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Abstract

High penetration of distributed generation (DG) is evident in the development of
modern power systems, and this trend is expected to continue growing. Grid
integration control strategies have been recognized as the main way to save
investment, reduce fossil fuel energy consumption, and improve the reliability and
flexibility of power systems. The distribution network itself is also a weak link that
causes the deterioration of power quality and affects the overall performance and
efficiency of the system. Therefore, smart distribution networks play a decisive
role in the overall concept of the smart grid. Smart inverter control is more
appreciated in the field of optimal operation of low voltage distribution networks
with high penetration of distributed generations, due to its advantages of high
flexibility, quick response time and low additional system cost.
The work presented in this PhD thesis aims to investigate the impact of high
penetration of distributed energy resource in the power system and develop a
multi-objective optimisation method to improve the distributed network performance.
This research studied the impact of the access of a large number of distributed
energy sources such as rooftop solar photovoltaics on low carbon power availability
and quality of supply within the distribution network.
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By looking for the

best model composition, it created a distribution network model with highly
distributed photovoltaics.
The optimized maximum capacity and location of the solar energy configuration
in the distribution network are realized through voltage sensitivity and genetic
algorithm.

The concept of adjusting reactive power output in distribution

network to affect system characteristics are based on the smart inverter functions
of distributed photovoltaics.

To further conduct the multi-objective control,

this thesis proposed an adaptive particle swarm optimisation scheme.

The

main algorithm based on multi-objective particle swarm optimization (MOPSO)
algorithm, which uses the concept of Pareto dominance to find solutions for multiobjective problems.
Through the investigation of the interactions of multiple effects such as voltage
fluctuations, system cost and CO2 emissions in a distributed network with
saturated PV penetration, with the advanced algorithm in planning photovoltaics
and further smart inverter volt/var control scheme, the generation cost and
GHG emission curve were improved and avoid the disturbance to customer
behaviours. This thesis also proposed an adaptive multi-objective control scheme
for distribution networks with photovoltaics infeed, on the basis of smart inverter
control. To cater for the fact that low voltage distribution network may face
problems such as voltage mitigation, system loss increase and customer also
requires to pay less bill. The method is designed to solve these multiple conflict
objectives. The correctness and validity of the proposed strategy are verified by
numerical examples in a radial large 149 bus system.
This thesis conducted detailed investigation of highly distribution network characteristics and proposed a process of multi-objective control scheme for the distribution network. It not only illustrated the control method, but also included
the implementation requirement and consideration beforehand and afterwards. In
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addition, unlike mostly previous work, the work presented in this thesis included
benefits of users as one of the optimisation goals. Therefore, this work can be
adopted and applied by DSO as a technical reference and for trade-off decision
makings in a highly distributed energy network.
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Lay Summary

With the development of the global economy and the continuous improvement
of people’s living standards, the amount of electricity load is also increasing,
and traditional resources are particularly scarce, in this case, the distributed
power supply represented by photovoltaic plays a vital role in the power network
with its low pollution, flexible and convenient form of power generation. The
rapid development of distributed power generation in recent years has made it
a mainstream trend to connect distributed power generation to the distribution
network, but as distributed power sources continue to be integrated into the grid,
the load demand of the distribution system becomes more and more complex, and
even affects the reliability and stability of the grid operation.
This thesis proposes a multi-objective optimization system for distribution systems with PV access. The thesis firstly addresses the feasibility and impact of
large-scale PV access in the distribution network, analysing the impact from various technical perspectives such as voltage quality and harmonic interference,
introducing the technical standards that need to be understood before large-scale
PV access, and clarifying the feasibility and process of PV pre-configuration access.
Additionally, the application and impact of PV inverters in the optimal control
of the distribution network are discussed. CVR, a voltage control method that
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can be used in the distribution network instead of reactive power compensation
devices is presented. By adjusting the reactive power compensation curve of the
smart PV inverter, the result of reducing the voltage and energy consumption of
the distribution network can be achieved. The configuration methods used in this
chapter can help managers to carry out optimal control in terms of energy saving
and environmental protection.
Finally, the use of the reactive power compensation function of the smart PV
inverter for multi-objective optimal management of the distribution network is
proved to be effective. While the concept of distribution network optimisation
using the reactive power compensation function of PV inverters has been discussed
in many works, this thesis is the first work to put into consideration also the electricity consumption indicators of the consumers, while optimising network losses
and voltage quality. The optimisation objectives are considered simultaneously
from the perspective of both the grid operator and the user.
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Chapter 1
Introduction

1.1

Background

Distributed generation is electrical generation and storage performed by a variety of small, grid-connected or distribution system-connected devices referred to
as distributed energy resources (DER).Compared with traditional thermal power
generation, distributed generation (DG) has significant advantages in energy efficiency, reliability, and power quality and emissions reductions.And by producing
energy locally, DG systems can reduce demand at peak times in specific areas and
alleviate congestion on the main grid. It has attracted more and more attention in
recent years. The power generation facilities in the distributed power generation
system are called distributed power sources, and generally include wind power,
solar energy, tidal energy, biomass energy and other renewable energy sources
and small-scale generators such as internal combustion engines and micro gas
turbines that use petrochemical energy as fuel. The combination of distributed
power generation and centralized power generation will be the trend of power system development. Its grid connection has been recognized by many energy and
1

2

1.1 Background

power experts in the world as the main way to save investment, reduce energy
consumption, and improve the reliability and flexibility of power systems [1-4]. In
order to be more adaptable to the needs of multiple energy types of power generation and provide users with a safer, more reliable, clean, and high-quality power
supply, different countries and organizations represented by the United States and
the European Union have proposed building smart grids and treating them as the
development direction of future grids. Since more than 90% of power outages and
nearly half of the losses occur in the distribution network, the distribution network itself is also a weak link that causes the deterioration of power quality and
affects the overall performance and efficiency of the system[206]. Therefore, the
smart distribution network plays a decisive role in the smart grid [5]. Currently,
the research goals mainly include the safe and stable operation of the distribution
network, the effective use of distributed power, the utilization rate of the distribution network assets, and the improvement of the efficiency of power consumption
and power quality [6].
DG grid connection changes the distribution network from a radial network
structure to a system that is interconnected with the power supply and users,
which will affect the system reliability and safety. The degree of impact depends
on the location and capacity of the DG installation[2,8-16]. The reasonable
configuration of DG can effectively reduce the system active loss, improve the
voltage level, increase the system load rate, otherwise, it will seriously affect
the economy, safety and reliability of the power grid [17].

Therefore, the

DG configuration problem is an important issue in the planning stage of the
distribution network, and it has a better application prospect to be converted into
an optimization problem for solution [18]. When the proportion of DG appearing
in the planning scheme increases, a large amount of randomness increases the
complexity of the system exponentially. Usually, several thousand nodes need
to be considered at the same time. If there are a large amount of DGs in the
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planning area, using traditional planning method is very difficult to find the
optimal network layout scheme[19].
As the active power injected into the distributed power supply increases, the
system active power loss decreases and the node voltage increases, which also
affects the reconstruction scheme [24].
For the distribution network containing DG, both DG and the distribution
network can be adjusted for reactive power, and there is a strong complementarity
between the two [5]. If the reactive power compensation capability of each gridconnected DG can be fully utilized, it will effectively reduce the voltage fluctuation
and the number of device actions, which will help to improve the operation
level of the distribution network [25][26]. Therefore, under the gradual increase
of DG permeability, how to use the reactive power compensation capability
of grid-connected DG, combined with traditional voltage regulation methods,
to achieve reactive power optimization of distribution networks containing DG
is also an important research topic [25 -27].

The mathematical model of

distribution network reactive power optimization is more complicated, with
the characteristics of complex solution space, multiple constraints, multiple
extreme values, multiple uncertainties, and the objective function and constraint
conditions contain nonlinear equations, the control variables are often Mixed with
discrete variables and continuous variables [23]. It is often necessary to consider
multiple optimization objectives at the same time, which makes it more difficult
to solve the reactive power optimization problem of distribution networks with
DG.

4

1.2

1.2 Objectives and scope

Objectives and scope

The work presented in this PhD thesis aims to investigate the impact of high
penetration of distributed energy resource in the power system and develop a
multi-objective optimisation method to improve the distributed network characteristics. The specific research objectives are as follows:
1. Study the impact of the access of a large number of distributed energy sources
such as rooftop solar energy on the reliability and safety of the distribution
network. Looking for the best model composition to study the optimization of
low-voltage distribution network.
2. Create a distribution network model with highly distributed energy. Optimize
the maximum capacity and location of the solar energy configuration connected
to the distribution network through voltage sensitivity and genetic algorithm.
3. Investigate the interactions of multiple effects such as voltage fluctuations,
system cost and CO2 emissions in a distributed network with saturated PV
penetration. With the advanced algorithm in planning photovoltaics and further
smart inverter volt/var control scheme, the generation cost and GHG emission
curve were improved and avoid the disturbance to customer behaviours.
4. Develop an intelligent control strategy, in order to meet the demands of
both utility operator and customers. It’s able to stabilize the feeder voltages,
decrease the network active loss and reduce the power demand simultaneously,
by managing the reactive power of DGI in a smart distribution network.
The scope and boundaries of this study are defined as follows:
1. The research included in this thesis is primarily only taking into account the
residential rooftop photovoltaics as the high penetration renewable energy source.
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2. The network analysis in all applications use a typical generic UK LV residential
highly urban network that is populated only by domestic customers.
3. The distribution network model used in this thesis is modified and expanded
based on a network model of highly urban UK residential sector previously
developed by the research group. The demand model is based on data obtained
from the United Kingdom Time Use Survey (TUS) and the National Travel
Survey (NTS), and uses the Monte Carlo-Markov Chain (MCMC) to simulate
user electricity consumption behavior.
4. The OpenDSS simulation software was used to conduct the network analysis.
Matlab is implemented as the COM interface of OpenDSS to achieve multiobjective optimization management.
Although this paper only considers the impact of large-scale rooftop photovoltaic
access on the grid operation, the solutions and case verification scenarios discussed
in this study have included the worst-case scenario where the system can
withstand the maximum possible amount. With the continuous development
of active distribution network, the network structure model and load model
verified in this study are modeling and expansion based on real network topology
and data (TUS and NTS). Therefore, the proposed method and its verification
conclusion are The reality is highly referable. Therefore, despite the existence
of the boundaries mentioned above, the research content of this article still has
reference significance and practical application value.
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1.3 Thesis statement

Thesis statement

The smart inverter technology and multi-objective optimisation control scheme
can be combined to improve the characteristics of a highly distributed power
system.

1.4

Contribution to knowledge

The main contribution of this research can be concluded as:
1. The development of the network topology and load model in this work is based
on the statistics of the real network topology in the United Kingdom and the
electricity consumption behavior of real usersin order to more effectively analyze
the impact of a large number of PVs on the grid.
2. The load model developed in this work is a polynominal ZIP function. The
polynomial ZIP function takes into consideration the electricity consumption
characteristics of different electrical appliances, so it can describe the changes in
electricity consumption of different load components when the voltage changes,
which is obviously different from the traditional PQ constant load model.
3. This work investigated the interactions of multiple effects such as voltage
fluctuations, system cost and CO2 emissions through the conservation voltage
regulation.

At present, there are few articles discussing the impact of the

implementation of CVR technology on economy and system carbon dioxide
emissions. The perspective of this work fills the research gap in this area.
4. This work proposed a multi-objective optimisation inverter control strategy in
order to meet the demands of both utility operator and customers. The control
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scheme in this work control the reactive power flow in the distribution network
using the reactive power compensation function of smart inverters. Through a two
layer algorithm, the multi-objective optimisation goal could be achieved. Unlike
mostly previous work, the work presented here only use inverters installed in the
distributed system as control objects. This work also considered customers benefit
as an objective and this fills the research gap in this area.

1.5

Thesis structure

This thesis is divided into seven chapters.
The first chapter is the introduction part. Firstly, it expounds the overall research
background and existing problems of this thesis, points out the main research
results and significance of this thesis, and introduces the general structure of this
thesis, which constitutes the introduction part of this thesis.
The second chapter reviews the research literature and achievements of related
topics. This thesis introduces and discusses the most commonly used active
distribution network management and control methods in current energy system
research.

