to be the most effective DER prospect for LVDGs [4].
However, since the conventional LVDG was designed based on the assumption that power
flow would be from the primary substation to the loads [5], high PV penetration gives
rise to unforeseen problems [6]. The high penetration of rooftop PV in LVDGs can result
in reverse power flows [7] and an increase in the neutral current, leading to distribution
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and transformer losses due to overheating of the conductor [5,8-11]. A major problem of
reverse power flow is the occurrence of upper limit voltage violations, where the node
voltage at specific points of LVDGs is greater than the specified limit [12]. Further, studies
have revealed that voltage violations can occur at a penetration level as low as 2.5% due
to the integration of rooftop PV panels at prosumers” will [13]. If such voltage violations
occur over sustained periods of time, it will cause severe damages to loads connected to
LVDGs. These detrimental effects of voltage violations compel the utility providers to limit
the usable PV capacity for LVDGs. Therefore, there exists a crucial need for an effective
solution to encourage the future integration of PV to LVDGs by attempting to mitigate
the quality-of-supply ramifications. How to mitigate the voltage violations in LVDGs is a
long-standing question to which much time and study have been devoted.

Multiple methods have been proposed in the literature to overcome this problem of
voltage violations in LVDGs. Feeder enhancement is one such method based on changing
the feeder cable with a larger cable or changing the characteristics of the feeder, such as
changing the values of multigrounded resistances [14]. While this improves the voltage
limits while decreasing neutral current, the approach is highly expensive. Moreover, given
the future consumption and PV penetration possibilities, this is not the most economical
solution. A more viable solution is the use of On-Load Tap Changing (OLTC) transformers
to change the tap positions to control the voltage levels [15-18]. Furthermore, since
frequent tap changes can increase the stress on the transformer, hence reducing its lifespan,
a novel optimization algorithm was proposed for resource sharing in [19] to reduce the
tap changing operations. However, the drawback of the slow response speed in OLTC
switching persists. In order to remedy this issue, fast response devices such as Battery
Energy Storage Systems (BESSs) and STATCOM s can be installed [20-24]. A piecewise
droop control using a BESS for rapid changes in voltage profiles was presented in [25]. More
recently, a reinforcement-learning-based management technique for BESSs was introduced
in [26].

A more promising control method is the use of Active Power Curtailment (APC)
during high PV penetration [27-30]. Due to the higher impact on voltage profiles by nodes
at the farther end of the feeder, most APC operations are performed on distant customers.
Since this is not equitable, a fair prosumer-based APC approach was proposed in [31].
A novel approach incorporating the Self-Consumption Ratio (SCR) of the customer to
determine the allowable PV injection was developed in [32]. Despite the effectiveness,
the spilling of solar power is not an economically attractive solution. Moreover, it is
a waste and also detrimental to the whole purpose of renewable energy usage, which
is to improve the energy mix such that the renewables receive a larger chunk. A more
comprehensive solution to this problem is to utilize the capability of the PV inverters to the
fullest to supply reactive power in order to mitigate voltage violations. Whilst this is a cost-
effective method requiring no additional installations, mitigating voltage violations in the
three-phase unbalanced system using only Reactive Power Control (RPC) is a challenging
problem [33,34]. Due to the large R/X ratios of distribution networks, the effect of reactive
power control is limited. Therefore, to completely remove the violations in the upper
limit, APC is required.

Recent studies have vastly explored the APC and RPC mechanisms to minimize
voltage violations. These studies can be categorized into two: local/decentralized control
and centralized control methods. Control actions of decentralized control methods rely
completely on local measurements [35-39]. A combined approach of RPC and APC as a
droop control mechanism to mitigate the voltage violations was proposed in [34]. A Volt-
VAR Control (VVC) using two methods to determine the reactive power equation slope
was given in [40]. It presented a method with the robust minimization of absolute voltage
deviation and a closed-form solution inspired by chance constraints. In [41], a rule-based
decentralized RPC was performed taking into account the most sensitive nodes in the
network. An optimization technique was developed in [42] to coordinate the fast dispatch
of PV inverters with OLTCs in a decentralized manner due to computational burden in
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centralized systems. Meanwhile, a two-level control algorithm incorporating OLTCs and
BESSs with decentralized RPC was proposed in [43]. Multiple works in the literature
have also developed control mechanisms based on droop control [44,45]. Nevertheless,
the lack of information about the entire network status in decentralized control prevents
the optimal use of reactive power capacity in controlling the voltage violations. Therefore,
an uncoordinated management of PV inverters could result in violations shifting from
one end of the feeder to another, or even an overkill of reactive power usage [46]. This
gap in the lack of coordination among PV inverters has led to the use of optimization
techniques based on a centralized system to address this [47]. Moreover, the prevalence of
decentralized control has primarily hinged on the computational time burden in centralized
systems [48]. However, this constraint is overcome by replacing the time-consuming load
flow calculations by the introduced sensitivity matrix approximation in this paper.

However, provided that sufficient information about the network can be retained, cen-
tralized control is more efficient compared to decentralized control [46]. Such network state
observability is achieved by means of solar predictions [49] and state estimation [50], en-
abling a control at the tertiary level of the control architecture, as shown in Figure 1. To over-
come the lack of information about the network, a global solution is attained by the cen-
tralized control method, which determines the power injections/absorptions/curtailment
by means of an Optimal Power Flow (OPF) problem [51]. In [52], a comprehensive PV
control strategy was proposed to improve the operational performance of significantly
unbalanced a three-phase four-wire LVDG with high residential PV penetration, by con-
verting a multi-objective OPF problem into a single-objective OPF problem. A control
algorithm was introduced for maintaining the average customer voltage profile obtained
before introducing the PV into the circuit using the control of automatic devices, such as
voltage regulation and switched capacitor banks along with PV inverter reactive power [53].
Here, the PV inverter control settings were determined by the circuit loading, time of day
and PV location in the network. A combination of centralized and decentralized control
strategies utilising OLTCs and Capacitor Banks (CBs) was also proposed in [47,54]. It
further analysed the impact on the substation end and the effect of unbalance in phases in
PV integration.
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Figure 1. Hierarchical control architecture.

However, these methods suffer from a high computation time due to varying reasons
such as the need to solve load flows within the optimization algorithm and the integration
of VAR compensation equipment. Most of the referenced centralized methods related to
power systems control use load flow analysis to calculate voltage variation [55-57]. Since
these methods achieve accurate results at the expense of time, a voltage and PV power
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sensitivity approach is used to calculate the voltage variations [27,58—61]. The different
sensitivity matrices used in the literature are discussed in Table 1.

Table 1. Sensitivity matrices existing in the literature.

How the Sensitivity Matrix Was Developed References Disadvantages of the Method

Inverse from the Jacobian of Newton-Raphson

power flow equations

Repetitive computation of the inverse of the Jacobian, which
[27,58] is computationally expensive with the increase in matrix
size.

Surface fitting technique and using simulations of

multiple load flow analysis

An extensive simulation needs to be run in case of a change
[59,60] in the network parameters to be able to develop a new
sensitivity matrix that will fit the network.

Using the topological structure of the network [61]

The derivation is performed for an MV distribution line
assuming constant voltage for the slack bus. However,
the secondary voltage of the LV network will fluctuate,
which needs to be accounted for.

In order to find the optimum solution to the centralized control method in mitigating
voltage violations, many optimization techniques have been researched. Among these,
SQP [52], Nonlinear Programming (NLP) [62,63], the Evolutionary Algorithm [64], La-
grangian multipliers [65], the Multi-Objective Evolutionary Algorithm (MOEA) [66] and
Particle Swarm Optimization (PSO) [55,67] have been widely used. In order to act as a
viable near-real-time system, the accuracy and the computational time of the algorithm play
a key role. Given the vast solution space of LVDG networks, i.e., high complexity of the
network due to the number of PV connections in the power system, the computational time
for convergence grows dramatically. Therefore, optimization techniques need to be tailored
to LVDG power systems such that the computational time is minimal whilst maintaining
robustness in terms of convergence to the optimal solution.

In this paper, we propose a Centralized Active, Reactive Power Management System
(CARPMS), which uses the combination of both RPC and APC to mitigate the voltage
violations in LVDGs at the tertiary control level. A sensitivity matrix derivation for the
voltage with respect to the PV power changes and a modified two-stage optimization
process with a Feasible Region Search (FRS) and PSO, to find the optimal power settings,
were developed. The incorporation of the sensitivity matrix vastly reduced the computa-
tional time as compared to traditional load-flow-based optimization in centralized control.
In addition, the FRS step in the two-stage optimization process was able to greatly reduce
the search space for the solution by narrowing the solution towards the optimum and
decreasing the time, thereby enabling a real-time application of the proposed solution.
The PSO algorithm was used as the second step to drive the solution to its best solution to
prevent frequent violations in the network.