Compared with the traditional control strategy of using OLTC,

capacitor compensation device, this chapter continues to discuss the research
of new devices designed to reduce voltage and provide energy. When there are
more sustainable energy access by power distribution networks, for example, the
combination of smart inverter and intelligent algorithms can achieve the goal of
multi-objective optimization of power distribution networks. This chapter then
sets forth the research of smart inverter and the multi-objective optimization
methods to determine the research directions of the control strategies which are
designed by this thesis. Finally, the theoretical background of protection voltage
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reduction and the reason why the current general load model cannot satisfactorily
study this potential peak load reduction technique are explained.
Chapter 3 introduces the communication infrastructures that implements multiobjective optimization control strategy in smart distribution network and the
advanced intelligent interconnection technology such as block chain technology
that can be used together. If there are too many nodes in the distribution network,
the centralized control of a large number of connected distributed energy resources
will greatly increase the communication pressure of the power network. This
chapter expounds the distributed state perception and optimization technology
of distribution network based on block chain technology, which can be used to
replace the traditional optimization method based on reliable communication.
Chapter 4 studies the impact of the access of a large number of distributed
energy sources such as rooftop solar energy on the reliability and safety of the
distribution network. The power flow, voltage, protection, power quality, planning
and design of the distribution network as well reliability and so on bring a
lot of adverse effects. This chapter also discusses the technical standards and
specifications of distributed photovoltaic access power grid, as well as the process
of grid connection. Finally, this chapter makes a further discussion on the model
composition of the distribution network, looking for the best model composition
to study the optimization of low-voltage distribution network.
Chapter 5 investigated the interactions of multiple effects such as voltage fluctuations, system cost and CO2 emissions in a distributed network with saturated
PV penetration. By genetic optimisation algorithm, photovoltaics were best utilized, while allowing the voltage within the saturating limit. With the advanced
algorithm in planning photovoltaics and further smart inverter volt/var control
scheme, the generation cost and GHG emission curve were improved and avoid
the disturbance to customer behaviours.
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Chapter 6 presents an intelligent control strategy, in order to meet the demands
of both utility operator and customers. It’s able to stabilize the feeder voltages,
decrease the network active loss and reduce the power demand simultaneously,
by managing the reactive power of DGI in a smart distribution network.
Finally, in Chapter 7, the main conclusions of the study are summarized. The
significance and limitation of the research are discussed, and some suggestions for
further development and improvement of the research method are put forward.
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Chapter 2
Literature Review

2.1

Introduction

The integration of a large number of distributed generation units(DGU) has
changed the distribution network from a traditional single-supply, radial topology to a complex structure with multiple power supplies, which affects the node
voltage, power flow distribution, power quality and system stability of the distribution network[28-30]. Reactive power optimization for distribution networks
with distributed power sources can effectively improve power quality and reduce
system network loss, while ensuring safe and stable operation of the distribution
network [31]. Therefore, it is of great significance to study the reactive power
optimization problem of distribution network with distributed power supply. The
reactive power optimization problem of the distribution network is a collection of
multi-objective nonlinear problems [32-33]. In[34] , in order to improve the reactive power balance, the concept of distribution load rate of distribution network
is defined. From the two aspects of reactive power partitioning and substation
11
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automatic control system, genetic algorithm and direct method are used for optimization and power flow calculation. In [35] , a multi-type distributed power
supply location and volume planning method is proposed, and the adaptive genetic algorithm is used to solve the optimization model. It provides importance
for the planning and design of distributed generation based on economic benefits.
With the increasing number of distributed generation units(DGUs) such as photovoltaics, the distributed control methods are gradually getting attention. Most
of the previous research focused on power system economich dispatch[36,37], virtual power plant control[38,39] and regulating system stablization through tap
changers or capacitors[40]. Few of them involved in the multi-objective optimisation research with photovoltaics infeed, especially in a large highly urban low
voltage radial network. There were also very few previous work achieved multiobjective aims through of distributed inverters coordinated control the network.
Even though [41] proposed control strategies that performed decentralized control on grid-connected inverter(GCI), the objectives set are not considering the
benefits that customer size could obtain. Work in [42] considered customers’
perspectives by adoping conservation voltage regulation (CVR) method. The residential demand as well as bills could be reduced by voltage reduction. However
loss may increase in a high R/X ratio distribution network. The DSO has found
that smart network with high penetration of photovoltaics infeed has problems
such as short-term voltage magnitude variations and active loss increase. A smart
distribution system is proposed to be one with power and energy control systems
at multiple levels with communication between those and also with other parts
of the interconnected distribution system.
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Active distribution network management

The regularization problem of discrete variables in the conventional optimization method is one of the difficulties encountered in solving the reactive power
optimization problem. Although the mixed integer programming method can
effectively solve this problem, the method is computationally intensive and complicated to calculate.The modern artificial intelligence algorithm represented by
genetic algorithm can effectively solve the problem of mixed integer variables
in reactive power optimization by flexible coding, but it has the disadvantages
of slow convergence, easy premature generation, and large amount of adaptive
value. Therefore, in order to fully utilize the advantages of the above two types
of algorithms, some scholars have carried out a mixed study on these two types of
algorithms in order to achieve the goal of strengths and weaknesses. The genetic
algorithm is used to optimize the model in the early stage of optimization, and
the simulated annealing method is introduced in the later stage of population
evolution. The penalty factor adaptive adjustment mechanism and the dynamic
catastrophe algorithm effectively improve the quality and accuracy of the optimization. Literature [43][44] treats it as a PQ node or PV node according to
the interface characteristics of distributed power supply, and uses particle swarm
genetic algorithm to optimize the reactive power optimization problem simultaneously using particle swarm optimization algorithm and genetic algorithm. The
merging is optimized as a new population, and the algorithm takes longer to calculate due to the use of two algorithms. In [45], the real-time correction of DG
injection reactive power based on voltage deviation in the iterative process establishes an improved pre-push-generation power flow algorithm for distribution
network, and introduces niche operation in hybrid particle swarm optimization
algorithm, which can effectively accelerate Distribution network reactive power
optimization process.
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Conservation voltage regulation

Conservation voltage reduction (CVR) is a technology for reducing peak load
and energy saving by lowering the power-supply voltage to the lower half of the
standard voltage range. It is not only a temporary measure that can be used to
solve the short-term power shortage problem, but also a long-term strategy to save
energy. The increasing interests on CVR can be found in many recent projects
in European countries. For example, a demand response project conducting
CVR trials was launched in the United Kingdom on 60 substations, aimed to
reduce end-users’ energy consumption by reducing voltages[60,61]. The CVR
test in Australia [62]found that 2.5% voltage reduction could lead to 1% energy
savings on residential circuits. Irelanddeployed CVR to the network, and the
trial achieved 1.7% energy reductions [63] . The study in [64] shows that the use
of CVR on all distribution feeders can provide a 3.04% of total annual energy
consumption reduction across the whole United States. Dominion Virginia Power
conducted CVR trials and obtained significant results of energy savings associated
with voltage reduction, usually ranging from 0.3% to 1% load reduction per 1%
voltage reduction [65].As shown in Fig2.1Industry research organizations have
conducted laboratory experiments on CVR factors for common residential and
commercial appliances, establishing that most appliances have a CVR factor
of at least 50% and will consume less energy when lowering the voltage. The
exception is power electronics-based devices that exhibit near-zero load-to-voltage
sensitivity[66]. With the increasing penetration of photovoltaics, smart inverter
reactive power control can help in achieving the voltage reduction and energy
saving purpose without the support of other voltage regulators [66,67]. Compared
to the classical capacitors and tap changers (LTCs), the use of distributed energy
resources avoids the frequent operation of switched-type devices, which may
result in more repeated maintenance, high cost and reduced life cycles. Papers
such as [68,69] have evaluated the performance of VVC Volt-VAR Curve using
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Figure 2.1: CVR factor

model-based analyses and simulations. Research studies in [70-72] have also
conducted model-based simulations with limited measurement data to improve
the assessment outcomes. Although previous provide unique insights into the
performance of a VVC scheme, the majority of the evaluation of VVC methods
are performed on system models to stabilise the system voltages. There are a few
works on the effects of VVC scheme to perform CVR in a distribution network but
the scenario which containing saturated PV penetration is not considered[73-75].
The benefits of CVR using VVC scheme on system cost and GHG emissions are
also rarely discussed.

2.4

Smart inverter coordinated control

With a large number of distributed new energy sources, distributed energy
storage, electric vehicles and smart power devices connected to the grid, the
operation of the power system will face a new environment, bringing greater
uncertainty to the system supply and demand balance and posing greater
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challenges to the stable, reliable and economic operation of the system[76-79].
To adapt to the new scenario, promoting a real-time balance between supply
and demand by stimulating the demand response potential on the customer
side is undoubtedly an important development direction. However, the existing
power system still has a clear hierarchical structure, with decentralised customer
groups and distributed power sources at the bottom of the structure, relatively
”insulated” from the market’s tariff signals, and with insufficient incentive
and capacity to participate in system supply/demand balancing and optimal
regulation[80].Although new mechanisms such as demand-side management and
demand response have been proposed in recent years, the actual results have not
been significant, with only a small number of highly resilient customers being able
to participate in balancing and regulation on their own initiative. In the US PJM
electricity market, for example, the market users who have recently participated
in declaring their demand for electricity with price elasticity only use roughly 1%
to 3% of the electricity used by the whole system[81].
Due to high penetration of distributed generation units in the distribution system,
smart inverter has a significant effect on the distribution system status. The
power electronic inverter associated with the DES has both the active (P) and
reactive (Q) power delivery capabilities; utilizing the var injection capability of
the inverter, several methods of volt/var control using the DES power electronic
inverter appear in the literature [82-84]. The active power is processed to extract
maximum energy from renewable sources and the reactive power can be delivered
on demand. Owing to the fast response of power electronic components, the
DES inverter has the capability to cope with rapid and random fluctuations of
environmental changes. Compared to the classical capacitors and tap changers
(LTCs), the use of distributed energy resources avoids the frequent operation
of switched-type devices, which may result in more repeated maintenance, high
cost and reduced life cycles. Typically, voltage source converter associated with

CHAPTER 2. Literature Review

17

DES takes a few milliseconds to react to a voltage deviation while an OLTC
takes few seconds to react. Among the several options available to address the
overvoltage situation, smart inverter reactive power control can help in achieving
the voltage reduction and energy saving purpose without the support of other
voltage regulators [85,86].

2.5

Multi-objective optimisation

In scientific research and engineering practice, many problems can be classified
as multi-objective optimization problems (MOPs)[93]. Multi-objective optimization problems have multiple conflicting goals, and one of the goals will inevitably
reduce one or the other. The performance of multiple targets. Therefore, the
multi-objective optimization problem does not have a single optimal solution, but
a Pareto optimal solution set. The evolutionary algorithm (EA) has better global
search ability, and can obtain multiple solutions in one run. It is widely used to
solve multi-objective optimization problems [94]. At present, researchers have proposed many relatively mature multi-objective intelligent optimization methods.
Among them, the particle sub-optimization (PSO) method is a heuristic-based
intelligent search algorithm based on group iteration. It has the characteristics
of simple structure, stable performance, and is not easily affected by too many
parameters. It has been widely used in various MOP solving processes. Similar to the multi-objective evolutionary algorithm, the PSO improvement method
for solving MOP usually uses the traditional Pareto dominance rule to compare
the superiority and inferior relationship between individuals. However, with the
increase of the dimension dimension and the number of targets, the Pareto dominance rule in high-dimensional space is difficult to distinguish the individual’s
advantages and disadvantages, resulting in almost all individuals in the search
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space are non-dominated solutions, and the distribution of the population is difficult to monitor in real time. All of these factors seriously affect the overall
exploration and local development capabilities of the algorithm. In this regard,

Figure 2.2: Pareto optimal example

many researchers have proposed many positive improvements in improving dominance, adjusting external file maintenance strategies, and improving the selection
of global (or local) optimal particles.Fig 2.2 shows a pareto optimal example
to find the global optimal.To expand the dominating region, [95] proposed to
select the global optimal solution through adaptive hypergrid. This method enhances the diversity of non-dominated solutions, but makes the global optimal
solution close to the non-representative dominant front, which is not conducive to
the rapid convergence of particle populations. [96] proposed a high-dimensional
multi-objective particle swarm optimization algorithm based on distance measure.
The algorithm no longer uses Pareto dominance, which better avoids the problems caused by Pareto dominance. [97]proposed a non-dominated sorting genetic
algorithm based on reference points. The superiority and inferior relationship
between individuals can be compared by the set non-dominated sorting method.
[98] proposed a grid-based sorting mechanism based on the traditional Pareto
dominance in the sorting efficiency, so as to efficiently obtain the superiority and
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inferiority of individuals in the population. In addition, dominance [99], K dominance [100], lattice dominance[101]. are all increased great selection pressure to
dominate some individuals with relatively poor quality.