The proposed CARPMS was simulated on a network belonging to an existing housing
complex named “Lotus Grove”, located in Colombo, Sri Lanka. The case study network
was chosen from the same region of the authors whilst being similar to the IEEE European
low-voltage test feeder [68,69] in network size and topology. Specifically, the following
contributions were made in this paper:

*  Anovel PV-power to voltage Sensitivity Matrix (SM) for LVDGs was developed using
line parameters accounting for the voltage variations in the secondary side;

* A Centralized Active, Reactive Power Management System (CARPMS) using this SM
for voltage violations in LVDGs is proposed;

* A modified two-stage optimization process is proposed, with the Feasible Region
Search (FRS) as an efficient space reduction algorithm to decrease the computational
time and ensure convergence of the PSO optimizer that follows it.
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2. Methodology
2.1. Centralized Active, Reactive Power Management System

In this section, the proposed CARPMS, which eliminates the voltage limit violations
at each node, is described. Figure 2 shows the operating mechanism of the CARPMS.
The CARPMS is equipped with smart meters at each PV panel in the network, ensuring
the access to active, reactive power and voltage readings at each PV panel node. Due to
delays incurred in communication and algorithm processing time [70], real-time data will
not reach the CARPMS. Therefore, it acts as a real time management system with control
actions relying on estimations of the network states predicted using historical data [50].
The proposed algorithm described in Section 4 is then used by the CARPMS to detect and
correct any voltage violations in the nodes.
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Figure 2. Schematic overview of the CARPMS information flow.

The proposed algorithm will encounter voltage violations of two types: upper limit
and lower limit violations. Due to the low X/R ratio, the violations cannot be entirely
removed by RPC alone. In this case, the algorithm utilizes an optimized combination of RPC
and APC. A detailed flow of the algorithm steps is highlighted in Figure 3. The derivation
of the SM used is given in Sections 2.2-2.4, and the two-stage optimization in the control
algorithm is described in Sections 3 and 4.

2.2. Voltage Sensitivity Derivation for the Distribution Line

The SM is derived for a network without sparse line connections. This assumption
was made for the ease of proof, which can be easily extended for a network with sparse
line connections if necessary.

Consider a phase of a distribution line shown in Figure 4. Due to the negligible effect
of the longitudinal component, by neglecting the power losses, the voltage drop between
any kth and (k + 1)th node is given by,

~ PRy + Qi X

Vi = Vg | 2 A M
Vil

where Vj, Vi, are the complex voltages at the kth and (k + 1)th nodes, respectively, Ry is

the resistance of the line, X is the reactance of the line, Py is the active power flow through

the line and Qy is the reactive power flow through the line.
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Figure 3. Proposed algorithm steps.
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Figure 4. A schematic LVDG network.

The equation above expresses the difference in the magnitude of the voltage between
two adjacent nodes. This equation was extended to calculate the voltages of all the nodes
in the network. To generalize, a radial LVDG network with (N + 1) number of nodes
was considered. Considering the power flow from the LV transformer in the network as
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positive power flow and using (1), the voltage drop up to the rth node from the transformer
end is given by,

r—1
PyRy, + Qp Xy,
Vo=Vl = b =
=0 h

@)

where V) is the secondary voltage of the transformer for one of the three phases a, b or c,
which is also the zeroth node of the network.

The power flow of the transmission line is a collective function of domestic loads,
PV generations and power transmission losses. However, the power transmission losses
are negligible compared to other variables. Thus, the power transmitted through the
transmission line was derived as follows, which can be substituted in (2), yielding,

N

Py +jQu= Y, (P, — Pry,) +j(Qr, — Qrv,)) 3)
m=h+1

rl =
=0 Vi

4)

The network parameters X and R, given in (4) are constant, unique and attainable
for every LVDG network. Whilst the load power and PV power generation parameters are
not easily obtainable in real time, the estimation of these parameters is possible [71-75].
The derivation of the voltage of the rth node with respect to the reactive power of the PV
system in the nth node was derived as,

oV, oVy "= X,
— 4 or(r>n 5
9Qpv,  9IQpy, ;;) Vi fort ) ®
oV, vy ' x,
= + or(r <n 6
9Qpv,  9IQpy, ;g) Vil forl ) ©

where 52 s the voltage sensitivity of the rth node with respect to the reactive power
9Qpv,

variation of the PV panel at the nth node and V} is the voltage of the node connected at the
secondary side of the transformer. A schematic LVDG network showing the node notations
is shown in Figure 4.

Similarly, the voltage sensitivity of nodes with respect to the active power of the PV
system in the nth node can be derived.

2.3. Voltage Sensitivity Derivation at the Transformer End

In order to calculate —2%— and similarly ai, the LV transformer of the residential
9Qpv, 9Ppy,

network was modelled as shown in Figure 5.

Considering the secondary side of the transformer, the expression for current and
power flow in the secondary side was derived in terms of voltages and impedances
using the transformer model matrix in [76]. The power flow in the secondary side of the
transformer was obtained as,

P —jQi = (V§, - Vi = Vg, - Y1+ Vg - Ya) | VG | £=6k = VG > Ya @)

where V¢ , V¥ and V§ are the primary side voltages of the LV transformer, V7, V¥ and V§
0,7 V0, 0p 57 V0 0s

(generically denoted by Vj in the previous section) are the secondary side voltages of the LV
transformer and [ , I(l)’S and Ij_are the secondary side currents of the LV transformer of the
a, b and ¢ phases, respectively. Y7 and Y are the primary and secondary side impedances
of the LV transformer, and N is the secondary to primary transformer turn ratio. Y1 = %,

and Yz = Yt, V(i = |V0as|l5a.
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In order to calculate the voltage sensitivity of the transformer end with respect to
reactive power changes, the derivative of the imaginary component of (7) with respect to
Wo,? was obtained as,

0Q5
V.l

= 2|Vg |- Im(Ya) — Im((V§, - Ya = Vg, - Ya + Vo) - Ya) £=04) (8)

Since the active and reactive power of loads can be assumed to be constant during
a control sequence operation, using (3), the variation of reactive power for a given phase
with respect to the transformer end voltage is only the variation of PV power in that phase.

A Y
N:i [ Ye=1/(Rg+jXy)
Os —
va L va
Op Os
Val)’% L
Yi
1 >
Vi —1L_ > b
Op Z 0s
\ Y,
VS g % — V¢
Op Os
L yN
VOs

Figure 5. Equivalent circuit of the delta-wye transformer.

Then, by obtaining the reciprocals, the variation of the transformer end voltage with
respect to the PV reactive power connected to the given phase was computed using
Equation (8).

Vel _ 9Vl
0Qhy,  0Qf

Similarly, using the real part of (7), the variation of the transformer end voltage with
respect to the PV active power can be obtained.

©)

2.4. Combined Sensitivity Matrix Model

The combined sensitivity model was derived based on the results from Sections 2.2 and 2.3.
Considering the number of PV panels in the system as M and the number of nodes in
the system as N, using Equations (5), (6) and (9) and their analogous equations for active
power, the combined SM model of the network with respect to the power generation of PV
systems was derived as,

_[v v AQpy
[AV]le - {aQPV BPPV}Nsz[APPVLMxl
1
) ) A0 1 (10)
B . " PV
= [Zh Vi Y |VJ|}NX2M[Ava]2MX1+AVO
1

Nx1



Energies 2021, 14, 6596

9 of 24

where [AVp] N« 18 the voltage change at the LV transformer end to be added to each

node and [AV],, , is the combined voltage variation at each node due to the PV power
variations (at each iteration). The system was linearized assuming that the variation in the
PV system power within the control sequence algorithm is considerably small.

3. Problem Formulation

The aim of this work was to determine an optimum setting to prevent voltage viola-
tions in LV networks. An RPC mechanism followed by APC is carried out if RPC alone
is unable to rectify the voltage violations. Thus, two optimization functions defined in
Sections 3.1 and 3.2 were proposed to converge on the optimal operating point. The objec-
tive functions of the optimization algorithms intend to minimize the active and reactive
power settings whilst satisfying the voltage limit constraints and the inverter constraints.
The voltage limits pertain to the lower and upper limits of the acceptable voltages in LVDG
networks, whereas the inverter constraints depend on the power ratings of the inverters.

The state of the PV inverter being varied by the algorithm depending on the three con-
trol methods Q-absorption, P-curtailment and Q-injection is depicted in Figure 6. The “X”
mark shows an instance of an initial state of the inverter during the day. During RPC
Q-absorption, the state moves vertically downwards to a given optimum point. If it
reaches the inverter constraint/capability curve, this implies that Q-absorption cannot be
performed under the given conditions. Then, P-curtailment is performed during which
the state of the inverter moves along the capability curve, reducing the amount of active
power injected to the network. It can also be noted that the maximum allowable value of
Q-absorption, Qups max, varies depending on the active power state of the inverter. The in-
verter state during night-time is marked “Y”. Here, RPC (Q injection) is carried out, and the
inverter state moves upwards along the Q-axis (injecting reactive power to the network)
till it reaches an optimal point or its full Q injection capacity: Qinj,max-

Inverter constraint curve

— Q-absorption

—~Q-absorption + P-curtailment ~ —Q-injection
Qo -+ Qo -+ €
RATED RATED QRATED’Qinj, max
g g g
9] 5 P
: : : 1
& 2 &
2 2 g
=1 = =1
§ Y X | Paareo § Y X Peateo s |y Peaten
g [ g [ ) |
I I o« ]
Active Active Active
Power (P) Power (P) Power (P)
'
abs, max '
Qabs, max| /

(a) (b) (©)

Figure 6. PV inverter status change for control using (a) Q-absorption, (b) Q-absorption and P-
curtailment and (c) Q-injection.

3.1. Optimization of Reactive Power Control

The objective function of the optimization of RPC is expressed as a function of the
total deviation of node voltages from 1 p.u and the neutral voltage as given by,

n

Jrrc = inn Z(Cd * Vd,z' + Cneut * Vneut,i) (11)
i=1
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where V; ; is the total deviation of voltages of node i from 1 p.u, V;¢ ; is the neutral voltage
of node i and ¢; and cyeyt are scaling constants. V., ; is calculated by the vector addition
of the three-phase voltages of node i.