2.6

Smart energy trading

The concept of transactive energy (TE) has been developed to further facilitate
the interaction between supply and demand and to maintain system balance. In
its GridWise Transactive Energy Framework, GWAC defines transactive energy as
”a set of mechanisms for the operation of the electricity system that regulate the
global balance of supply and demand dynamics of the system through economic
and control instruments, using value as a parameter[102]. Broadly speaking,
tradable energy mechanisms cover all types of electricity trading forms with valueresponsive characteristics, including wholesale and retail markets. However, under
the existing market mechanism, the operating conditions and price signals of
the power system are mostly not transmitted to the end-users, and the valueresponsive characteristics and supply-demand regulation ability of distributionside trading are weak, and the distributed power sources are not stimulated to
participate in the market, which is partly due to the small number and low
power of the existing distributed power sources in the distribution network area,
which are generally only used for self-generation; on the other hand, it is due
to the lack of support for end-users to On the other hand, this is due to the
lack of policy constraints and technical support for end-users to participate in the
market with distributed power sources[103-105]. In recent years, with the gradual
opening of the electricity sales market, the rapid development of distributed power
sources, the increasing popularity of smart devices on the user side, and the
experimental application of blockchain technology that supports decentralised
transactions, benefiting from policy guidance, user demand and technical support
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[106-110].The subject of the transaction includes energy trading and auxiliary
services such as frequency regulation, as well as other value-added services; the
trading parties make trading decisions based on the price signals formed in
the reference market, and carry out the initiation, confirmation, execution and
verification of the transaction on their own, which will be executed through various
intelligent devices. Real-time supply and demand matching is achieved.
Tradable energy has now attracted the interest of many research institutions and
academics. In terms of theoretical discussion, the literature [112] refers to a ’C2C
trading platform’, which is a way of providing a platform for the development
of energy efficiency. The literature [113] refers to a ”C2C trading platform”
as a prototype of a tradable energy system. The literature [114-119] discusses
the background, characteristics and significance of tradable energy; the literature
[120-121] discusses the use of C2C trading platforms as a means to develop a
tradable energy system. The literature [120-121] discusses the regulation through
a multi-layered energy dispatching system, which is the first step in a tradable
energy system. The literature [120-121] discusses the optimal operation of the
power system through the regulation of a multi-layer energy dispatch system.
[122-123] discusses the optimisation of customers’ own electricity consumption
behaviour in tradable energy systems, and [124-126] discusses the optimisation
of customers’ own electricity consumption behaviour in tradable energy systems.
The papers [127-129] list the costs and benefits of different market players in a
tradable energy system. The papers [124-127] listed the costs and benefits of
different market players in the tradable energy system and carried out a costbenefit analysis of end-users. In the literature [124-127], the costs and benefits
of different market players in tradable energy systems are listed, and cost-benefit
analysis of end-users is conducted. The literature [128-133] presents and analyses
the existing Northwest Pacific Energy System. The literature [128-129] presents
and analyses the existing Northwest Pacific Smart Grid Demonstration Project
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(PNWSGD). (PNWSGD) project; the paper [130] discusses the implementation of
inter-regional energy trading. The paper [134] discusses the potential application
of tradable energy systems in isolated microgrid environments. The paper [135]
explores the potential application of tradable energy systems in an islanded
microgrid environment. In addition, some of the research work has expanded
the scope of tradable energy applications. The papers [136-138] discussed the
application of tradable energy systems to smart cities and energy networks (e.g.,
the energy grid), respectively. The literature [139-140] discusses the relationship
between tradable energy systems and smart cities and energy networks (enernet).
Although the concept and meaning of tradable energy systems have been and some
specific application scenarios and benefits. The current research does not focus on
the concept and meaning of tradable energy systems, and analyses some specific
application scenarios and benefits. However, the current research does not focus
on the ’new’ characteristics of tradable energy systems, such as decentralisation
and distribution. The research is rather conceptual and does not take into account
the access of a large number of distributed entities. The system construction of
the tradable energy system at the distribution network level, the specific trading
In particular, there is no system construction, specific trading relationships and
mechanism design at the distribution grid level in relation to the access of a
large number of distributed entities. The study does not present the operation of
tradable energy systems in specific scenarios.

2.7

Conclusion

According to the above mentioned work, it’s important to develop a control
methodology that considers both system operational stablization and energy saving aspect in the smart distribution network, with the inverter-based distributed
energy resources(IBDER) connected.
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2.7 Conclusion

This thesis presents an intelligent control strategy, in order to meet the demands
of both utility operator and customers. It’s able to stabilize the feeder voltages,
decrease the network active loss and reduce the power demand simultaneously,
by managing the reactive power of DGI in a smart distribution network.

Chapter 3
Technology implementation in
smart grid management

3.1

Introduction

This thesis will propose a intelligent control strategy based on in the distribution
network. The application of the method based on communication infrastructures,
smart inverters and central data processing controllers. If there are too many
nodes in the distribution network, the centralized control of a large number of
connected distributed energy resources will greatly increase the communication
pressure of the power network. This chapter introduces the possible technology
that could be adopted to solve the heavy communication pressure problem. This
chapter will introduce the communication equipment that implements multiobjective optimization control strategy in smart distribution network and the
advanced intelligent interconnection technology such as block chain technology
that can be used together.
23
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Communication infrastructures and technology requirements

The follow-up work of this thesis realizes the multi-objective index optimization
of the power grid by controlling the photovoltaic module with reactive power
compensation function in the distribution network.

In order to achieve its

optimization goals, not only suitable model algorithms and optimization strategies
are needed, but the network also needs to have certain technical support for
communication, remote sensing, monitoring, and data processing, as well as smart
devices with reactive power optimization functions. This section explains the
sensing, communication and monitoring equipment required to implement the
algorithms and control strategies of this thesis in practical applications, hardware
matching for large-scale data acceleration calculations, and smart photovoltaic
inverters with reactive power control functions.

3.2.1

PV monitoring

The general representation of photovoltaics monitoring system is described in
Fig. 3.1. Photovoltaic monitoring system can be roughly divided into ground or
space monitoring system. The former method is more common because of its fast
response and accuracy in monitoring the health of photovoltaic system. Therefore,
before having a significant impact on energy production and/or system health,
it provides an opportunity to improve the performance of photovoltaic system
by detecting the potential energy loss caused by changes in operating conditions
and/or failures. The main component of the ground system is the sensor, which
measures the variables in real time in the monitoring system. In this regard,
space-based systems may be economical without sensors. The bottleneck of spacebased system is that its estimation accuracy is low, and it is greatly impacted by
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Figure 3.1: Photovoltaics monitoring system

climate, obviously not desirable. Another key unit in the photovoltaic monitoring
system is the signal conditioning unit. It performs signal amplification and sensor
measurement filtering for further processing. The signal conditioning unit also
includes a microcontroller that transmits theoutput of the signal conditioning
unit to a personal computer (PC) in real time employing the protocol used. PC
employs data for analyzing, displaying and storing. On the basis of user’s inside
analysis and outside commands, the PC transmits the commands to the system
control unit for future use.
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The main characteristics of any monitoring system can be divided into types below: monitoring parameters, sensors, controllers, data transmission mechanisms,
program development software and monitoring methods. Due to the intermittence of solar energy, the power output of photovoltaic system may increase or
decrease sharply, which may lead to the increase of grid pressure, or sometimes
lead to power failure [180]. Due to the high permeability of photovoltaic power
generation in the grid, it is forced to monitor parameters to ensure reliability. An
important consideration of any monitoring system is the selection of parameters
to be obtained. These parameters are chosen in accordance with BS IEC 61724
[181]. According to the type of photovoltaic system configuration.
The monitoring system covers many sensors which offer information of different
assets under different conditions. This information can be employed by operators
when making decisions about use, replacement and system reliability.

The

measurement of operation and measurement parameters is a course of measuring
the electrical and physical characteristics of the photovoltaic system and the
atmospheric conditions in which the system is installed.
The following discusses the various technologies used to measure the basic
parameters of the photovoltaic monitoring system:

Figure 3.2: classification of current measurement
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Controller unit

Data acquisition (DAQ) system is a kind of controller widely used in res. it collects
data from different sensors, and then sends these data to the central computer
for further processing and control.
Data acquisition is a course of collecting information from the real world in the
form of simulation, digitizing the signal, and representing, analyzing and storing
it on personal computer. This process includes several stages, covering sensors,
signal conditioning and ADC. The basic block diagram of a simple DAQ system is
exhibited in Figure 3.3. The diverse DAQ employed to monitor the performance of
the PV water pump system [180] and battery charging are exhibited in Figure 30
(a). The sensor group is connected with the ADC interface through the single chip
microcomputer to record the sensor data. The gathered data is stored in EPROM
and transmitted to PC for processing through RS-232 serial port. Wichert et
al. Proposed different methods in [181]. Instead of ADC and microcontroller,
commercial data recording device is used to measure the working parameters
and measurement.parameters of hybrid photoelectric diesel engine system. As in
the former case, the collected data is transmitted to personal computer through
RS-232 serial port, and further processed by LabVIEW data acquisition software.
This approach boasts the common characteristics of microcontroller and data
recording unit for measuring the signal of interest.

The collected data is

transmitted to PC through RS-232 serial port. Nevertheless, for data acquisition
and advanced control with high sampling rate, it is not enough to transmit data
through RS-232, and special designed bus is needed. [182] developed a computerbased DAQ for eliminating the above limitations. The method includes replacing
a microcontroller and a commercial data recording unit with a commercially
available DAQ card. The gathered data are transmitted to PC through PCI
bus for future data processing.
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Figure 3.3: DAQ system

3.2.3

Sensors

Instruments employed for monitoring the above parameters from low to wide.
The correct selection and function of the monitoring system needs the user to
understand the capability and function limitation of the instrument, the response
of the instrument to the change of environment and operation, and the data
analysis of specific targets.Select the instrument according to the target and
monitoring location. The main instruments of photovoltaic monitoring system
used for high-precision and high-precision measurement of the above parameters
are as follows: (i) Current sensor (ii) Voltage sensor (iii) Solar radiation sensor
(iv) Temperature sensor (v) Anemometer wind speed sensor (vi) Hygrometer
sensor (vii) Barometer pressure sensor (viii) DAQ system (ix) Data transmission
instrument (x) Data storage and analysis tool or instrument (xi) Software tools
(xii) Miscellaneous
The controller plays an important role in all monitoring systems, which is employed for processing the output data of sensors. Thus, it is very important to
choose the right controller. Many researchers use microcontrollers, data recorders,
data acquisition cards and modules as controllers for collecting signals from sensors and digitize them for storing, analyzing and displaying on personal computers
(PCS). According to the type of PC technique, various DAQ systems provide flexibility for testing, automation and measurement applications. Common examples
of such systems are: Peripheral Component Interconnect(PCI), PCI Express, PCI
instrument expansion (PXI), Personal Computer Memory Card International Association (PCMCIA), Universal Serial Bus (USB), Ethernet, and wireless data
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collection. Microcontrollers and data recorders are cheaper than data acquisition
cards and modules. These are easy to program and have been employed in many
researches [183-185]. A commercial data logger controller is employed in [184]
for obtaining a set of operating and metering parameters for the hybrid photovoltaic diesel system. Nevertheless, in comparison with the data acquisition card,
the data recorder unit lacks flexibility and can’t be employed for the control of
renewable energy system [186].
For the microcontroller, the interface circuit is employed for measuring the sensor
output. The signals produced by sensors are often difficult to measure directly
because of noise environment or due to extremely high or very low level signals.
Therefore, the signal conditioning circuit is very important to improve the accuracy of data acquisition system. For digital monitoring system, operation and
measurement parameters need to be in digital form. This requires an ADC connected to the output of a specific sensing technology. This accuracy also depends
on the resolution of the ADC. For small and low-cost photovoltaic systems, an
8-bit ADC microcontroller is found to be effective in [187]. Nevertheless, for large
and long-term photovoltaic systems, better microcontrollers, for instance, 10 bit
and 12 bit ADC, are employed. Because of its high resolution, it does not affect
the ADC measurement accuracy, and the measurement error is determined by the
sensor accuracy.

3.2.4

GPU parallel computing acceleration strategy

3.2.4.1 Parallelism analysis

GPU realizes massively parallel operation by opening a large number of threads.
In the same kernel, different threads perform the same operation on different data.
Therefore, the finer the granularity of the problem is decomposed, the more the
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GPU’s parallel computing function can be fully utilized. The PSO algorithm is
used to solve the complex problems to be solved later in this paper, which is
mainly divided into the following steps: (1) Each particle updates its own speed
and position. This step can be parallelized; (2) Each particle calculates its own
fitness value. This step can be parallelized, mainly because each particle can
calculate the measurement function of each measuring point in parallel; (3) All
particles update the best position in individual history and the best position in
population history. This step can also be parallelized. These three sub-steps need
to be executed in sequence. In order to ensure the efficiency of GPU operations,
the problem needs to be divided into as detailed as possible sub-problems, so as
to allow as many threads as possible to perform calculations at the same time to
improve calculation efficiency.

3.2.4.2 Fine-grained parallel approach

The fine-grained parallel method is to let each thread of the GPU correspond to
each minimum task unit for processing the target problem. For this problem, let
each thread of the GPU calculate each dimension in the solution set, so that a
large number of threads can be opened to increase the degree of parallelism. The
fine-grained parallel method is reflected in the above three steps.

Figure 3.4: Parallel update of particle and particle swarm information

Step (1) is to update the position and velocity of each particle. The fine-grained
parallel mode is shown in Figure.3.4, where p represents the particle, n represents
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the total number of particles, and d represents the particle dimension. Since the
position and velocity values of each dimension of each particle are independent
during the update process, each thread calculates the update value of onedimensional data corresponding to each other, and achieves the most fine-grained
parallelism. After updating the particle position and velocity, some threads will
be selected to realize the hybrid mutation process. In this step, the number of
threads is equal to nd.

Figure 3.5: Parallel calculation of the same type of measurement value
Step (2) is to calculate the fitness value of each particle, mainly for the objective
function set by the algorithm, and its fine-grained parallel mode is shown in
Figure.3.5, mi represents the total number of measurement points of the i-th type
of measurement .
In the kernel program that calculates a certain objective function, all threads
only calculate the measurement points of the objective function. Each thread
obtains the particle position value related to the measurement point through the
measurement point index, and then calculates the evaluation function value for
the measurement point. Obviously, the total objective function is the evaluation
function of the relative deviation of all the measuring points of the particle, and
the calculation formulas of different types of measurement functions are different,
so different kernel programs should be written accordingly. In the same kernel
program, all threads calculate each measurement point of each particle under the
measurement type. Finally, the value of the evaluation function calculated by
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each thread is added to the fitness value of the corresponding particle through an
atomic operation. In this step, the number of threads in each core is equal to nmi .
Step (3) is to update the best position in individual history and the best position
in population history, and its fine-grained parallel mode is roughly the same as
step (1). The difference is that if the fitness value obtained by the particle in this
iteration is not better than the historical best, the corresponding thread of the
particle will not be updated.

3.2.4.3 Coarse-grained parallel approach

The coarse-grained parallel method mainly focuses on step (2). Because of the
above three steps, step (2) has a large amount of calculation, accounting for most
of the total calculation time. It can be seen from the fine-grained parallel strategy
that it is necessary to calculate the sum of the evaluation function values of each
measuring point in the current state of the particle. However, in this step, for
multiple different measurement types, since the same kernel function can only
calculate the value of one measurement function, each thread can only calculate
the measurement of the same type of measurement at the same time using the finegrained parallel method. Comment value. Therefore, for different measurement
types, corresponding kernel functions need to be written. Considering the parallel
execution of kernel functions of various types of measurements, coarse-grained
parallelism can be achieved, as shown in Figure.3.6.
The GPU can run multiple unrelated streams at the same time, and a stream
is a work queue. For example, 7 different kernel functions corresponding to 7
measurement types of node voltage, node injection active and reactive power,
active and reactive power flowing in and out of the line are put into different
flow queues, and GPU is used for parallel flow calculation , Multi-core parallel
execution to achieve coarse-grained parallelism at the grid level. For each kernel
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Figure 3.6: Coarse-grained parallel strategy

function, its function is to calculate the sum of the evaluation functions of each
particle under the measurement type corresponding to the kernel. After the
calculation of this step is completed, each stream needs to be synchronized, and
the total calculation time is the maximum value of the calculation time of each
core.

3.2.5

Smart inverter with VAR control

Extensive changes in the energy generated by DERs also lead to the need for
advanced sensing and control of its output. With the change of distributed
generation output, the distribution system operators need to know the generation
capacity at any time in real time to manage any excess or loss. This management
is achieved by controlling the existing generating units or bringing new generating
units into the grid. With the increasing demand of public power grid, the demand
for dynamic control is also growing. The intermittence of these instructions
makes it difficult for utilities to cope. This is the position of the inverter. For
utilities and grid operators, the ability of inverters is critical to reliably isolate
and integrate solar and other renewable energy sources into the grid. When
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there is interference in the power grid, the performance of the current inverter
will be degraded and disconnected. However, with the development of inverter
technology, a new type of intelligent inverter has emerged. At the basic level,
the inverter converts the DC input to the AC output, which makes it possible
to provide real power to the grid. The system starts with reliable, robust and
efficient silicon centered hardware, which can be controlled by an extensible
software platform, which integrates complex performance monitoring functions.
Intelligent inverters must be adaptive,able to send and receive information quickly,
and share fine-grained data with owners, utility companies and other stakeholders.
Such systems allow installers and service technicians to diagnose operation and
maintenance problems, covering predicting possible inverter or module problems,
and upgrading certain parameters remotely in an instant. These smart power
electronics devices need also cover powerful application programming interface
(API) capabilities which provide a way for fleet owners and other partners to bind
their own software together in a way that creates powerful corporation class tools.
API is a set of programming instructions for accessing web software or web-based
tools. When an enterprise publishes its API, users can use their own software for
interacting with the enterprise.) The high efficiency of solar inverters in reactive
power management makes them want to reduce the over-voltage phenomenon.
Nowadays, the increasing complexity and performance of inverter technology
exhibit that many manufacturers are well on the way to meet the challenges
of intelligent inverter, however, not all inverter topologies and software control
packages are equal.
In particular, micro inverter technology offers some assets for residential,commercial and (ultimately) utility scale solar energy. This covers high redundancy through a distributed AC architecture that increases system costs and
lessens operational and maintenance complexity.
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An integrated micro inverter component can help reduce the level cost of energy
(LCOE), promote higher energy production in the life cycle of the system, unit
reliability and normal operation time of the system, and reduce the system cost
by reducing installation labor and materials. The micro inverter can also provide
a set of advanced grid functions (AGF), which are needed by some regulatory
standards for grid stability, for instance, ramp rate control, power reduction,
fault crossing and voltage support through varactor. The most advanced micro
inverter is adaptive, which basically constitutes the core of completely networked
and software inverter. The returns of this software control system cover the
capability to offer power grid support services in an evolutionary way over the 20
years of the inverter platform’s service life, without any hardware replacement or
truck rolling, or manual operation.
Despite the rapid growth of solar power generation in many parts of the U.S.
grid, the share of solar power in the entire power generation portfolio is still quite
low. However, one state is already offering a glimpse of the future of high- level
photovoltaic penetration: Hawaii. A main Hawaiian utility company contacted
Enphase, saying it has experienced larger voltage fluctuations than in the past
and needs for creating a wider voltage window for making up changes due to the
growing number of solar installations in its service field. The power company
requires the inverter to extend its frequency trip limit from 59.6Hz to 57Hz, and
insists that these changes be traced back to the photovoltaic system installed in
previous years.
Working in a network operation hub in San Francisco Bay area thousands of
miles away, technicians are able to satisfy the new needs of practicality and
upgrade software remotely through two-way communication links on over 400
photovoltaic systems.

Besides, the corporate proprietary software platform

provides the company with an automated audit trail of the impact of changes
on all systems. Experiments in Hawaii remain committed to new reactive and
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on-demand communication methods which will help manage larger distributed
generation loads. These advanced features benefit the island’s public facilities,
installers and system owners, and offer insight into what ultimately needs to be
carried out on a larger scale on the mainland. While the digital architecture,
two-way communication and software infrastructure technologies that support
intelligent inverters are certainly key, enterprises which offer such cutting-edge
systems need also be intelligent in their cooperation to meet new utility needs
and standards.
The ongoing work on UL/ANSI 1741 and IEEE 1547 standards, as well as the
activities of the Working Group on Intelligent Inverters, which provides technical
advice for the revision of California’s 21st distributed generation interconnection
code, represent a collaborative effort that will help ensure the cutting-edge grid
functions needed for a more solar based energy mix in the near future.

3.3

Distributed state perception and optimization technologies

In the subsequent multi-objective optimization of this thesis, the scenario involved
is a distribution network system with a large number of rooftop photovoltaic
connections. If you want to achieve the goal of real-time optimization, how to
conduct fast communication between nodes is an important problem that needs
to be solved. As mentioned in the previous section, the current countermeasure
is to use a series of sensing, communication and monitoring devices to establish
node connections. When faced with a large number of data tasks or even some
node communication delays or failures resulting in data loss, smart contracts and
blockchain technology can enhance the reliability of the system’s communication,
and improve stability and communication efficiency.
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Blockchains

Blockchain, as a novel form of data structure organisation, has been gradually
applied to the research in the field of electricity market in recent years due to its
characteristics of decentralisation, data security and reliability, and traceability
of historical information [196]. The blockchain system can not only fulfil the
existing functions of power trading and demand response, but also achieve
distributed optimisation of the operation status of the distribution network in
case of communication failure, effectively improving the operational reliability
and economy of the distribution network. As a novel form of data structure
organisation, blockchain consists of a series of blocks containing transaction data
connected by a specific token (Hash value), and the blocks are composed of two
parts: the block header and the block body. As a new type of distributed
data processing, delivery and storage, blockchain technology has the following
4 main features (1) Decentralisation: All nodes in the blockchain system have
equal status, and no management body is required for global coordination to
maintain the data. (2) Reliable communication: All nodes in the blockchain
can communicate with each other and have a high degree of communication
redundancy. (3) Multiple data backup: All nodes in the blockchain keep the
complete data of the system and have the ability to recover after failure. 4)
Intelligent and contractual: The blockchain system runs under a smart contract
mechanism, which can encapsulate a variety of functions to be freely executed on
decentralized nodes
Blockchain technology majorly aims at eliminating the requirement for such
intermediaries and replace them with a distributed network of digital users who
cooperate for verifying transactions and protect the integrity of ledgers.

In

contrast to centralized systems, each member of the blockchain network has its
own copy of the ledger, or it can be accessed in the open cloud. Therefore,
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anybody in the network can access the history log of system transactions and
verify its effectiveness, thus achieving a high degree of transparency.

When

you cancel centralized administration, the challenge is to find a method for
consolidating and synchronizing multiple ledgers. The exact course of verification
and ledger consolidation varies with diverse types of blockchains, but in principle,
network members compare their ledger versions [196] through a process that is
intuitively similar to distributed voting, through which they can reach a consensus
on the effective status of the ledger. These verification mechanisms are called
distributed consistency algorithms.

The cooperation and honest behavior of

distributed nodes are developed by incentive or reward of game theory [197]. In
fact, blockchain is difficult to be tampered with, and there is no important part of
network collusion. Therefore, blockchain system can be secure and tamper proof.
Other elements which guarantee improved security are hash functions and public
key encryption. A cryptographic hash function is a mathematical algorithm or a
one-way function that accepts input and converts it to a specific length of output,
such as a series of 256 bits, dubbed a hash output. Their operation depends on
the fact that it’s very difficult (anticonflict) to recreate the original input data
only from the hash output.
In addition, blockchain uses public key encryption technology [198], which is an
asymmetric encryption protocol. Each user holds two encryption keys covering
numeric or alphanumeric characters, a secret private key and a public key, which
can be shared with other users in the network.

The key is mathematically

related so that information encrypted by one part can only be decrypted by
another part. Using public key private key encryption ensures authentication,
that is, transactions are initiated by the source they claim to be from, and that
authorization, that is, operations are carried out by users who have the right to
do so. For instance, the network can verify the identity of the sender, because
only the sender ’s public key can decrypt the original message (encrypted and
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digitally signed by the sender ’s private key). [199,200]Messages processed with a
public key can only be decrypted by the intended recipient who holds the secret
private key. By using P2P communication and advanced cryptography technology,
standard communication features like data validity and security are realized in
blockchain system.

3.3.2

Smart contracts

Blockchain, a public distributed ledger, is used for storing, verifying and maintaining peer-to-peer transactions. [201-203]It also has huge potential to disrupt
the energy sector, offering a viable transaction alternative to traditional models.
It decentralizes the way transactions are made and managed by adopting a secured
and trustworthy peer-to-peer approach, which reduces complexity and costs for
customers (utilities, aggregators and the energy community overall). It also
delivers high efficiency for consumers and providers, enabling fast execution and
automatic payment for maintenance and other services. This latest experiment
between ABB and Evolvere further supports the idea that blockchains can be
used in the energy market and in utilities and aggregators to implement new
business models.[204]In fact, it shows how blockchain inverters with built-in
digital capabilities can allow utilities, aggregators and energy cooperatives to
cut capital expenditures and operating costs. This is thanks to ABB’s capability
platform, which supports new digital solutions such as generating smart contracts
directly into inverters. This kind of smart contract provides greater transparency
and security for transactions, and provides new possibilities for the business
development of utility companies.[205] A simple supplier smart contract is carried
out on the Ethereum blockchain platform employing a private test network. It
exhibits how to define and develop a set of price negotiation and settlement
rules, where all connected users (demand and power generation) have half-hour

40

3.3 Distributed state perception and optimization technologies

measurement. The contract process is shown in the Figure.3.7 and 3.8. Users
(load / generator connections) are classified as critical or non critical users. Key
users are the people who cannot disconnect or play any role in price negotiation.

After use, there’s a settlement phase. Every user submits their real measured
usage (unit: Wh) to the contract. Key users pay market prices for their use. When
users meet their expectations, they are rewarded. They will be rewarded when
they deviate from their intended use, thereby contributing to system imbalances
(for example, when system operators have to call emergency generation reserves
and users’ demand decreases). If they exacerbate system imbalances, they will be
punished. The reward payment is computed according to
Ruser

P
Huser × |EUser − AUser | × uusers Euser
Pu
Pu
=
users Auser
users Euser +

(3.1)

Among them, Ruser represents the reward computed for a given user, Huser
represents the historical performance factor between 0 and 1, Euser represents
the estimated user usage, Auser represents the real user usage. After every award
has been computed, the sum of all awards will be employed for attributing the
penalty to the relevant account
Puser

P
|EUser − AUser | × uusers Ruser
P
= Pu
| users Euser − uusers Auser |

(3.2)

Where Puser represents the penalty computed for a given user. This formula
indicates that users who adjust to balance demand generation on the system will
be paid by users who generate unbalanced demand.
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The historical performance factor Huser reduces the game probability of the
formula by submitting inaccurate estimates.

3.4

Conclusion

This chapter introduces the communication equipment that need for implementation the proposed multi-objective optimization control strategy in smart distribution network and the advanced intelligent interconnection technology such as
block chain technology that can be used together. This chapter gave an overview
of block chain and smart contract technology in the smart distribution network.
These technologies combined with the smart communication infrastructures can
be used to replace the traditional optimization method based on reliable communication.
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Figure 3.7: Negotiation process
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Figure 3.8: Settlement process
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Chapter 4
Connection of photovoltaics in
Low voltage networks

4.1

Introduction

Despite potential returns, like cost predictability and emission reduction, the
integration of significant levels of photovoltaic power generation will have some
negative effects on the system, for instance, voltage rise and fluctuation, reverse
power flow, overloaded transformers and cables, increased power loss, voltage
imbalance. Some of these effects may limit the maximum photovoltaic power
generation.

As the grid experiences higher PV penetration, identifying key

technical issues and barriers related to very high penetration PV scenarios will
help utilities better manage the integration of PV and the grid. The challenge of
PV integration evaluation needs more detailed research. In order to completely
describe the impact of the system, this thesis proposes a guidance and analysis
research procedure to analyze detailed grid connection of distributed PV at a very
high penetration level.
45
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4.2 Impact of photovoltaics integration

Impact of photovoltaics integration

Despite its huge theoretical potential, photovoltaics high penetration is hindered
by certain technical constraints about the operation of the electrical power
system and the ratings of the electrical components. Distribution systems were
originally designed to facilitate the flow of power from the generation to the
consumers through successively decreasing voltage levels. [141,142]The challenge
that distributed generation introduces derives from the opposite power flow that
it creates, i.e. from the distribution level towards the MV/LV feeder.
The problems that can result from high penetration of PV in the system vary from
overvoltages and voltage unbalances to power quality, protection and stability
problems.