Subject to the constraints:

1.  The voltage of the node should be within the specified upper and lower limits given by,
Viower limit < Vnodes T AV < Vupper limit (12)

where Vigwer limit and Vipper limit are the accepted lower (0.95 p.u) and upper limit
(1.05 p.u) voltages in LVDG systems, respectively, Vj,o4es i the calculated voltage of
the nodes using optimization variables and AV is the estimated voltage change due
to changes in P and Q of the PV systems;

2. The inverter constraints given below should be satisfied,

Sty > Phy + Qby, (13)

The variables of the optimization problem were the reactive power setting at each

node with a PV panel in the network, which can be expressed as Optim. Variable (OV) Q =
[Qpo1, Qpoar Qposs Qpoys - -+ Qpoy |-

In order to formulate this optimization problem to minimize (11) whilst satisfying the
above constraints, penalties were introduced to ensure that the optimal solution satisfies
the constraint of voltage violations to the best case possible by penalising the cost function
when constraints are violated. Hence, the optimization problem was reformulated as a
minimisation of the penalized objective function J; given by (14).

— 3 . Nvial
J1 min (Cvml * el % ]RPC) (14)

where N, is the sum of the number of violations in each phase and c,;,; is a scaling
constant.

3.2. Optimization of Active Power Curtailment

The objective function of the optimization of APC included the amount of active
power curtailed and is expressed as,

n
Japc = mpin Y (APpy, + g * Vi + Cneut * Viseut i) (15)
i—1

where APpy, is the amount of curtailed active power, V;; is the total deviation of voltage of
node i from 1 p.u, Vi, is the neutral voltage of node 7 and ¢z and ¢y, are scaling constants.
Subject to the constraints:

1.  The voltage of the nodes should be within the specified upper and lower limits as
in (12);
2. The inverter constraint given below should be satisfied,

Sbv. = Py, + Qbv, (16)

The variables of the optimization problem here were the active power setting at
each node in the network, which can be expressed as Optimization variable (OV) P =
[Pyo1» Ppoys Pposs Ppogs - - -+ Ppoy)-

Similar to the RPC case, the optimization problem was reformulated by including
the same penalties such that the penalty is applied when the constraint is violated. This
ensures the optimal solution of the objective function satisfies all constraints.
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4. Two-Stage Optimization

This section outlines the proposed modified optimization algorithm consisting of two
processes in sequence:

*  Feasible Region Search (FRS);
e  Particle Swarm Optimization (PSO).

The aim of FRS is to drive the elements in the Optimization Variable (OV) towards
the feasible region, where upper or lower limit voltage violations are nonexistent. This
is followed by a PSO algorithm, where these variables in the feasible region are then
optimized according to a predefined cost function, to find the best possible solution.

4.1. Feasible Region Search

The number of elements in the OV increases with the number of PV panels connected
to a given network, which results in a large search space. At the initial violated conditions,
the existence of the OV far away from the feasible region and the high dimensionality of
the search space may result in the poor performance of a standard PSO algorithm. This is
because the first step of the PSO is an initialisation procedure (discussed in Section 4.2),
being a random scattering of OV's in the neighbourhood of the current OV.

Through FRS, we determine a new initial point for the PSO by moving the present
OV towards the feasible region. The driving function of the OV is given by,

OVIi,j] = OV[1, ] + a[i] * AOVyax[j] (17)

forallj =1,2...m (total number of elements in OV[i,:]), where OV'[1, ] is the initial value
of the jth element in the OV, driven towards the feasible region by «[i]. Here, a[i] is the
driving parameter, which is a monotonically increasing function from 0-1. AOV;a m is
the maximum possible change of OV[:, j]. This results in OV[i, j], the calculated position of
the jth element of the OV at the ith iteration.

In a PV integrated network, the vector OV, :] is the power settings of each inverter
connected to the network at any given iteration i. AOV,y,x[j] is the maximum Q-absorption,
Q-injection or P-curtailment capacity of the jth inverter. This also determines the driving
direction of the elements of OV, as the sign of AOVy«[j] is dependent on the current
nature of the voltage violation. In the instance of an upper limit violation, AOVy,x[j] will
be negative, as the P and Q setting of the jth inverter, which correspond to the maximum
P-curtailment and Q-absorption capacity, are negative. AO V4« [j] will be positive for lower
limit violations, as the inverter state travels in the direction of positive Q for Q-injection,
as discussed in Section 3.

During each iteration, OV[i, j] is computed such that it moves closer to the feasible
region. As the sign of AOV,,4x[j] ensures the current OV[i,:] moves towards the feasible
region, the driving parameter « serves to gradually increase the change in OV, j]. If this
change happens to be very large, there exists a possibility of OV overshooting towards
unwarranted solutions, as illustrated in Figure 7. For example, lower limit violations
may occur if Q-absorption takes place at its maximum capacity to mitigate an upper limit
violation. This problem is overcome by the use of «, which gradually increases with each
iteration 7, allowing FRS to terminate as soon as OV[i, j] reaches the feasible region.

For most instances, upon the termination of FRS, the system is devoid of any upper
or lower limit violations. Although it is possible to complete the control process using
only FRS, it does not fully optimize the network as it does not consider parameters relative
to the cost function given by (14) and (15). Instead, it only accounts for the existence of
violations in the system. Furthermore, FRS acts as a decoupled control algorithm, where
the inverter power settings in the ith iteration are independent of each other, where each
element in OV[i, ] is modified by the same value of a. However, in the case that the FRS
is unable to drive the OV to the feasible region, it is ensured that the OV is as close as
possible to the feasible region. In the case of FRS on an upper limit violation, if a lower limit
violation emerges, the FRS is terminated when the total number of violations is minimum.
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Similarly, in the case of FRS on a lower limit violation, if an upper limit violation emerges,
FRS is terminated when the total number of violations is again minimum. This establishes
that the final OV from the FRS is as close to the feasible region and beyond adequate as an
injtialization for the PSO.

solution space

. e
0(1‘____:: g
e e initial position of optimisation variables
gy o final position of optimisation variables
N - -» driving path
a  driving parameter (a,< a,<a)
o feasible region (no violations)
3./
¥
[ )

Figure 7. Effect of « on FRS.

Although slower than FRS, the PSO algorithm performs as a collective control algo-
rithm. This implies that the factor a at which Q-absorption, Q-injection or P-curtailment is
performed relative to the capacity of the inverter will be optimized. For instance, in the
absence of solar power, PSO will ensure more Q is injected to the network by inverters
furthest from the secondary transformer, where the cumulative voltage drop is high. Due
to the properties of the cost function proposed in Section 3, PSO will further push the
optimal point much more towards the centre of the feasible region. This allows for higher
margins of errors in the state estimation of the PV integrated network, as a small deviation
in the OV will not drift the solution towards unfeasible regions.

4.2. Particle Swarm Optimization

Particle Swarm Optimization (PSO) is a heuristic algorithm used in problems with
high-dimensional search domains. It is a nature-inspired algorithm, which is based on the
foraging technique of flocks of birds and schools of fish. There are six steps in standard
PSO [67], as shown in Algorithm 1.

Algorithm 1: Steps of PSO.

1 Initialize the swarm of particles (i.e., population)

2 Compute the cost of each particle using the fitness function

3 Record the personal best of each particle and the global best of the entire
population

4 Update the velocity of each particle using the personal and global best and other
parameters

5 Calculate the new position of each particle

6 Repeat Steps 2-5 until each particle converges to its solution or the iteration count
is completed, and extract the global best of the entire population as the optimal
solution

Due to the large search space in this problem, standard PSO is unable to converge to a
satisfactory solution. As discussed previously in Section 4.1, FRS is carried out, and the
initial population is created by randomly scattering particles in the neighbourhood of the
OV, which is now located in the feasible region.

4.3. Primary Steps of Particle Swarm Optimization

The steps involved in PSO are shown in Algorithm 1. The update equation for the
position and velocity of the particles is given by,

xi[j + 1] = xi[j] + Vi[j + 1] (18)
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where x;[j] denotes the position of the ith particle at the jth iteration and x;[j + 1] and
V;[j + 1] are the position and velocity of that particle for the next iteration. The velocity at
which the particle travels is expressed by,

Vilj + 1] = Vili] + Po = (pilj] — xilj]) + Go * (/] — xilj]) (19)

where V;[J] is the velocity of the particle at the jth iteration, p;[j] and g[j] denote the current
personal and global best of the jth particle and P, and G are the confidence factors for the
personal and global best, respectively.

The notion of the velocity is to set the direction of search and the extent of exploration
by the particle. This depends on where in the search space the current particle exists,
the recorded best position of that particle (personal best) and the recorded best position of
all particles (global best) since the start of the algorithm. The dependency of the personal
or global best on the velocity is governed by confidence factors, expressed by the two
variables P, and Gy,

To find the optimal values of the parameters P, and G, an exhaustive search using the
grid-search algorithm was carried out. Here, the ratio between P, and G, varied between
0.5 and 3 in steps of 0.5, and the number of iterations taken along with the final cost value
was recorded. The magnitude of these parameters was set in the range of 0-1. It was found
out that after FRS, as the particles were already scattered within the feasible region, each
particle following its own local optima resulted in lower cost values for the final solution
in most scenarios. Hence, more emphasis was given towards particles moving towards
their own local optima rather than global optimum. Therefore, a 2:1 ratio between P, and
Gy, was set during the optimization. This creates a wider net in the search space, thereby
exploring many local minima. This increases the likelihood that the global minimum will
be within this wide net.