Out of all the potential technical issues created due to the high

penetration of PV, the objective of this subsection is to focus on the technical
issues created during the steady state of the distribution system, while considering
symmetrical three-phase operation (three-wire balanced operation).

4.2.1

Reverse of power flow

The traditional power network is simulated to generate power from one power
source, transmit it to different feeders, supply power step by step in the substation,
and distribute it to users in a radial way. If the DG provides more and more power
and exceeds the load demand, the extra power will be fed back to the substation
and transmission network. Reverse power flow will not only cause instability
of the whole system, but also lead to over-voltage of feeders, incoordination of
protection, increase of fault current and malfunction of protection device.
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Fault current

A major effect of photovoltaic (PV) system on distribution feeders is the protection of the system, because PVs will affect the fault current during the fault.
With the increasing permeability of photovoltaic system on the feeder, the fault
current on this system is much different from that on the feeder without photovoltaic. These changes in fault current in turn will have a considerable impact on
the operation and coordination of the protection devices on this feeder. Because
the traditional short circuit analysis approaches only offer a snapshot of the fault
current, they are not enough to analyze the fault current changes on the photovoltaic dominant feeders and estimate their impact on the protection relays and
devices. When the feeder fails, the photovoltaic system provides current to the
fault. The injection current relys on the design of the PV inverter. Because the
design of photovoltaic system aims at pushing the maximal available power of
photovoltaic panels into the system, even under the low voltage condition during
the fault period, the photovoltaic inverter will try to push the power, that is,
it will attempt to act as a constant power supply. Nevertheless, if the current
exceeds the maximal rated current of the inverter, the inverter limits the current
to its maximal level. The inverter limits its current to 1 to 2 times the rated
current. Therefore, for fault researches, we suppose that in the worst case, the
limiting current is twice the rated current.
Another key consideration affecting the current contribution of photovoltaic
system during the fault period is the protection scheme adopted by the inverter.
Figure 4.1 summarizes the protection schemes recommended by IEEE Standard
929 [212]. When the protection module detects that the grid voltage or frequency
is abnormal, it will disconnect the PV module from the grid. It can be seen
from the table that the time required for the protection scheme to disconnect the
PV depends on how low the terminal voltage is during the fault.If the terminal
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Figure 4.1: Protection scheme for a PV system

voltage is less than 0.5pu during the fault, the PV will be disconnected in below 6
cycles, nevertheless, if the terminal voltage still exceeds 0.5pu, 120 cycles may be
required. A key implication of this voltage dependent protection scheme is that on
feeders with many PV connected along their length, PV will be disconnected from
feeders at various times during the fault period, because they will see different
voltages.
Therefore, in order to determine the fault current on the feeder, we need to expand
the traditional fault analysis approach, combining the characteristics of PVs with
the protection scheme.

4.2.3

Thermal limit

Distributed generation can cause an increased power flow in the grid which
means increased current thus jeopardizing the thermal limits of the line and
equipment[143].

Besides thermal limits, the reverse flow requirement is not

necessarily supported by all equipment. The thermal limit of cables depends
on the maximum current that they can support, which is indicated in their
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specifications. For overhead lines the temperature of the conductor is influenced
by the conductors material properties, the conductors diameter and surface
conditions, the conductors electrical current and the ambient weather conditions
(wind, sun, air) When the output of distributed generation overpasses the local
demand, the surplus power will flow through the transformer to the higher voltage
level. Therefore, the reverse power flow capability of transformers is of interest.
The first transformer that the reverse flow will meet is the distribution transformer. Distribution transformers are characterized in terms of operating voltage
and nominal rating. The latter is indicative of the maximum power that can be
transferred between its two sets of terminals. The primary transformer is the
next one to be met by the reverse flow. Primary transformers are characterized
by nominal rating and cycling emergency rating which refers to the maximum
power that can be handled periodically or for short duration. Primary transformers are often installed in pairs and are sized so that they can carry peak demand
load without being overloaded . The thermal limit of transformers is symmetrical
which means that it is the same regardless of the power flow direction. However,
transformers with on-load tap changing mechanism might present asymmetrical
thermal limit depending on their OLTC mechanism. On-load tap changing transformers are either reactor type or resistor type. The resistor type ones can be
either double or single-resistor based. The single-resistor ones appear to aggravate
the asymmetrical thermal limit due to the asymmetrical tap-changing mechanism
they employ, known as asymmetrical pennant cycle.

4.2.4

Voltage distortion

Studies have shown that grid-connected photovoltaics will have three main effects
on the voltage of the distribution network: one is to increase the voltage of the
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distribution network, the other is to cause voltage fluctuations or flicker, and the
third is to change the voltage distribution.[208][209]

1) Overvoltage

Figure 4.2: PV grid connection increases the node voltage

The analysis of the load node at the Point of Common Couple (PCC) is shown in
Figure4.2, where Eg and Zg are the equivalent potential and equivalent impedance
of the grid, El and Zl are the load voltage and impedance, and Epv and Ipv are
the voltage and current values of the PV supply, respectively[144]. When the PV
is not connected, the load voltage is
El1 =

Eg Zl
Zl + Zg

(4.1)

When a single PV is connected, using the superposition theorem, the load voltage
is
El2 =

Zl
(Eg + Zg Ipv )
Zl + Zg

(4.2)
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With n PVs connected, the load voltage is
El3 =

Zl
(Eg + Zg · nIpv )
Zl + Zg

(4.3)

The comparison shows that El2 >El1 and El3 >El1, so the voltage at the PCC
increases when the PV is connected. This effect is particularly severe when the
sun is shining, i.e. when the PV output is high. If the line is lightly loaded at
this point, the PV power supply will significantly raise the voltage at the PCC,
and if the PCC is located at the end of the feeder, its voltage is likely to exceed
the limit.

2) Voltage fluctuations and flicker

]The Davinan equivalent circuit of the distribution network at the PCC after the
PV has been connected to the grid is shown in Figure 4.3[145.

Figure 4.3: Davinan equivalent circuit after grid-connected photovoltaic

When the power injected into the distribution network by the PV changes, the
current I on the line changes by the amount ∆ I, and the voltage change at the
PCC is
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∆UPCC = (Rs + jXs ) · (∆Ip + j∆Iq ) = |Zs | (cos φ + j sin φ) · |∆I|(cos θ + j sin θ)
=

U 2 ∆Spv
[(cos φ cos θ − sin φ sin θ) + j(sin φ cos θ + cos φ sin θ)]
Sk U
(4.4)

Where ∆Spv is the change in power injected into the PV; Sk is the short-circuit
capacity of the PV access point; Zs is the grid equivalent impedance; θ is the
PV power factor angle; φ is the grid impedance angle as seen from the PV access
point; U is the PV access point voltage. Generally, the phase angle difference
between the two ends of the line is not significant, so the vertical component of
∆Upcc can be ignored

∆UP CC =

U 2 ∆Spv
U · ∆Spv cos(φ + θ)
(cos φ cos θ − sin φ sin θ) =
Sk U
Sk

(4.5)

The PV output power is influenced by light and changes constantly, i.e.∆Spv
changes constantly, and from the above equation, ∆Upv also changes constantly,
i.e. there are voltage fluctuations. When the PV system is not grid-connected
to full capacity grid-connected operation, ∆Spv is the largest (equal to the PV
capacity) and ∆Upcc is also the largest at this time, i.e. the voltage fluctuations
caused are the largest. So if PV penetration is high and large, sudden changes in
sunlight or artificial start-ups and shutdowns may lead to a sudden reduction or
loss of PV power, causing a sudden drop in grid voltage and seriously affecting
voltage quality and voltage stability.
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3) Voltage distribution

As shown in Figure4.4, a low-voltage distribution network line, there are N nodes,
let the nth (n = 1, 2, ..., N) node of the load forPn + jQn , the voltage at the
beginning of the line for V0 (constant), the nth node of the voltage for Vn , node
n-1 and node n between the line impedance for Zn = Rn + jXn = 1n (r + jx), ln is
the length of the line, r, x are the resistance and reactance per unit length of the
line respectively. The graph is used to analyse the effect of PV connection on the
voltage distribution, with the PV capacity connected at node n expressed as Pvn .
Line losses are ignored in the analysis[146].

Figure 4.4: Diagram of PV connection to the distribution network

If a single PV is connected to the distribution network at node j , the voltage
drop between the two nodes before the PV is connected is
PN
∆Vm = Vm − Vm−1 = −

n=m

P
Pn · rlm + N
n=m Qn · xlm
Vm−1

(4.6)

The voltage at node m is

Vm = V0 +

m
X
i=1

PN
m PN
X
n=i Pn · rli +
n=i Qn · xli
∆Vi = V0 −
Vi−1
i=1

(4.7)

BecausePn ≥ 0,Qn ≥ 0, so ∆Vm < 0, and can be seen, with the node and the
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beginning of the line distance increases, the voltage drop between the line also
gradually increased, the node voltage from the beginning to the end of the line
gradually reduced. Also assume that the line supply power factor is very high,
and the line reactance is very small, so you can ignore the reactive power, so the
two nodes voltage drop is

PN

Pn · rlm

n=m

∆Vm = −

(4.8)

Vm−1

The voltage at node m is
m PN
X
n=i Pn · rli
Vm = V0 −
Vi−1
i=1

(4.9)

(i) After PV access, the voltage of the node (0<m<j) before the PV access point
(set to point j) is

Vm = V0 −

m
X

P
N

i=1

n=i



Pn − Pvj · rli
Vi−1

m PN
X
n=i Pn · rli
> V0 −
Vi−1
i=1

(4.10)

The voltage drop between nodes m and m-1 is
P
∆Vm = Vm − Vm−1 = −
It can be seen that when

N
X

N
n=m

Pn > Pvj



Pn − Pvj · rlm
Vm−1

(4.11)

(4.12)

n=m

holds, ∆Vm < 0, i.e. the voltage at node m is smaller than the voltage at m-1;
when

N
X
n=m

Pn < Pvj

(4.13)
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holds, ∆Vm > 0, i.e. the voltage at node m is bigger than the voltage at m-1.
(ii) After PV access, the voltage of the node (0<m<j) after the PV access point
(set to point j) is
j

Vm = V0 −

P

X

N
n=i



Pn − Pvj · rli
Vi−1

i=1

m PN
X
n=i Pn · rli
−
Vi−1
i=j+1

(4.14)

The line voltage drop between the two nodes is

∆Vm = Vm −Vm−1 =

m−1
X
i=j+1

PN

n=i

Pn · rli

Vi−1

PN
m PN
X
Pn · rlm
n=i Pn · rli
−
= − n=m
<0
V
V
i−1
m−1
i=j+1
(4.15)

This means that the voltage at node m is lower than that at m-1. From the
formulas 4.12 and 4.13, it can be concluded that the voltage trend at point m
and m-1 before the PV access point is determined by the PV capacity of access
point j. In extreme case A: when the access capacity is very small and close to 0,
the voltage from point m-1 to point m to point j has been in a downward trend
(similar to no PV access). In extreme case B: The PV capacity connected at this
time is very large, even larger than (P1 + P2 + ... + PN ). The formula 4.13 is
established when m=1, and the voltage has been rising from the beginning of the
line to point m to point j. When the PV access capacity at point j is between
extreme cases A and B, the voltage drops from the beginning of the line to point
m-1. The voltage rise or fall from point m-1 to point m is determined by the
formulas 4.12 and 4.13, and the voltage rises from point m to point j. The voltage
trend after point j can be known as a decrease by the formula 4.15.
From the above analysis, it can be seen that after a single PV is connected to the
line, as the PV capacity increases, the voltage at the line node increases, and the
voltage distribution from the beginning to the end of the line node may appear
in three situations: first, the voltage gradually decreases; second, the voltage first
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decreases, then increases, and then decreases; third, the voltage first increases
and then decreases. For PV access to the node after the node voltage distribution
are lower along the line, so in the latter two cases, the access point voltage is the
highest node voltage value (except V0 ) or local extreme value, according to which
the access point can be studied to determine the impact of PV access capacity on
voltage quality, and use this to select the PV connection capacity.
If all nodes have PV connection (nodes without PV connection are treated as
grid-connected power Ppv is 0), the line node voltage after PV connection is
m PN
X
n=i (Pn − Pvn ) · rli
Vm = V0 −
Vi−1
i=1

(4.16)

The voltage drop between the two nodes is
PN
∆Vm = Vm − Vm−1 = −
When

N
X
n=m

Pn >

n=m

N
X

(Pn − Pvn ) · rlm
Vm−1

Pvn

(4.17)

(4.18)

n=m

Then ∆Vm < 0, i.e. when the sum of node m and all the active power behind it
is greater than the sum of the PV outputs, the voltage at m is smaller than the
voltage at m-1; conversely, the voltage at m is greater than the voltage at m-1.
The above analysis shows that changes in PV access location, access capacity and
penetration rate will cause different changes in the voltage distribution of the line.