To decrease the computational time whilst running the proposed two-stage opti-
mization algorithm, the PSO population parameter needs to be optimized. Therefore,
the convergence towards a feasible solution of the algorithm was recorded for initial pop-
ulations varying from 5-50. Throughout the population search, it was observed that the
optimization variable remained in the feasible region for all populations. Moreover, a pop-
ulation of 10 resulted in a significantly lower cost in comparison to an initial population of
5, whilst having a significantly lesser computational time compared to other population
sizes. Hence, a population of 10 was chosen as the optimal population parameter for the
PSO algorithm embedded in the proposed two-stage optimization.

5. Case Study

The network belonging to an existing housing complex “Lotus Grove” located in
Colombo, Sri Lanka, was used as the case study. The network location also provides cli-
matic variations of the tropical region. Its topology with 63 nodes is shown in Figure 8. The
Number 0 node is the root node and connected to the secondary side of the MV-LV trans-
former. The rated capacity of the transformer is 400 kVA delta-wye, and the input/output
voltage rating is 11 kV /415 V. The solid lines in Figure 8 represent the three-phase feeders
where three-phase or single-phase loads and PV systems are connected. The overhead
electricity distribution cable used is the aluminium aerial bundle cable (ABC-Al/XLPE of
3 x 70 + N54.6 + 1 x 16). There are 286 single-phase or three-phase customers and 50 PV
panels connected to the network. The PV panel locations are uniformly distributed across
the network with assigned ratings ranging from 2-7 kW and customer peak loads assigned
in the range of 0.5-1 kW through a uniformly distributed assignment process. The daily
operation curves for the PV systems and the daily load profile of customer loads used in
the case study are shown in Figure 9. A few random load and PV profiles used in the case
study are shown in Figure 10 to show the varying nature of the profiles evaluated. Images
1, 2 and 3 of Figure 10a represent sunny days that are randomly generated for a given
PV panel, while Images 4 and 5 of Figure 10a represent cloudy days. Thus, these random
generations encapsulate possible weather conditions that exist in a tropical environment.
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Figure 8. Single line diagram of the test LVDG network (Lotus Grove, Sri Lanka) used for the simula-

tions.
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Figure 10. Random (a) PV profiles for a single PV panel and (b) load profiles for a single customer
used in the case study.

6. Results and Discussion

To simulate the occurrences of upper and lower limit voltage violations, Monte Carlo
(MC) simulations were run for three time instances. Since we intended to identify and
mitigate voltage violations, the most prevalent cases for such violations were identified
and Monte Carlo simulations were performed for these chosen times of the day: 10:00 h,
11:00 h and 21:00 h. This is due to the high PV power available between 10:00 h and 11:00 h,
while the load is much less, leading to severe upper limit violations. Similarly, the load
is maximum around 21:00 h while there is no PV power, leading to many lower limit
violations. Since the violations occurring at other time instances were much less, they
posed a much simpler problem to be solved. Therefore, showing the ability to solve the
worst-case time instances confirmed the ability to handle the simpler violated cases. Table 2
describes the three instances in terms of the hour of simulation, the network settings (PV
and load setting), the number of simulations and the number of control instances that
employed reactive power control or active power control (RPC or APC) or both, to mitigate
voltage violations.

Table 2. Monte Carlo simulations.

Control Instances

Time of Day PV Source Base Load Number of Simulation Runs —
RPC Q-abs APC RPC Q-inj
10:00 76% 30% 1000 403 7 0
11:00 93% 50% 2000 325 102 0
21:00 0% 100% 500 0 0 500

As observed in Table 2, voltages at simulations carried out at 10:00 violated more often,
due to the low base loading. However, they tended to have a higher possibility of mitigating
the upper limit violations using only RPC Q-absorption. Comparatively, at 11:00, when
PV penetration increases, the rectification cannot be solely performed via Q-absorption, as
shown in Table 2; hence, a higher number of APC rectifications (Q-absorption followed
by APC) took place. For the simulation at 21:00 (night-time), every simulation contained
lower limit violations only, which was caused by full base loading. With a large number of
simulations using randomly generated individual base loads, PV sources and PV positions
in the network for each simulation, the robustness of the control algorithm under extreme
circumstances was ensured.
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To maintain computational consistency within this study, all simulations were run
on an Intel i7-8700k processor with 16GB of RAM. All scripts and functions were written
using MATLAB R2020a. Load flow computations were carried out using the OpenDSS
interface with MATLAB.

6.1. Validation of the Sensitivity Matrix

This section demonstrates the validity of the proposed sensitivity matrix for voltage
sensitivity calculation for power injection/absorption/curtailment. The SM was analysed
with respect to the load flow approach for the MC simulations discussed in Table 2 for the
amount of power injected /absorbed/curtailed and the respective voltage change that was
achieved. This is presented in Figure 11a for RPC and Figure 11b for APC, where each
marker denotes the values after each MC simulation. The voltage change presented in this
figure is for the worst violated node in each case where the deviation of the initial voltage is
largest from 1 p.u. Therefore, the RPC Q-injection scenarios were analysed with respect to
the node with the lowest voltage (less than 0.95 p.u) since it had lower limit violations, and
the RPC Q-absorption scenarios were analysed with respect to the node with the highest
voltage (greater than 1.05 p.u) since it had upper limit violations. APC was also analysed
with respect to the node with the highest voltage, but in comparison to the active power
used. The voltage profiles after the optimization using the load flow method and the SM
method are further discussed in Section 6.3.

0.11[ o P-curtailment: 0.1+
load flow
X P-curtailment:
sensitivity matrix
0.05 0.05 1
=) =
& £
> >
< [-100 50 100 < |-100 50 100 150 200
ox =z -0.05 F-0.05 x Q-absorption: load flow
x Q-absorption: sensitivity matrix
o Q-injection: load flow
-0.1 e Q-injection: sensitivity matrix
AP (kW) AQ (kvar)

(a) (b)

Figure 11. Change in reactive/active power and the corresponding voltage change in the most
violated node for (a) reactive power control and (b) active power curtailment.

The amount of active power used in both methods was almost consistently the same
in APC, as seen in Figure 11a. This is because the optimization was designed with a
high penalty to the amount of active power curtailed. Therefore, it was FRS that greatly
contributed to APC, as the FRS step drives the solution as close as possible to the feasible
region and the PSO always ensures that the final solution has minimal active power
curtailed, i.e., at the boundary of the feasible region.

Considering RPC, two distinct regions can be seen in Figure 11b. The RPC using
Q-absorption reduced the voltage in the nodes by consuming reactive power, hence in
the lower-left quadrant of the plane, whereas RPC using Q-injection lifted the voltage by
supplying reactive power, hence on the top-right quadrant. It can be observed that the
plots for both the SM and the load flow approach are very much overlapping. The SM can
be seen to slightly overcompensate in reactive power usage in the range of 20-30 kVARs
with a difference in the voltage change lying within 0.01 p.u.

While the SM overcompensates in reactive power usage, this difference is minimal
in comparison to the computational time benefit of the SM over the load flow approach.
The distribution of the computational times using the SM and the load flow for the MC
simulations is shown in Figure 12. It can be observed that the SM approach converges to
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the solution with a time benefit of 55.1% for the mean computational time, as shown in
Table 3.
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Figure 12. Comparison of computational time for the load flow and SM approaches.

Table 3. Elapsed computational time for sensitivity matrix and load flow calculation.

Computational Time/s

Calculation Method
Mean Std. Deviation Minimum Maximum
Load Flow 18.38 2.58 14.75 44.38
Sensitivity Matrix 8.26 0.90 5.35 12.10

6.2. Feasible Region Search for Optimization

Out of the 3000 MC simulations conducted for the Q-absorption and APC scenarios
(as in Table 2), FRS was able to drive the OV to the feasible region devoid of any voltage
violations. Meanwhile, in the 500 MC simulations conducted for the Q-injection scenarios,
except for 35 simulations, FRS was again able to drive the OV to the feasible region devoid
of any violations. Considering the 35 rare instances out of all simulation runs, FRS ensured
that the OV was driven to the closest possible setting to the feasible region, ensuring that
the PSO was able to converge to the optimal solution.

To demonstrate the effectiveness and necessity of FRS in the proposed two-stage
optimization algorithm, 100 separate MC simulations were run with and without FRS.
Within each MC simulation, the two-stage optimization and the standalone PSO were
carried out for varying population sizes and initialization parameters, and the solutions
were analysed.

In this study, the initialization parameter used was the scatter variance, which deter-
mines the spread of the PSO particles that are initially populated in the neighbourhood at
the starting point. Increasing the population and scatter variance together increases the
probability of these particles being closer to the optimal solution, due to a large number
of particles in the initial population being spread over a vast area in the solution space.
However, given a large solution space as in this study, standalone PSO does not always
guarantee a solution in the feasible region even under the aforementioned initial conditions.
These results are summarized in Table 4. Here, it was observed that on average, 34% of
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solutions obtained by standalone PSO did not fall under the feasible region. In contrast,
when FRS was used with PSO, every scenario generated using the MC simulation resulted
in the final solution being inside the feasible region, i.e., no violations. This shows the
necessity of FRS in the optimization algorithm, where it effectively drives the optimization
variable towards the solution, thus enabling PSO to carry out finer adjustments towards
finding an optimal solution.

Table 4. Percentage of unfeasible solutions after standalone PSO for varying population size and
scatter variance.

Scatter Variance

Population
0.1 0.2 0.5 1.0 2.0
5 41 41 45 45 46
10 38 38 38 40 41
20 33 30 30 33 33
30 30 30 29 29 30
50 28 27 27 28 28

It can be noted that increasing the population slightly reduces the overall number
of instances where the solution is unfeasible. However, it was observed that the average
computational time per iteration increased linearly with the size of the population. Hence,
an increase in the population size for PSO in order to optimize its performance will lead to
higher computational time in reaching the solution, which is unfavourable for the problem.

6.3. Two-Stage Optimization and Proposed Sensitivity Matrix

In order to create a considerable number of violations to emulate a possible worst-case
scenario handling capability of the proposed SM method and to demonstrate its robustness,
PV panel positions were randomly generated such that a relatively higher number of panels
were connected to Phase 3, increasing the number of violations in that phase. Therefore,
the initial and final voltages in the worst possible phase, Phase 3, after control using the
SM approach and the load flow method, both using the two-stage optimization, are shown
in Figure 13 for one particular simulation for each case at 10:00, 11:00 and 21:00.

initial bus voltages
—®-bus voltages after load flow control
% bus voltages after sensitivity matrix control

v=1.05pu

bus:20

bus: 10 bus: 20 ‘v‘=1.05pu”‘ us:

bus: 40

bus: 40

Figure 13. Voltage profiles of Phase 3 before and after control at (a) 10:00 using Q-absorption, (b) 11:00
using Q-absorption and P-curtailment and (c) 21:00 using Q-injection.

The distribution of the minimum voltage of the set of nodes after RPC using Q-
injection obtained using the 500 MC simulations conducted at 21:00 as per Table 2 is
shown in Figure 14. Similarly, the distribution of the maximum voltage after Q-absorption
obtained using 410 MC simulations (violated simulations) out of the 1000 simulations
conducted at 10:00 as per Table 2 is shown in Figure 15. It can be observed that the lower
limit violations and upper limit violations were successfully eliminated by the control
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sequences. There was a slight incremental shift of 6.5 x 1073 p.u of the mean voltage in
the minimum voltage distribution of the sensitivity matrix approach compared to the load
flow approach after Q-injection (Figure 14). Similarly, the maximum voltage distribution
of the sensitivity matrix method was slightly lower with a 1.02 x 102 p.u difference of
the mean voltage compared to the load flow method (Figure 15). This was due to the
overcompensation of power by sensitivity matrix due to its approximation, as described in
Section 6.1. However, the optimization ensures that both methods successfully mitigate
voltage violations while minimising the voltage deviations in each phase.
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Figure 14. Distribution of minimum controlled voltages after Q injection obtained using MC simula-
tions at 21:00.
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Figure 15. Distribution of maximum controlled voltages after Q absorption obtained using MC
simulations at 10:00.

Finally, the APC algorithm is heavily dependent on the amount of active power
curtailed rather than the voltage deviations in each phase. Hence, when the Q-absorption
is not sufficient to remove the violations, APC is performed, which attempts to just remove
the violation. Therefore, the maximum voltage of the set of nodes is always at 1.05 p.u
(the upper limit). This is seen in Figure 16, which shows the distribution of the voltage
profile obtained after APC, using the 102 MC simulations (violated simulations) out of
2000 simulations conducted at 11:00 as per Table 2. Hence, in the APC case, both the
sensitivity matrix approach and the load flow approach yielded the exact same result.
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Figure 16. Distribution of maximum controlled voltages after P curtailment obtained using MC
simulations at 11:00.

7. Conclusions

In this paper, a novel Sensitivity Matrix (SM) and a Centralized Active Reactive
Power Management System (CARPMS) using inverter control to eliminate voltage limit
violations were introduced. The optimum PV power settings for the control sequence
were determined by a novel modified two-stage optimization algorithm. The two-stage
optimization algorithm takes the predicted PV power and the estimated node voltages as
inputs to determine the PV inverter active and reactive power settings to eliminate the
voltage violations whilst minimising the unbalance in the network.

To demonstrate the effectiveness of the proposed SM approach and the two-stage
optimization algorithm, a simulation study was performed on an existing LV network.
The effectiveness and necessity of the FRS combination with PSO (two-stage optimization)
was analysed by running 100 Monte Carlo simulations with FRS and without FRS (using
only PSO). It was observed that nearly 34% of the simulation scenarios were not solved
by the PSO-only optimization to remove the voltage violations. It was further observed
that there was considerable overlap as to which cases had violations after optimization
when using PSO only. This confirmed that the PSO algorithm is unable to handle specific
voltage violation scenarios regardless of the parameters being tuned. However, with the
combination of FRS (the two-stage optimization), all the simulations were able to find a
solution removing all violations. Furthermore, the two-stage optimization was able to find
solutions with a population of only 10, which further reduced the computational time.

The two-stage optimization algorithm performance was first implemented using load
flows and then using the SM for the voltage profile generation. The results showed that
the SM is able to successfully assimilate the performance of the state-of-the-art solution:
the load flow, in all cases of reactive power injection, reactive power absorption and
active power curtailment. The difference between the mean voltages of the proposed
methodology and the load flow methods were 6.5 x 103 p.u for RPC using Q-injection,
1.02 x 1072 p.u for RPC using Q-absorption. It is noteworthy that the voltage profiles
obtained after APC were exactly the same for both methods (0 p.u mean voltage difference),
which reaffirmed the SM approach. Furthermore, the SM reduced the time consumed
for the voltage profile generation by 55% when compared to the load flow method. This
faster inverter control will mitigate voltage violations in LVDGs, thereby allowing utility
providers to accommodate more rooftop solar panels into LV networks.

The main advantage of the proposed two-stage optimization using the SM is the
reduction in time to generate the voltage profiles during the control sequence. Since the
SM approach is able to perform the network voltage estimation with a 55% reduction in
time with negligible accuracy loss, this will speed up the control of voltage violations in
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LVDGs. Furthermore, the CARPMS implementation’ initial cost is minimal due to the
use of existing PV inverters without the need for additional device installation for the
control operation.
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Abstract—Due to high PV penetration, voltage violations are
one of the major problems which occur in networks. Existing
conventional voltage-var control techniques in such networks
consider the voltages at their connection points, for maintaining
the voltage profile within the limit. Though useful, this method
is not an efficient method for voltage control in the network with
rooftop PV panels which have voltage fluctuations throughout
the feeder. The centralized reactive power control method is
introduced in order to improve the effectiveness of the method.
This paper addresses a technique for minimizing the voltage
violations in the feeder by utilizing the unused capacity of
PV inverters. The method is validated in three different type
networks selected from a Sri Lankan distribution network.
The obtained results demonstrate that this technique is able
to reduce the voltage violations in the network.

Index Terms—Voltage deviation, Voltage violation, Reactive
power capacity, Reactive power compensation

I. INTRODUCTION

In recent years, photovoltaic (PV) generation systems have
grown rapidly due to the massive increase in demand and
lack of other natural resources [1]. In addition, PV systems
have the advantage of operating at both utilities and end-
users (households). However, many utilities have identified
problems with the installation of small-scale PV plants in
the Low Voltage Distribution Grids (LVDGs) such as voltage
violation, harmonics and dc injections [2]. Out of these prob-
lems, voltage violations are significant and many solutions to
mitigate them are reported in the literature.

In [3], three types of voltage regulation methods based
on the reactive power capability of the inverters have been
proposed namely, voltage-var control, adjustable power factor
control, and active power curtailment control. In voltage-var
control, the inverter of the PV system injects reactive power
by referring local voltage of the PV panel at the connection
point to the feeder. Here the amount of reactive power
provided by the inverter is determined by a droop controller.
With adjustable power factor control, the PV systems reactive
power output determines the amount of active power supplied
by the PV inverter. Results from the above assessment
indicate that depending on the states of the network, the
effectiveness of the control method varies. Due to the high
R/X ratio in LV networks, active power curtailment produces
significant voltage drop compared to voltage-var method [4].
However, the cost of active power curtailment is much higher
compared to reactive power management as the later can be
freely obtained from the solar inverters.

The method depicted by [5], which is an extended version
of voltage-var control method depicted by [3] is presented.
The centralized reactive control method is introduced in
this paper while minimizing power loss in the transmission
line. Though this paper presents a centralized reactive power
control method, the complexity of the algorithm is much
higher compared to proposed algorithm.

Traditionally, voltage regulation in LV distribution net-
works is achieved by the use of manual offload tap changers.
Typically, the tap positions are calibrated and changed only
in case of network extension or modification [6]. Due to
the random activities of both the load and generation and
the obstacles in daily voltage trend forecasts, the traditional
voltage control is expected to become inherently unreliable.
But the use of On-Load Tap Changer (OLTC) is recently
introduced to control voltage violations in LV network.

Reference [7] presents remote monitoring based control
strategy. Each feeder endpoint, midpoint voltages and sec-
ondary side voltage of the transformer are used to determine
the tap position. However, OLTC is unable to perform quick
tap variations in real-time. Reference [8] presents a combi-
nation of two different local reactive power control methods
to minimize energy losses in the network while regulating
the voltage over feeders. A two-stage optimal approach to
minimize the power losses and voltage deviations of the
distribution system is presented in [9].