4.2.5

Harmonics

Grid-connected PV systems based on power electronics inverters are different
in terms of voltage regulation and control. [147]Unlike conventional generators,
their internal switching devices turn on and off very frequently, easily generating
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harmonic components around the switching frequency, causing harmonic pollution
to the distribution network, and even causing harmonic exceedances when the
light is low.
[148]In addition, the harmonic component of the PV inverter output is related to
its input power, and the Total Harmonic Distortion (THD) of its output current
decreases as the input power increases. When the inverter is lightly loaded, the
harmonic content increases significantly, and the current THD can reach more
than 20% at less than 10% of the rated output power; at less than 20% of the rated
output power, the current THD may exceed 5%, while the control and filtering
parameters of the PV inverter are set according to the rated output power, so
the harmonic suppression effect of the low power output cannot be guaranteed.
For smaller capacities and well-designed PV inverters, the resulting harmonic
pollution is generally within the control range. However, as the penetration of PV
grid-connected systems in the distribution network increases, the superposition
of multiple harmonic sources increases the harmonic content and seriously affects
the power quality; moreover, multiple harmonic sources may also excite power
resonances of higher harmonics within the distribution network. The same type
of PV inverter with the same intrinsic circuitry and control strategy can cause
a specific number of harmonics to be superimposed, while different types of PV
inverters may cause the harmonic components to cancel each other out.
In order to reduce the harmonic components and to avoid resonance of specific
harmonics, the capacity of the grid-connected PV system needs to be limited, but
this is not conducive to the efficient use of PV power, so the harmonic content
needs to be reduced in other ways. Manufacturers of power electronics devices
generally use reasonable filter topologies, capacitor-inductor parameters, control
algorithms, pulse width modulation drive methods, sampling and arithmetic precision to ensure that harmonic content is not exceeded and that harmonic content
can basically be controlled within permissible limits. In recent years, two new
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technologies have been developed to suppress harmonics, one is harmonic compensation technology, mainly using active filters (APF), which can better achieve
harmonic compensation by unifying the control of grid-connected photovoltaic
power generation and APF, and also reactive power compensation. The second
is the group control technology, which means that multiple inverters operate in
parallel and each inverter is controlled in a coordinated manner. In this group
control method, the DC side of each inverter is connected in parallel to increase
the DC side capacity. Under low power output conditions, coordinated control
can make one inverter work alone in the high efficiency zone, thus improving the
power generation efficiency of the whole PV system and achieving the purpose of
harmonic reduction.

4.3

Technical standards of integration

The course of connecting Distributed Generation to the distribution network
depends on the scale of generation to be connected and the specific technique
to be employed. [149,150]Generally speaking, the greater the power generation,
the more complex the course. The engineering proposals covering the connection
of Distributed Generation and distribution network are: EREC G83/G98 (for
smaller generation capacity) and EREC G59 / G99 (for all other projects).

4.3.1

G83 standard

[151]G83 is the industry standard Energy Network Association Engineering
Proposal for Small Embedded Generators (SSEGs) G83 / 1-1 Small Embedded
Generators (maximum 16A per phase) in Parallel with Public Low-Voltage
Distribution Network. It is recommended to install a single unit in a single
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customer device in a closed geographical area, the second stage EMU. According
to the planned work plan, the definition of the second stage will be in the next
phase G83 small embedded generator(SSEG). An electric energy source and all
related interface equipment, with rated current of no more than 16A per phase,
single-phase or multi-phase 230 / 400V ac, designed for parallel operation with
public low-voltage distribution network. 16A is 3.68kW at 230V Note: definition
is currently under review and will be included in G83 review.

4.3.2

G59 standard

G59 is recommended by the Institute of energy networks for each phase. Amendment 1 to the proposal of G59 / 2-1 for the connection of power plant and Distribution System of Franchised Distribution Network Operator. The maximum
power of 50KW is similar to that of G83[152].However, for applications with power
of more than 17kW for each phase, relay approved by G59 must be used. Unless
the inverter for G59 test is available, G59 application system must be submitted
before connection and related network reinforcement (if necessary).

4.3.3

G98 standard

EREC G98 is referred to as the connection Requirements for Full Type Test
Micro Generators (not more than 16 A per phase) connected in parallel with
the public Low-Voltage Distribution Network after April 27, 2019. It lists the
requirements that must be met before the Micro generator can be connected to
the network. Capacity threshold is the total generation capacity installed in a
single site[153]. EREC G98 is available on the Distribution Code website. The
document is aimed at the manufacturers and installers of your Micro-generator.
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EREC G98 will apply from 27th April 2019, but the DNO can connect Microgenerators under EREC G98 before then, as compliance with EREC G98ensures
compliance with EREC G83. From 27th April 2019 it cannot be connected under
EREC G83. In EREC G98, the micro generator is defined as the power source
and all related interface equipment, which can be connected to the circuit in
the Low-Voltage electrical device, and is designed to operate in parallel with the
public Low-Voltage Distribution Network, with the rated current of each phase
not more than 16A. For the avoidance of doubt, this covers electrical storage
devices. 16A per phase corresponds to 3.68kW single-phase power supply and
11.04kW three-phase power supply, which refers to the total capacity of Micro
generator installed in a single plant.

4.3.4

G99 standard

EREC G99 refers to the requirement that power generation equipment be
connected in parallel with the public distribution network on or after April 27,
2019. This standard is intended to provide DNO with guidance on all aspects
of the connection process. It contains a glossary of items and diagrams of power
generation module types and classifications that DNO may find useful. EREC
G99 is available on the Distribution Code website. EREC G99 is applicable from
April 27, 2019, but the process can be carried out according to EREC G99 before
then, because compliance with EREC G99 ensures compliance with EREC G59.
From April 27, 2019, EREC G59 will not be allowed.

4.3.5

Connection process

ENA G98 and ENA G99 are two new standards, effective April 27, 2019, which
will be connected to the UK distribution network. G98 replaces G83 and G99
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replaces G59. These new standards will fundamentally affect the connection
and agreement course of all new solar, wind, battery storage, CHP and thermal
power plants planned to be connected. The standard now covers the integration
of battery storage technique as well.

This blog post aims at discussing the

technical aspects of the connection course and changes, rather than delving into
the commercial or legal implications of changes.[154]
As in the previous standard, G99 suits generators rated above 16A / phase and
G98 is suitable for generators rated below 16A / phase.

4.4

Impact of PV connection on distribution
network planning and design

Distribution network planning refers to the determination of the best construction
plan for the system based on the current basic conditions of the distribution
network and the forecast results of the spatial load of the distribution network
during the planning period, and to achieve the goal of minimising the operation
and construction costs of the distribution network while satisfying the growth
of customer load and the safety and reliability of power supply. The planning
and design of the distribution network will be affected by the grid connection of
photovoltaic.[210][211]

4.4.1

Impact on load forecasts for the planning period

The traditional planning period for a distribution network is generally 5-20 years,
during which time it is assumed that the network load will grow each year and
new MV and LV nodes will emerge, resulting in the need to build one or more
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additional substations.[155-157] The installation and use of grid-connected PV
systems by distribution network users according to their actual needs, offset
against some or all of the electricity load, will have an impact on the load
growth model for the planning area. In addition, the presence of both stochastic
factors, which are random for the distribution network as the location of the
PV installation is chosen by the customer, and the random nature of the PV
generation power, makes it more difficult to accurately predict the growth of the
electrical load and the distribution of the spatial load.

4.4.2

Impact on the economic analysis of the planning
period

1)Impact on network loss

PV on-grid affects the size and distribution of distribution network currents and
thus affecting the network losses.

Figure 4.5: Impact of network loss in the distribution network

IS , Ipv and IL are the system power output current, PV output current and
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current flowing to the load respectively, all are single-phase currents in A; l1 and
l2 are the distance from the system power supply to the PV installation and the
distance from the PV installation to the load respectively, in km; SL , PL and
QL are the apparent power, active power and reactive power consumed by the
load respectively, in VA, W and Var; Spv , Ppv and Qpv are the apparent power,
active power and reactive power output from the PV respectively, in VA, W and
Var respectively. In order to obtain the impact of PV grid connection on the
network loss, it is necessary to compare the network loss of PV before and after
grid connection. Regardless of whether the PV is connected to the grid or not,
there is
IL =
where V is the line phase voltage.

PL − jQL
3V

(4.19)

Let the network loss of PV before grid

connection be Loss0, then we have
Loss0 =

r (l1 + l2 ) (PL2 + Q2L )
3V 2

(4.20)

where r is the resistance per unit length of the system line in /km. After the PV
is connected to the grid, the PV output current has
Ipv =

Ppv − jQpv
3V

(4.21)

Let the losses of lines l1 and l2 be Loss 1, Loss2, and the total loss is Losspv, then
we have
2
rl1 PL2 + Q2L + Ppv
+ Q2pv − 2PL Ppv − 2QL Qpv
Loss1 = 3rl1 IS2 =
3V 2

Loss2 = 3rl2 IL2 =

rl2 (PL2 + Q2L )
3V 2

Losspv = Loss1 + Loss2


(4.22)

(4.23)
(4.24)
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So the amount of change in network loss before and after PV grid connection is
∆Loss = Loss0 − Losspv =


rl1
2
2
2P
P
+
2Q
Q
−
P
−
Q
L
pv
L
pv
pv
pv
3V 2

(4.25)

Let the power factor angles of the load and PV be L and pv, then we have
rl1 Ppv
∆Loss =
3V 2


2PL + PL tan ϕL tan ϕpv −

Ppv
cos2 ϕpv


(4.26)

At constant load, the factors that influence the amount of change in network
loss are the PV grid connection capacity and output power factor as well as the
distance of the PV installation from the system supply. When the expression in
brackets above is positive, i.e. ∆Loss >0, PV grid connection reduces network
losses; conversely, PV grid connection increases network losses. So for PV grid
connection, it may reduce the network loss or increase it, and because of the
periodic and random nature of PV output, the impact on the network loss is
constantly changing for the same grid-connected PV. Assuming a PV output
power factor of 1, we have
∆ Loss =

rl1 Ppv
(2PL − Ppv )
3V 2

(4.27)

When Ppv <2PL ,∆Loss >0, PV makes the network loss lower, and at this point l
1is larger, i.e. the further the PV is from the system power source or the closer
the PV is to the load, the greater the reduction in network loss. The above is only
a brief analysis of the impact of grid-connected PV on the network loss of the
distribution network, which will become more complex as the penetration of PV
in the distribution network increases. The size of the network loss determines the
investment costs for the construction and renovation of the distribution network,
which in turn affects the efficiency of the network.

CHAPTER 4. Connection of photovoltaics in Low voltage networks

65

2)Impact on equipment utilisation

The output of the PV system is intermittent and cyclical, especially at night
when the PV cannot generate electricity, so some of the line equipment in the
distribution network is not withdrawn and needs to be kept in service. During
most of the day, this equipment becomes a backup for the PV, significantly
reducing the utilisation rate, but the cost of putting it in is not reduced, and
thus the revenue for the grid operator is reduced.[158-160]

3)Impact on investment planning

PV integration may enable the overload of certain lines in the distribution
network to be improved, and lines with relatively small capacity margins may
be considered in planning to reduce line investment; if PV capacity meets the
load growth demand during the planning period, it may also delay the expansion
or new construction of substations, upgrading or renovation of lines. From the
perspective of energy saving and environmental protection, grid-connected PV
reduces the burning of fossil fuels and reduces a large amount of polluting gases,
which can reduce the environmental protection investment in the distribution
network area for the grid operator.[161-163] On the other hand, however, gridconnected PV can have some negative impacts on the distribution network, and
additional investments are needed to take measures to eliminate or weaken these
negative impacts in order to ensure the normal operation of the distribution
network.

4.5 Indicators for assessing the impact of PV grid integration on the
distribution network
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4.5

Indicators for assessing the impact of PV
grid integration on the distribution network

The essence of exploring the impact of grid-connected PV on the distribution
network is to make effective and rational use of grid-connected PV, to increase
the capacity of the distribution network to accept PV power, and to reduce
or avoid the adverse impact of grid-connected PV on the distribution network.
How to measure whether these objectives have been achieved or not requires a
quantitative analysis, then it is inevitable to quantify the impact of PV grid
connection on the distribution network and give the assessment indicators of each
impact. These indicators can, on the one hand, analyse whether the impact of
PV grid connection on the distribution network is beneficial or detrimental, on
the other hand, they can be used to guide the optimal grid connection of PV,
and on the third hand, they can guide the operation, scheduling and planning of
the distribution network, which is especially important for distribution network
planning.
In this section, the corresponding indicators of the impact of grid-connected PV
on the distribution network are given in terms of power quality, network loss,
reliability and security. [164-172]Since the output of grid-connected PV systems
varies with time and is accompanied by random fluctuations, the indicators for
assessing their impact should generally include the concept of time and the
concept of maximum value.
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Indicators for power quality

1)Voltage deviation


∆V = M AX


Vt − VN
× 100%
VN

t ∈ [0, T ]

(4.28)

where T is the maximum time of the evaluation period; Vt is the actual value of
the grid connection voltage at each calculation moment; VN is the rated voltage
of the distribution network.