This paper presents a voltage control method to minimize
the voltage violations of the network by utilizing the reac-
tive power capability of the inverters. Without controlling
the inverters separately, the centralized controlling method
was used to maximize efficiency by utilizing their reactive
power capacity while avoiding active power curtailment.
After estimating the required reactive power change, the
algorithm chooses the optimum location to inject reactive
power within the boundaries of all constraints by using the
minimum injection of reactive power. This method is much
more efficient compared to methods presented in [9] and [8]
because this method does not use any capacitors, Voltage
Regulator(VR) or OLTC to regulate voltages as it uses the
available reactive power capacities in PV panels. Case studies
demonstrate the effectiveness of the proposed method through
comparisons in voltage regulation and violation.
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Fig. 1. Example of power flow in a busbar

II. METHODOLOGY
A. Egquation of Power Flow Between Two Buses

Consider the k-th busbar connecting the nodes &£ and 7 in
Figure 1. The equation for the power flow in the busbar can
be expressed as,

Sk = P+ jQk 1

Sp=Vi - It* 2

where, Si is the power flow in the busbar, Py is the active

power component, J, is the reactive power component, V

is the k-th bus voltage, I is the line current and * is the

complex conjugate operator. If the admittance of the busbar

is Yz; with a conductance of Gg; and susceptance of By,
then the power flow can be given by,

St = Vi. (Y. Vi)* 3)

Sk =| Vi | £6k(Gri — jBii) | Vi | £—6; @

where, | Vi | and | V; | denote the magnitude and &, &;
denote the angle of the bus voltages.

Sk =| Vi || Vi | (Gi — Brs)(cos(dxs) + jsin(dxi)) (5)

where, dr; = 0 — 6;
From (5), the active and the reactive power components
were obtained as,
Py =| Vi || Vi | (Gri cos(xi) + Brisin(dxi))  (6)
Qr =| Vi || Vi | (Giisin(0x:) — Bgicos(0ks)) (D

B. Sensitivity Analysis

The changes that occurs in the bus voltages will let to
deviations in the power flow in the busbar which can be given
as,

) )

AP, = g_VAV+ g_5A6 ®)
_ 0Qk Qr

AQr = ra AV + 5 Ad &)

Therefore it is necessary to find the sensitivity of the power
flow components with respect to bus voltages [10]. This
was obtained by computing the Jacobian of the power flow

equation as,
= (10)
[AQ’“ aazs’c 57 AV
apP 2% J J
J= |4 = |22 B] 11
& -l n]

where , J denotes the Jacobian matrix, J4, Jg, Jg and Jp
denotes the sensitivity of power flow component with respect
to bus voltages. For the k-th busbar the sensitivity matrix was

written as,
&Py 8Py oP;, oP;
_ | 88 09; 3% oV
J=15d o0, 80k ok (12)
001 04; oV ov;

TABLE 1
JACOBIN MATRIX VALUES
7 TZE =%
Ja | [V [ Vi | (Grisin(dgs) — Bricos(0ki)) 0
JB [ Vi [ (Gricos(8x:) + Brisin(d;)) 2 [ Vi | Gis
Jo | 1V [ Vi | (Gricos(xi) + Brisin(0x:)) 0
Jp [ Vi [ (Grisin(8x;) — B cos(8g;)) 2| Vi [ Brx

and their values are illustrated in the Table 1.

Lets consider the elements related with the reactive power
component from the J matrix. It can be assumed that there
are no considerable changes in the angles d3 and 4;. Therefore
the deviation of the reactive part is mainly due to the change
in the voltage magnitude. For a unbalanced 4-wire LV side
network, the incremental change of the reactive power term
with respect to the incremental change in voltage were written
as,

AV, ]
AVy,2
AQg,1 AVi3
AQk2 AVi N
2 =T1J ’ 13
AQus | — 12l [ AV, a3
AQk,N AV?Z,Z
AVis
AV, N
where,
[Jpk1 O 0 o 1"
0 Jpkz O 0
0 0 Jpks O
1 0 0 0 Jpr,N
[/n] = Jpixz 0 0 0 a4
0 Jpiz O 0
0 0 Jpis O
| 0 0 0  Jpin]

AQg,m is the change in Q, AV, and AV, are changes
in bus voltages at wire m. Here m = 1,2,3, N.

The maximum violated bus is identified and the voltage de-
viation of this bus is calculated by considering the acceptable
voltage limit as 0.06pu,

A‘/bus = VMamViolated — Viimit (15)

For a radial network, the injection/absorption of reactive
power using the PV panels will let to similar voltage deviation
throughout the feeder [8]. Therefore it was assumed that, the
all the bus voltage in the network is going to have the same
amount of voltage change as AVpy;.

Using equation (13) the required @ by each busbar to have
the AV shift in the bus voltages was found.

But during stimulation it was observed that in most cases,
the violated busbars could be brought within the limits, by
only supplying/absorbing the () required by these violated
segments. The total required () was calculated by adding the
AQ in the violated busbars. The total @} is absorbed/injected
using the PV panels starting from the end of the network till
it meets the () requirement or till all PV inverter reach their
available reactive power limit which is denoted by,

QPV avalible = Slziating - P12’V (16)
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TABLE I
CASE 1 DAY TIME : 3 ITERATIONS
Phase no: 3
PV panel No 1 2 3 4
Q avaliable | kVAr 392 | 392 | 10.25 | 7.48
Q used | kVAr 0 0 5.06 0
Total no of violations 0
TABLE IT
CASE 1 NIGHT TIME : PHASE 1 AND 2 ARE VIOLATED NO OF ITERATION
Phase no: 1 2
PV panel No 1 2 1 2
Q avaliable | kVAr 6.68 | 4.68 | 557 | 4.68
Q used | kVAr 537 | 468 | 434 | 4.6
Total no of violations 0 0

where,

Q PV avalible 1S the maximum available () injection/absorption
SRating is the PV panel inverter rating

Ppy is the active power of operating PV panel

If voltage violations are still present in the system and
if reactive power is available in the PV inverters, then the
above process in (15) can be iteratively applied until there
are no voltage violations or no available reactive power in the
violated phase. The flow of the above algorithm is represented
in the Figure 2.

As (@) injection/absorption effect all the bus voltage in the
specific feeder, if there are more than one link connecting to
a bus bar, then the maximum violated link is identified first
and attempted to bring it within the limit.

III. CASE STUDIES FOR SELECTED NETWORKS

Three different types of networks were selected from the
Figure 16 and for each network, day-time and night-time
cases are considered. Few more PV panels were added to
the network and network parameters are given in appendix.

A dead-zone function as depicted in Figure 3 was used
to calculate the amount of voltage violation. For each case,
the amount of violation before and after reactive power
compensation are illustrated using stem plot and the details
about the violated phases, total no of iterations made and
the details about PV panels used for () compensation are
described by tables.

A. Case study 1 : Single-feeder Network

Transformer with first feeder of the network is selected for
the case study 1.

1) Day time data: Phase 3 of feeder 1 is violated and the
details about this case is illustrated using Table II, Figure 4
and 5.

2) Night time data: The Table III, Figure 6 and 7 illus-
trates the details about the violated phase 1 and 2 before and
after injection of reactive power.

B. Case study 2 : Two-feeder network

Transformer with first, second and third feeders of the
network is selected for the case study 2.

TABLE IV
CASE 2 DAY TIME : PHASE 2 AND 3 ARE VIOLATED - NO OF ITERATION
s1
Phase no:
PV panel No 1 2 3 5 6 7

Q available | kVAr 59174 | 5.1 49 | 49 [ 59
Q used | kVAr 59174 | 5.1

Total no of violations

Phase no:

PV panel No 1 2 3

Q available | kVAr 49 | 42 | 37| 44 | 58 5.8 -
Q used | kVAr 49 | 42 | 37| 44 | 58| 59 -
Total no of violations 0 -

(=]
[
(=]

TABLE V
CASE 2 NIGHT TIME : PHASE 1 AND 3 ARE VIOLATED - NO OF
ITERATION IS 1

Phase no: 1 3
PV panel No 1 2 1 2 3 4
Q available | kVAr 47 | 89 | 47 | 37 | 11.1 | 134
Q used | kVAr 47 | 89 0O 0 0 35
Total no of violations 6 4
Maximum violation | pu 0.0064 0.0015
TABLE VI
CASE 3 DAY TIME : PHASE 1 AND 3 ARE VIOLATED - NO OF ITERATION
1S3
Phase no: 1 3
PV panel No 1 2 1 2
Q available | kVAr 85|12 |58 | 89
Q used | kVAr 85112 0 | 38
Total no of violations 7 7
Maximum violation | pu 0.007 0.008

1) Day time data: Phase 2 and 3 have subjected to voltage
violation in feeder 3 and 1 respectively. The details about this
case is described by Table IV, Figure § and 9.

2) Night time data: Although feeder 1 and 3 of phase
1 have voltage violation,feeder 3 violation is considered
first as it is having maximum violation. But it is unable to
bring it into limit as its not having enough PV panels for
compensation. Although after feeder 3 compensation, it is
observed that the feeder 1 also brought into the voltage limit.
Feeder 3 of phase 3 is violated and details about this case is
described in Table V, Figure 10 and 11.

C. Case study 3 : whole network

The whole network is selected for the Case study 3.

1) Day time data: Phase 3 of feeder 6 and phase 1 of
feeder 1 and 6 are violated in this case. In phase 3 by
compensating the feeder 6 violation feeder 1 also brought
into its limit. The Table VI, Figure 12 and 13 illustrates the
details about this case.

2) Night time data: Phase 2 and 3 of feeder 6 and 8 are
violated respectively. The details about this case is described
by Table VII, Figure 14 and 15.

IV. CONCLUSION

This work outlines a reactive power compensation tech-
nique to reduce the amount of voltage violations in an
unbalanced distribution network using single phase rooftop
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AV = Vbus - Vmaxviolated
Calculate AQ

Total Q = sum of AQ

i= N (Assuming N number of PV panel)

PV inverter Reactive power

Total Q=0

bus >1.06 or
V bus 0.94

if total Q =0

Q Available = ¢

Total Q < Q Available o
i th PV panel

supply only total
Q value
Total Q=0
i=i-1

Total Q=Total Q -Q available of i "PV
panel

=€ :

Fig. 2. Flow Diagram of the algorithm
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Fig. 4. p.u voltages of busbars before and after applying Q in case 1 day
time

PV panels. The proposed algorithm has been based on a basic
power flow equation and considered the violated busbars for
the voltage compensation. This algorithm has been validated
on a hybrid environment for three different networks for two
different time scenarios, namely day time and night time.
Results of these case studies reveals that, the proposed algo-
rithm was able to completely reduce the voltage violations
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T T
—-% After absorption of Q in Ph3
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Fig. 5. Stem plot of voltage violation of the case 1 network day time
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Fig. 6. p.u voltages of busbars before and after applying Q in case 1 night
time

in the distribution network if there are enough single phase
PV inverters to supply the required reactive power for the
violates busbars.
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Fig. 9. Stem plot of voltage violation of the case 2 day time network phase
2 and phase 3

APPENDIX

The network in Figure 16 is a three-phase 4 wire LV side
network with the following parameters

11kV/415kV transformer of 400kV A with Dynl11.
The total length of the network is 1.6km and Aluminium
Aerial Bundle Cable (ABC-AV/XLPE of 3x70+N 54.6
+1x16).

43 single-phase PV panels are connected throughout the
network with the rating of 22.5kVA to 2kVA.

Load power 5kW to 0.1kW.
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Fig. 10. p.u voltages of busbars before and after applying Q in case 2 night

time
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Fig. 11. Stem plot of voltage violation of the case 2 night time network
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o Total of 276 customers/loads.
o Day loading is 50% of night loading.
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TABLE VII
CASE 3 NIGHT TIME : PHASE 2 AND 3 ARE VIOLATED - NO OF
ITERATION IS 1

Phase no: 2
PV panel No 1 2 3 4 5
Q available | kVAr 41 27|21 | 43 | 43
Q used | kVAr 412721 | 43 | 43
Total no of violations 0
Phase no: 3
PV panel No 1 2 3 4 -
Q available | kVAr 53198 |61 ] 120 -
Q used | kVAr 53198 |61 ] 120 -
Total no of violations 1 -
Maximum violation | pu 0.0005 -
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Appendix 1

Gantt Chart Proposed in the Original Grant Proposal
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Gantt Chart
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1 | Literature review and project initialization
2 | Implementation of the system for load

monitoring under voltage fluctuation
3 | Impact analysis of PV influx on the load

monitoring and prediction system
4 | Identification and analysis of anomalies

and unknown loads using load monitoring
5 | Developing a predictive type state

estimator for the distribution network
6 | Incorporating the smart transformer and

smart inverter to control the load side
7 | Optimizing the energy management with

the presence of PV influx and fluctuations
8 | Developing the S-DSM incorporating the

above tasks
9 | Verification of functionalities of S-DSM

on real appliances
Milestones and Performance Indicators
Milestone (M) / Performance Indicator (P) 9 10 llMoll;thsB a5 161718 119120 121 22 [ 23 | 24

Ml Literature review

M2 Problem formulation

M3 Reliable basic NILM algorithm

M4 Reliable robust NILM algorithm (SS,
MS, CV, MS/L load handling)

M5 Energy disaggregation and mode
estimation algorithm

M6 Smart meter interface

M7 Reliable measurement nodes

Pl Submit conference paper
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System (S-DMS) to maximize the rooftop PV absorption capacity of last mile
network

This has reference to your letter dated 08" March 2021, on the above subject.

In view of the justifications given, the NSF approved three months extension of the grant period
up to 09 June 2021, without additional funds.

Thank you.

Y ours sincerely,

AN

A V/,”’_:
Ms. Christine Dasanayake
Head /Research Division (Covering)

o Dr G.M.R.I. Godaliyadda, Dept. of Electornical & Electronic Engineering,
Univ. of Peradeniya
Prof J.B. Ekanayake, Dept. of Electornical & Electronic Engineering, Univ. of Peradeniya
Bursar, University of Peradeniya

Accountant, NSF
RD/SW/mw
Bo® B8 adnde Savd 0 eoI@ mOBH  HUNEILIDH Maihnl HYHHBEILD USHTILTEN] BILIBD SjHeHoHs (1P pauflufiapb  Please address all correspondence to the Director General
47/5, o®OEHD eve¢es, eme® 07,  Cowid. 47/5, Guuineosi’ 1Bsmerd, GasTpiby 07, Eeomimna 47/5, Maitland Place, Colombo 07, Sri Lanka.
@QBe Sdc: ueitureny mHrwsb: Director General: = +94 112 209 502 & +94 112 694 754 #=7 dg@nsf.gov.lk
e®og: Qurgl: General: & +94 112 696 771 &3 +94 112 694 754 #=7 info@nsf.gov.lk @ www.nsf.gov.lk

"Berod, DEEEns © HEVIFIHE PET @9IDIOB B,
“afighehTantd. GiTFspILUID ! ﬂ‘jllb.,‘!bﬁl)‘j"@ljlpl:llJt’bQ&:ﬂﬂ@)]'L.ﬂtb SlalmasHemw Gursas”  “Science, Tefhngiogxtagg
PR (> SN RSV O A £ PE YRR 77 B BRI g TR U T R TR gt s 1 R > , L a4 AR R R

ovation,jowards Brosperity




B8 Bero e
Gl allehehTer LDETBLD
National Science Foundation
(Ministry of Higher Education, Technology & Innovation)

NSF/RD/O7/RG/2018/EA&ICT/01

12.07.2021

Dr M.P.B. Ekanayake

Department of Electrical & Electronic Engineering
Faculty of Engineering

University of Peradeniya

Peradeniya

Dear Dr Ekanayake,

Request for an extension

Grant No : RG/2018/EA&ICT/01

Title : Development of a novel predictive based Smart Distribution Management
System (S-DMS) to maximize the rooftop PV absorption capacity of last mile
network

This has reference to your letter dated 07" June 2021, on the above subject.

In view of the justifications provided and considering prevailing Covid-19 pandemic situation of
the country, NSF approved five months extension of the grant period up to 09" November 2021,
without additional funds.

Thank you.

Yours sincergly,

-noMhfesh Dissap4
Head /Research Di

o Dr G.M.R.I. Godaliyadda, Dept. of Electrical & Electronic Engineering,
Univ. of Peradeniya
Prof J.B. Ekanayake, Dept. of Electrical & Electronic Engineering, University of
Peradeniya
Bursar, University of Peradeniya
. Accountant, NSF

RD/SW
Exe® B8 clnde dod)d 980 cof @Osn  HUNGTIE seabal Hppbmeauh usTOus] Brush osisanss apsafilee Please address all correspondence to the Director General
47/5, @®0¢csID cveqe, emigh 07, & Eomid. 47/5, Guuipsosii LGamard, Gsmupby 07, Bevkens 47/5, Maitland Place, Colombo 07, Sri Lanka.
guoe dmd@: usnitiuteny mrwsib: Director General: = +94 112 209 502 = +94 112 694 754 #=7 dg@nsf.gov.lk
oo Gungi: General: %% +94 112 696 771 =2 +94 112 694 754 #=7 info@nsf.gov.Ik @ www.nsf.gov.lk

"Bexod, mseic © mediduigme HEW esimose @&,

‘sl shepTand., Gepnfsipun whmh sshblgiybeaiagn s sulsighfson Grisa" “Science, Technology and Innovation towards Prosperity”



Outcomes of the Research Proposed Under the Grant

This grant has been highly successful in producing two high-impact journal papers and one conference
paper published along with one patent application pending and one high-impact journal paper being
finalized for submission at the moment.

Journal Papers

(1) Wele Gedara Chaminda Bandara, Dilini Almeida, Roshan Indika Godaliyadda, Mervyn Parakrama
Ekanayake, Janaka Ekanayake, “A complete state estimation algorithm for a three-phase four-wire
low voltage distribution system with high penetration of solar PV”, International Journal of
Electrical Power & Energy Systems, Volume 124, 2021, 106332, ISSN 0142-0615
https://doi.org/10.1016/].ijepes.2020.106332.
https://www.sciencedirect.com/science/article/pii/S0142061519336518
Science Citation Index Expanded Impact Factor 3.588
[NOTE: This paper was accepted for publication after submitting the December 2020 report]

(2) W.G. Chaminda Bandara, G.M.R.I. Godaliyadda, M.P.B. Ekanayake, J.B. Ekanayake,
“Coordinated photovoltaic re-phasing: A novel method to maximize renewable energy integration
in low voltage networks by mitigating network unbalances”, Applied Energy, Volume 280, 2020,
116022, ISSN 0306-2619,
https://doi.org/10.1016/j.apenergy.2020.116022.
https://www.sciencedirect.com/science/article/pii/S0306261920314641
Science Citation Index Expanded Impact Factor 8.848

Conference Paper

(1) A. Balachandran, G. W. K. Prabhath, W. G. C. Bandara, G. M. R. I. Godaliyadda, M. P. B.
Ekanayake and J. B. Ekanayake, "Reactive Power Compensation for Voltage Violations in
Distribution Network," 2019 14th Conference on Industrial and Information Systems (ICIIS),
Kandy, Sri Lanka, 2019, pp. 245-250, doi: 10.1109/ICI1S47346.2019.9063332.