2)Voltage fluctuation

The voltage fluctuations in each phase of the integrated network are calculated
as follows

∆VF α = M AX

Vα (t + ∆t) − Vα (t)
Vα (t)


t ∈ [0, T ]

(4.29)

where α denotes phases a, b and c and ∆t is the calculated time interval, the size
of which is taken as required. Thus, the voltage fluctuation ∆VF is
∆VF = M AX {∆VF a , ∆VF b , ∆VF c }

(4.30)

3)Voltage three-phase unbalance


Vub = M AX

V−
V+


× 100%

t ∈ [0, T ]

(4.31)

t

Where V+ and V− are the positive and negative sequence voltage amplitudes at the
parallel network respectively.
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4)Harmonic distortion indicators

HDR = M AX {HDRa , HDRb , HDRc }

(4.32)

whereHDRa , HDRb and HDRc are the maximum harmonic distortion rates for
each phase during the evaluation period respectively.

5)Degree of voltage improvement in the distribution network

Defining the distribution network voltage level indicator UL

UL =

N
X

Ui Li mi

(4.33)

i=1

where N is the number of nodes in the network; Li is the node load; mi is the
weight factor of each node and should satisfy
N
X

mi = 1

(4.34)

i=1

The value of mi is related to the importance of the load, the more important the
load is, the larger the value is, for the node with the more limited voltage take
mi = 0 . The degree of voltage improvement in the distribution network UIL is
UIL =

1
M
1
M

PT

t=0

PT

t=0

ULt (af terP V connection

ULt

(bef oreP V connection)

PT

= Pt=0
T
t=0

ULt (af terP V connection)
ULt (af terP V connection)
(4.35)

where M = T/∆t, i.e. the number of calculated voltage levels in the assessment
period; ULt is the voltage level of the distribution network at each calculation
moment. A higher value of UIL indicates a greater improvement in the voltage of
the distribution network due to PV grid connection.
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Indicators for network loss

Network loss is an important factor in assessing whether the distribution network
is operating economically and must be considered in the planning of the distribution network. Indicators for assessing the impact of PV on grid connection
include.

1)Average distribution network loss rate

The average loss rate of the distribution network, LossA , is intended to reflect the
overall network loss of the distribution network after the PV has been connected.
The smaller the value of LossA , the lower the losses in the distribution network.

2)Degree of network loss improvement in the distribution network

Degree of network loss improvement in the distribution networkLossI . It aims
to reflect the degree of impact of PV connection on the network loss of the
distribution network. LossI , the more significant the reduction in network loss
caused by PV connection.

3)Maximum line loss improvement in the distribution network

Maximum line loss improvement in the distribution network LossLmax , designed
to reflect the impact of PV connection on local line loss.
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4.5.3

Indicators for supply reliability

1)Rate of change in supply deficit

An indicator reflecting the change in system reliability before and after PV
connection The expression of this indicator is
ESR =

supply deficit before PV connection − supply deficit after PV connection
supply deficit before PV connection
(4.36)

A higher ESR value indicates that the PV is more effective in improving the
reliability of the distribution network.

2)Maximum rate of change in customer supply deficit

The customer indicator that reflects the greatest impact of PV access on reliability. The expression for this indicator is
ECSR max


= max 1 −
i∈[1,N ]


supply deficit of customer i after PV connection
supply deficit of customer i before PV connection
(4.37)

A higher ECSR max value indicates that the PV has a greater impact on the user.

3)Daytime supply reliability rate change

The aim is to provide a more intuitive representation of the impact of PV grid
connection on the reliability of the distribution network for PV sources that only
have power output during the day.
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Indicators for supply security

The safety of the distribution network refers to the ability to continue supplying
loads and avoiding the spread of accidents in the event of a fault in system
operation. After the PV is connected to the grid, it can relieve the overload
of the distribution network caused by faults. Therefore, from the perspective
of the safety of the distribution network, the transmission power relief index is
proposed. TPI: The larger the value of TPI, the more significant the effect of PV
on the safety of the distribution network.
P
T P Ii =

mn

Dmn × T P Mi,mn × PO,mn
PSO

(4.38)

Where, Dmn for the line mn direction variable, line overload tide direction and
the same as the prescribed positive direction is taken 1, and vice versa is taken
-1; PO,mn line mn overload power; PSO for the entire distribution network due
to faults and other overload power sum; T P Mi,mn defined as the power change
sensitivity, can reflect the i node of the power injection on the line mn tide
improvement degree, the expression is
T P Mi,mn =

∆Pmn
∆Pi

(4.39)

where ∆Pmn is the change in power at line mn; ∆Pi is the change in power injected
at node i.

4.6

Conclusion

This chapter first analyses the impact of PV grid connection on the power quality
of the distribution network from the perspectives of protection currents, harmonic
components and voltage instability. It can be seen that the research on the
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4.6 Conclusion

impact of PV grid connection on the reliability of the distribution network is still
immature and lacks a perfect assessment system and corresponding assessment
indexes that take into account the characteristics of PV power generation, and
the resulting impact results are not comprehensive and reliable. This paper then
investigates the requirements of PV grid connection on the distribution network
standard protocols to ensure that the reliability of the distribution network will
not decrease or even increase after PV connection. Finally, this chapter analyses
the impact of PV grid connection on distribution network planning and design in
terms of load forecasting and economic analysis during the distribution network
planning period.

Chapter 5
Improving characteristics of
distribution network by smart
inverter control

5.1

Introduction

The investigation and analysis conducted in the preceding chapters show that connecting a large number of photovoltaics will affect various network characteristics
of the distribution network, and will directly threaten the safe operation of the
power grid. Among the many operating indicators that affect the stability of the
power grid, voltage fluctuation is one of the most prioritized characteristics. On
the premise of ensuring that the voltage index is within the normal range, how
to maximize the access rate and utilization of photovoltaics is a problem that
needs to be solved. Under the goal of high-efficiency utilization of new energy,
how to save energy and reduce emissions from the perspective of grid electricity
consumption is also a goal that needs to be considered. In order to achieve such
73
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optimization goals, a large number of smart inverters supporting photovoltaics
can be used for coordinated optimization control. Smart inverter refers to a new
type of photovoltaic inverter with a controllable power adjustment function and
able to realize the optimization control. By adjusting its voltage-power control
curve, the functions of the original reactive power compensation device can be
realized.
Motivated by the above considerations, this chapter investigated the interactions
of multiple effects such as voltage fluctuations, system cost and CO2 emissions
in a distributed network with saturated PV penetration. By genetic optimisation
algorithm, photovoltaics were best utilized, while allowing the voltage within the
saturating limit. With the advanced algorithm in planning photovoltaics and
further smart inverter volt/var control scheme, the generation cost and GHG
emission curve were improved and avoid the disturbance to customer behaviours.

5.2
5.2.1

Volt/Var control methods
Conservation voltage regulation

CVR definition

The conservation voltage regulation technology reduces the user’s power voltage
to the lower half of the standard voltage (0.95 p.u. to 1.0 p.u.) through voltage
regulation measures, thereby ensuring that no damage is caused to electricity
facilities. At the same time, by reducing the total power demand of the system
to achieve energy savings, it can fully improve the reliability of user power supply
and also promotes overall energy saving in the power grid. The benefit of CVR
technology is usually expressed by the CVR factor (conservation voltage reduction
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factor (fCVR )), which is the ratio of the reduced power demand percentage P%
to the reduced voltage percentage U%. The specific calculation formula is shown
in formula Eq(5.1):
fCVR =

∆P %
∆U %

(5.1)

The benefit of CVR is mainly determined by the composition of the load, and
the total power demand of the system is mainly composed of two parts: load
demand and line loss, Pload = U I, Plines = I 2 Rlines . When the load is a constant
impedance load (incandescent lamp), when the voltage is reduced, the current is
also reduced, and the load loss and line loss are reduced, which ultimately reduces
the total power demand. However, when the load is a constant power load such
as a computer or television, a voltage drop means that the current rises, the
load loss does not change and the line loss increases, so that the total power
demand of the system increases. For loads with temperature control circuits such
as electric water heaters and refrigerators, the losses remain constant. In addition,
there are constant current loads such as energy-saving lamps. The voltage drop
reduces the load loss, while the line loss remains unchanged, so the overall power
demand decreases. The loss increased by constant power load is only a small part
compared with the constant impedance load. As long as the energy consumed by
the constant power load is not more than 50 times the constant impedance load,
the overall power demand of the system after voltage reduction is reduced.

CVR techniques

The implementation of CVR can be achieved through a variety of methods. The
traditional and most common way is to directly reduce the voltage through onload tap-changers (OLTC) or feeder voltage regulators. The operation is simple
and the cost is low. However, this adjustment method has certain defects. If the
feeder is long and the voltage loss on the line is large, it will cause the voltage
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level at the end of the line to be lower, which makes the range in which the
voltage can be adjusted very limited. For the line with large voltage drop, in
order to ensure that the end of the feeder has sufficient voltage margin, a reactive
power compensation device can be installed at an appropriate position on the
distribution feeder to improve the voltage and reactive power conditions of the
line. Install parallel capacitor banks or switchable capacitor banks at nodes with
a large voltage drop along the feeder, which can support the voltage of such
nodes and correct the power factor, reduce the difference between the maximum
and minimum voltages along the feeder, and ensure a flat feeder voltage and
The power factor distribution characteristic provides good voltage and reactive
conditions for the realization of CVR.
The above method is used when the substation has OLTC or the line is equipped
with feeder voltage regulator. When the system does not have such devices,
the use of capacitor banks alone can also achieve the purpose of adjusting the
voltage, but the voltage adjustment range is relatively small. In addition to the
voltage regulation at the substation or feeder, it’s also feasible to install a voltage
regulator on the user side to directly regulate the voltage. However, this method
is not often used because the equipment needs to be installed by the user and
does not reduce line losses
As the structure of the power distribution system becomes increasingly complex
and its data information is dynamic and changeable, the above traditional control
methods mentioned are difficult to maintain dynamic control as information
changes. Therefore, a more advanced closed-loop control method is proposed. To
achieve centralized VVC. Centralized VVC means that the ground survey center
obtains the key position power data measured by different equipment in various
places through the supervisory control and data acquisition (SCADA). Through
analysis and calculation, it directly sends control instructions to the OLTC of
the substation, the feeder regulator of the line, the capacitor bank, etc., in order

CHAPTER 5. Improving characteristics of distribution network by smart
inverter control

77

to achieve the optimal control method of the entire network. The AdaptiV olT M
system (Voltage Adaptive System) is an earlier proposed VVC closed-loop control
system capable of fully implementing CVR. Although the closed-loop control
method can make up for many shortcomings of the traditional control method,
the control method is more complicated and the investment cost is relatively high.

5.2.2

Virtual STATCOM

Electrical loads both generate and absorb reactive power. Since the transmitted
load often varies considerably from one hour to the next, the reactive power
balance in a grid varies as well. This can result in unacceptable variations in
voltage, including voltage depression or even voltage collapse.
Like SVC but faster, STATCOM continuously provides variable reactive power in
response to voltage variations, supporting the stability of the grid. STATCOM
operates according to voltage source converter (VSC) principles, combining unique
PWM (pulse width modulation) with millisecond switching. STATCOM functions
with a very limited need for harmonic filters, contributing to a small physical
footprint. If required, switched or fixed air core reactors and capacitors can be
used with the VSC as additional reactive power elements to achieve any desired
range.
Installing a STATCOM at one or more suitable points in a grid will increase
power transfer capability by enhancing voltage stability and maintaining a smooth
voltage profile under different network conditions. Its ability to perform active
filtering is also very useful for improvements in power quality.
Existing work have suggested the use of distributed generation to support the
operation of the distribution network in terms of voltage variability, power flows,
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reactive power requirements, power losses, etc. Modern power electronics have
allowed the development of small-scale flexible AC transmission systems (FACTS)
units such as STATCOMs, for use in medium and low voltage systems.
It has also been proposed that some FACTS functionalities can be provided by
the inverters of small PV units connected to the distributed network. Similar
to the concept of virtual power plants, existing and new smart grid and smart
metering infrastructure will be used to form “virtual STATCOMs” aggregating
the control of a large number of PV converters and EV chargers, overseen by a
central management system.

5.3
5.3.1

Implementation of algorithm
Modeling platform

The system was modeled in OpenDSS, an open-source, comprehensive electrical
system simulation tool for electric utility power distribution systems.

The

algorithm was implemented in MATLAB to optimize the network characteristics.

5.3.2

Network description

The test network is an expanded highly-urban LV distribution network model is
used to simulate the voltage variation with and without PV installed. To analyze
the voltage drop caused by customer consumption, a 46 load buses network is
used. The network is characterized by high load density and short cable lengths.
Four branches are connected to a 1 MVA 11:0.4 kV transformer. Figure 5.1 shows
the 46 load bus network with 1260 customers.
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Figure 5.1: Test network
Domestic demand profiles based on user behavior were used for these simulations.
Energy consumption profiles are generated by stochastic modeling of demand using Markov Chain Monte Carlo (MCMC). Loads are modeled using a polynomial
“ZIP” function to better illustrate the relationship between voltages and powers.