Timeline of Key Events

e Date of Award — December 2018

e Fist installment of funds received — April 2019

e Commencement of the grant — 09" March 2019 (Backdated with the permission of the NSF)

e Closing of Universities and other institutes due to the Easter Attack — late April 2019 to late
May 2019

e Frequent stoppage of academic activities due to other issue (in particular union actions,
holidays etc.) July to December 2019

e Stoppage/major restrictions of academic activities due to containment measures of COVID-19
pandemic — March 16" to date

e Second (last) installment of funds received — January 2021

o The funds available in the consumables / equipment were utilized to pay the salary of
the Research Assistant until the funds were received

e Scheduled date of completion of the grant (two years from the date of commencement) — 09
March 2021

e Scheduled date for settling the finances and closing the account — 09" April 2021

e Final report due — 09" June 2021

Justification for the Request

Due to the continued turbulent circumstances and frequent stoppage of work, most of the work
pertaining to the project were carried out without the luxury of having direct laboratory access. Due to
these reasons and the delays in the receipt of funds, the procurements under this grant could not be
completed as expected. Now that the NSF has kindly disbursed the funds and the operations of the
university has converged to a steady rhythm after all the calamities, we are in a position to do the
required procurements.

These equipment and consumables will enable a great value addition to the project funded by this grant
and would enable the future development activities targeting possible practical deployment and/or
commercialization. In addition, the hardware implementation will most surely enable us to achieve yet
another application oriented high-impact publication.

Therefore, authorization to utilize the funds up until the final report is due (i.e., 09" June 2021) will be
much beneficial from the grant’s point of view as well as in realizing the objectives of the NSF in such
funding.

The plan for the utilization of the funds and the progress of work over the extended period of time is
shown in the Gantt Chart attached.
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Dr. M. P. B. Ekanayake,

Department of Electrical and Electronic Engineering,
Faculty of Engineering,

University of Peradeniya,

Peradeniya.

07" June 2021.

Through:

The Head of Department,

Department of Electrical and Electronic Engineering,
Faculty of Engineering,

University of Peradeniya,

Peradeniya.

To:

The Director,

The National Science Foundation
No. 47/5, Maitland Place,

Vidya Mawatha,

Colombo 07.

Dear Sir/Madam,
Requesting an Extension for the Completion of Research Grant Number RG/2018/EA&ICT/01
With reference to the letter by me on the same title, dated 08™ March, 2021:

The grant period of the above grant number was scheduled to terminate on 09 March 2021 and | am grateful that
the NSF provided me an extension till the 09™ of July 2021 to complete the grant considering the numerous hindrances
and stoppage of work due to a multitude of reasons over the past two years.

Thanks to the extension, and reopening of the country concurrently, we were able to initialize the final hardware
implementation component promised by the grant. Unfortunately, a few weeks after this, soon after the new year
break, the country was again put under strict restrictions due to the raging COVID pandemic and the work was
brought to an abrupt stop. As the universities are not considered “essential services”, the operation of university
offices, including laboratories, is at a minimal level. Therefore, it was not possible to proceed with any hardware
implementation activities or any financial transactions. Furthermore, the quotations that were called for have already
expired due to the delays due to the closing of facilities.

Considering the present epidemiological predictions, the month of July may be quite critical for Sri Lanka in terms
of COVID. It is quite likely that the universities may be closed until this wave is over. Therefore, it is quite unlikely
that any work which requires access to laboratory facilities at the university could be executed at least until early
August. Once the universities are open, we will require an additional three months to complete the final stages of the
grant proposal.

Therefore, considering the successful outcomes of the grant and the stoppage of work due to the COVID pandemic,
I would be most grateful if you would be kind to grant us an extension until 09" of November (three months from
August — when it is anticipated to restore normalcy) to complete the grant.

Thank You,
¢ /;,/\/

Yours Sincerely,
Dr. M. P. B. Ekanayake — Principal Investigator



Outcomes of the Research Proposed Under the Grant

This grant has been highly successful in producing two high-impact journal papers and one
conference paper published along with one patent application pending and one high-impact
journal paper being finalized for submission at the moment.

Journal Papers

(1) Wele Gedara Chaminda Bandara, Dilini Almeida, Roshan Indika Godaliyadda, Mervyn
Parakrama Ekanayake, Janaka Ekanayake, "A complete state estimation algorithm for a three-
phase four-wirelow voltage distribution system with high penetration of solar PVV", International
Journal of Electrical Power & Energy Systems, Volume 124, 2021, 106332, ISSN 0142-0615

htt ps://doi.or 9/10.1016/j.ijepes.2020.106332.
htt ps://www.sc ie ncedirec t.com/science/article/pii/SO0142061519336518Science Citation Index

Expanded Impact Factor 3.588
[NOTE: This paper was accepted for publication after submitting the December 2020 report]

(2) W.G. Chaminda Bandara, G.M.R.l. Godaliyadda, M.P.B. Ekanayake, J.B. Ekanayake,
"Coordinated photovoltaic re-phasing: A novel method to maximize renewable energy
integration in low voltage networks by mitigating network unbalances", Applied Energy, Volume
280, 2020, 116022, ISSN 0306-2619,

https: //doi.org /10.1016/j.apenerqy.2020.116022.
https: //www.scienced irect.co m/science /article / pii /S0306261920314641 Science Citation Index
Expanded Impact Factor 8.848

Conference Paper

(1) A. Balachandran, G. W. K. Prabhath, W. G. C. Bandara, G. M. R. |. Godaliyadda, M. P. B.
Ekanayake and J. B. Ekanayake, "Reactive Power Compensation for Voltage Violations in
Distribution Network," 2019 14th Conference on Industrial and Information Systems (ICIIS),
Kandy, Sri Lanka, 2019, pp. 245-250 , doi: 10.1109/IC11S47346.2019.9063332.


http://www.sciencedirect.com/science/article/pii/SO142061519336518
http://www.sciencedirect.co/

Timeline of Key Events

Date of Award-December 2018

First installment of funds received-April 2019

Commencement of the grant- 09" March 2019 (Backdated with the permission of the NSF)

Closing of Universities and other institutes due to the Easter Attack- late April 2019 to late May 2019

Frequent stoppage of academic activities due to other issue (in particular union actions,holidays etc.)

July to December 2019

Stoppage/major restrictions of academic activities due to containment measures of COVID-19pandemic

- March 16™ to date

Second (last) installment of funds received - January 2021

« The funds available in the consumables / equipment were utilized to pay the salary ofthe Research
Assistant until the funds were received

Scheduled date of completion of the grant (two years from the date of commencement) - 09"March

2021

Original scheduled date for settling the finances and closing the account - 09" April 2021

Original scheduled date for the final report due - 09" June 2021

Extension granted to complete the grant and settle finances until 09" June 2021

New Year break 11" to 17" April 2021

Closing of the University to students and curtailment of staff presence due to rising COVID cases —

from 18™ April 2021

Justification for the Request

Due to the continued turbulent circumstances and frequent stoppage of work, most of the work
pertaining to the project were carried out without the luxury of having direct laboratory access. Due to
these reasons and the delays in the receipt of funds, the procurements under this grant could not be
completed as expected. Even with all these constraints beyond our control, this grant has produced
several high impact publications.

Due to the apparently clam situation early March this year, we anticipated that we would be able to
finalize all the procurements and complete the hardware implementation at our laboratories. With this
expectation, we made a request to the NSF and it was kindly honored and granted us an extension of
three months according to the time plan given by us.

However, just one month (four weeks) of work according to the plan, all laboratory work had to be
suspended due to the sudden closing of facilities in view of the rapidly rising COVID cases and several
reported cases from the University. Furthermore, the entire country was put under severe travel
restrictions with “non-essential” operations being suspended. As a result, on one side, we were barred
access to laboratory facilities. On the other side, the quotations called were expired. Whatever responses
received to that extent could not be processed due to the minimal work and staff allocation at the
University. Therefore, we are now required to call in for fresh quotations as they have expired. For all
this to happen, the universities should be re-opened.

According to experts of epidemiology the number of COVID cases are expected to rise through July.
Therefore, it is only safe to assume that strict containment strategies may be enforced at least up until
August. Therefore, it is quite unlikely that laboratory access will be entertained until then. Therefore,
the actual physical hardware implementation of the platform cannot be started until after that.



In the view of the quotation will have to be re-called for, the procurement process will at lease take six
weeks to complete. During that time, the initial designs testing may be carried out. After the required
equipment and consumables are procured, the final work can be completed within another one and a
half months. Therefore, the total work alone will require three months to complete, from the time the
laboratory facilities at the university are re-opened.

The plan for the utilization of the funds and the progress of work over the extended period of time is
shown in the Gantt Chart attached.



Gantt Chart for the Grant Extension

Week Number from Recommencement of Activities

Task

2 |1 3|4 5|6 |7 |89 (10|11

12

Procurement
Processes

P1

Send out purchase orders / Calling for quotations

P2

Receiving bids / quotations from local suppliers

P3

Evaluation of quotations, inspections and TECs

P4

Purchasing and receiving of goods

Technical
Activities

T1

Implement the control algorithms in the dedicated processor

T2

Hardware emulation studies

T3

Implementing the system on the hardware

T4

Final assessment of system performance

Reporting

R1

Finalizing the final report

R2

Closing the financial account and fund transfer

R3

Submission of the final report
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