5.4

Smart inverter control strategy

5.4.1

Voltage sensitivity selection scheme

Voltage sensitivity factor(VSF), as an index that reveals the the relationship
between the changes in voltage at the buses resulting from the changes in active
or reactive power at other buses in the network, can be derived from the Jacobian
matrix in Eq.(5.2):



∆θ
∆|U |





 = J −1 

∆P
∆Q




(5.2)

80

5.4 Smart inverter control strategy


J =

δP
δθ

δP
δU

δQ
δθ

δQ
δU


(5.3)



where ∆θ and δU are changes in bus voltage angle and magnitude, ∆P and δQ
are changes in active power and reactive power. To perform the CVR control,
the voltage sensitivity is focused on and the voltage change results from power
changes can be expressed as

∆|U | =

h

δU
δP

δU
δQ

i

·

∆P
∆Q




(5.4)

Under network situations of overvoltage, undervoltage and during periods where
energy-saving voltage regulation aim are requested, the VSF is used in the
appointment of PV smart inverter control, decision of the coordinated VVCs.
In this condition, in relation to Eq.(5.3), δP represents the change in real power
of inverters, while δQ means the change in reactive power support from Volt/VAR
function of the operational SI. The δU is evaluated at the bus where the CVR
performance is desired. This scheme of selection guarantees that the selected SI
have the most effective expected effects on the voltage regulation of the target
buses.
The major disadvantage of utilising this Jacobian matrix method for obtaining
VSF is the computational complexity that is involved in the process.[19] presented a method of analysing voltage sensitivity, which provides an alternative
computationally less intense way to obtaining the sensitivity matrix. Although
this method is an approximate evaluation, the results obtained are close to those
obtained by deploying Jacobian matrix method directly. This method can be
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1 
δUi
=−
Rab 
δPj
Un ab∈L
X

(5.5)

i,j





δUi
1 
=−
Xab 
δQj
Un ab∈L
X

(5.6)

i,j

where Un is the approximate rated voltage in the network, Rab and Xab are the
resistance and reactance of branch ab respectively; Li,j is the set of path that
connecting the busbar to nodes i and j.
Then, the voltage sensitivity ranking matrices can be derived and presented in
Eq.(5.7) and (5.8). χP and χQ are sensitivity matrices for real and reactive power
respectively.
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(5.7)










(5.8)

In the above equations, n = 1, 2...N represents all specific nodes in the network.
The rows represent the node voltages and the columns represent the BESS or
SI locations. When the voltage of a specific node (along rows) is of interest for
regulate, the column (representing SI location) with the highest value is selected
as the best appropriated for performing the required voltage regulation. The
nodes selected are named N SSI for the time that this calculation process is
conducted. The selection procedure based on a ranking list is carried out by the
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selection calculator (SC) within the control panel. Note that due to the different
capabilities and sizes of SI at different nodes, the locations with highest voltage
sensitivities for reactive power are not same. When there is no SI installation on
a particular node, the location of that node in Eq.(5.7) and (5.8) are placed zero,
thus are not able to be selected.

Figure 5.2: Utility-defined SI curve shapes: (a) Volt/VAR mode 1 normal regulation
(b) Volt/VAR mode 2 CVR support

The reactive power output of the SI was based on its local voltage and a predefined Volt-VAR Curve (VVC). Fig.5.2.(a) shows the typical VVC in normal
regulation operation mode, while an example of VVC shape in CVR support mode
(absorbs reactive power to reduce the feeder voltage) is showed in Fig.5.2.(b).

5.4.2

Genetic algorithm

Genetic algorithms (GAs) have emerged as effective search and optimization
methods with applications in several problem domains. When the underlying
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search space has several locally optimal solutions apart from the globally optimal solution, GAs emerge as worthy alternatives to traditional optimization
techniques.
The process of natural selection starts with a randomly generated population
of chromosomes. The GA carries out the fitness-based process and produces
offspring which inherit the characteristics of the parents and will be passed into
the successor population. If parents have better fitness, their next generation
will be better than them and have a better chance of surviving. This process
keeps on iterating and at the end, a generation with the fittest individuals will
be found. Five phases are considered in a genetic algorithm: initial population,
fitness function, selection, crossover and mutation.

5.4.3

PV deployment optimisation

In order to ensure the maximum deployment of PV within the test network while
not exceeding +10% of nominal voltage, a genetic algorithm is used to find the
optimal capacity and location of the PV units.
A typical 24-hour solar resource profile was used in the simulations, shown in
Figure 5.4 together with the aggregated demand[213]. Due to the characteristics
of the solar resource, the reshaped voltage profile will reach its maximum at
midday around 1 pm. Node voltage sensitivity was used to assess the impact of
generation across the network, to identify the locations can hold the maximum
amount of photovoltaics, thereby be able to analyze the effects of CVR in a PVsaturated system.
For the given network, it was found that the load buses with lowest sensitivity were
HUB1, HUB3, HUB4, HUB7, HUB14, HUB17 and HUB19. This result indicates
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Figure 5.3: Genetic Algorithm

locations that are able to hold the largest photovoltaics capacities without causing
voltage violations.
Then the genetic algorithm is used to find the maximum PV installation at these
buses under the condition of +10% voltage limit. Figure 5.5 indicates the seven
load buses and their PV capacities according to the optimal result. There are
83kw, 73kw, 62kw, 55kw, 89kw, 69kw and 82kw photovoltaics installed at HUB1,
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Figure 5.4: PV and aggregated load profiles

HUB3, HUB4, HUB7, HUB 14, HUB17, and HUB19 respectively. The total PV
capacity is 515kw.

Figure 5.5: GA result

If we only install PV at two lowest voltage buses to compensate for the voltage
drop, HUB39 and HUB41, the total PVs that can be populated are less than
60kw. However, if we apply the genetic algorithm in finding the optimal result
of the PV installation, the maximum PV capacity is 515kw, which is nearly ten
times higher than without using the algorithm.
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Smart inverter participation

Figure 5.6 shows the function of the proposed “virtual STATCOMs”. The dashed
line represents the traditional voltage-var curve (VVC) and is usually implemented
by the reactive power adjustment function of the PV converter. Reactive power is
absorbed when the voltage exceeds 1.05, and reactive compensation is performed
when the voltage is less than 0.95. It does not work when the voltage is between
0.95 and 1.05, to maintain the voltage within ±5%.
The solid line represents the VVC that implements CVR control after genetic
algorithm optimization. The setpoint of the VVC is 0.975 and the dead-band is 0
at this time. When the voltage is higher than 0.975, reactive power is absorbed,
and when it is lower than 0.975, reactive power compensation is performed.
The user-defined VVC can be flexibly changed according to the requirement of
regulation and characteristics of buses. For example, in this thesis’s case, the PV
inverters operating as virtual STATCOMs are located at buses near the substation
rather than at the end of the network, so the threshold of whether the virtual
STATCOM support is capacitive or inductive is 0.975, rather than 0.95.

Figure 5.6: Dynamic reactive power support curve(VVC)
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Benefits Analysis
CVR Result

Figure 5.7: Example HUB1 performace of (a) without Virtual STATCOM control
and (b) with Virtual STATCOM control

Based on discussions on the previous section, the virtual STATCOM will perform
reactive regulation to reduce the voltages at seven load buses installed with PV
inverters. A rolling average window with a length of 10min is used to provide an
adaptive voltage set-point.
Figure 5.7 shows the example result of HUB1. Each graph contains the reactive
absorption of the virtual STATCOM in this bus, the active power output of the
PV in this bus, and the bus voltage. It can be noticed that when the virtual
STATCOM is installed, the bus voltage is reduced by reactive absorption. The
overall voltage profile still follows the shape before var control. By utilizing the
rolling average window with a length of 10 minutes in var control, the voltage can
be reduced furthermore.
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5.5 Benefits Analysis

Operational Evaluation

By calculation the total voltage and power consumption with and without virtual
STATCOM CVR control, table 5.1 shows that the control method saves energy
when running the 24-hour daily simulation in OpenDSS and Matlab.
Case 1 is the instant virtual STATCOM control. Case 2 is the virtual STATCOM
control with a 10min length rolling average window.
Table 5.1: Operational Benefits
voltage reduction

power reduction

energy saving

Case 1

2.01%

2.78%

2.78%

Case 2

2.30%

2.90%

2.90%

The PV inverter supported virtual STATCOMs do not require additional information exchanges at each time step and can also have an acceptable range of
reduction on voltage and power.
Since the maximum reactive power absorption value of V-STATCOM in this
chapter is set to the nominal power of PV at each selected load bus, the peak
load can be reduced furthermore if we modify the VVC curve separately for each
inverter and keep the setpoint updated during the day.

5.5.3

Economic & Environmental Impacts

In figure 5.8, the average electricity price and GHG emission profiles of 20082009 and 2012-2013 summer and winter are used in this chapter. To evaluate the
impacts of CVR on generation price and GHG emission, the aggregated power
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Figure 5.8: Daily profiles of (a) price and (b) GHG emissions per MWh for the
selected periods and the typical winter (W) and summer (S) profiles.
consumption (including line losses) in the network are calculated at each time
step.

Pgen = Pload + Ploss − Ppvtotal

(5.9)

Ct = Pgen ∗ Cgen

(5.10)

EMt = Pgen ∗ EMgen

(5.11)

The figure 5.9 shows the daily generation price and CO2 emission per minute profiles using equation (5.9), (5.10) and (5.11). The aggregated daily/monthly/yearly
total generation costs and GHG emissions could be calculated and compared using
the formula as following:

Ctotal = M onN um ∗ DayN um ∗

1440
X
t=1

Ct

(5.12)
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Figure 5.9: Daily profiles of (a) price and (b) GHG emissions per minute for the
selected periods and the typical winter (W) and summer (S) profiles.

EMtotal = M onN um ∗ DayN um ∗

140
X

EMt

(5.13)

t=1

The results presented in table 5.2 shows nearly 5% of generation costs and CO2
emissions reduction when performing CVR control (case 2) in the proposed 1260
households’ network. The cost and emission can be further reduced if the VSTATCOM curve in figure 5.6 can be improved and flexibly modified at different
buses.

5.6

Conclusion

With more penetration of PVs and increasing demand coming from loads such
flexible domestic loads in the low voltage distribution grid, network operators
will face new challenges in terms of maintaining the quality of supply and saving
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Table 5.2: Economic and Environmental benefits

2*Time

4*Daily

2*Yearly

2*Type

Generation cost

GHG emission

(pounds)

(tonnes)

before

after

before

after

S’09

367.14

349.54

7.00

6.67

S’12

541.24

515.45

5.87

5.60

W’08/’09

673.45

640.57

6.45

6.15

W’12/’13

557.68

530.81

5.48

5.22

2*Total saving

9412.42

106.58

4.82%

4.71%

energy in the system. A realistic LV network has been modeled and populated
with saturated PV arrays and flexible loads, and was used to assess the performance of CVR control devices (smart inverter Volt/Var control V-STATCOMs)
and algorithms. The results obtained show a quantifiable improvement in terms
of energy consumption (also corresponding to a reduction of CO2 emissions and
generation costs), even in PV-saturated systems.
Future work will focus on the improvement of the CVR based V-STATCOM
control algorithm with storage units and EV participate in.
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Chapter 6
Multi-objective inverter control
strategy within PV-saturated
distribution networks

6.1

Introduction

This chapter presents an intelligent control strategy, in order to meet the demands
of both utility operator and customers. It’s able to stabilize the feeder voltages,
decrease the network active loss and reduce the power demand simultaneously, by
managing the reactive power of distributed generation inverter(DGI) in a smart
distribution network.
The structure of the proposed strategy which adjusts the Volt/VAr curves (VVC)
of IBDER through an adaptive multi-objective control scheme (AMOCS), is
completely different from the past existing studies solving operational problems
for DSO only. In the proposed control method, the algorithm utilizes the unused
93
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reactive power capacity of DES inverter at chosen locations, depending on the
real-time active power input and PF constraints. DGI will remain connected
to the network during voltage sags and swells. The inject or absorb reactive
power behaviours are controlled by the central control panel at each specified
time intervals. By ultilizing the information communication infrastructure on
feeders, the references points for each VVC will be constructed based on the
grid operation condition. The received references information will be sent to
the central controller for the optimisation procedure on the next interval. The
optimisation algorithm block sends out commanders, in form of a list of set points
defining VVCs to local controllers. Thus, regardless of random occurrence of
voltage variations and residential demand profiles, each DGI will be able to follow
its VVC instantly to control its inverter reactive power behaviour in real-time.
This strategy is successfully tested on a 149-bus highly urban smart distribution
test network.
The rest of this chapter is organized as follows: in Section 5.2, the problems
and background will be discussed. The basic multi-objective problem and the
multi-objective problem solved in this thesis are introduced and explained in
Section 5.3. In Section 5.4, the models and proposed control strategy including
is presented. In Section 5.5, the results of simulations on the distribution test
system are illustrated, and finally Section 5.6 concludes the chapter.

6.2

Problems and background

The integration of a large number of distributed generation units(DGU) has
changed the distribution network from a traditional single-supply, radial topology
to a complex structure with multiple power supplies, which affects the node
voltage, power flow distribution, power quality and system stability of the

CHAPTER 6. Multi-objective inverter control strategy within PV-saturated
distribution networks
95

distribution network. Reactive power optimization for distribution networks with
distributed power sources can effectively improve power quality and reduce system
network loss, while ensuring safe and stable operation of the distribution network.
Therefore, it is of great significance to study the reactive power optimization
problem of distribution network with distributed power supply. The reactive
power optimization problem of the distribution network is a collection of multiobjective nonlinear problems. In order to improve the reactive power balance,
the concept of distribution load rate of distribution network is defined. From
the two aspects of reactive power partitioning and substation automatic control
system, genetic algorithm and direct method are used for optimization and power
flow calculation. It provides important for the planning and design of distributed
generation based on economic benefits.
With the increasing number of distributed generation units(DGUs) such as photovoltaics, the distributed control methods are gradually getting intention. Most
of the previous research focused on power system economic dispatch[174,175],
virtual power plant control[176] and regulating system stablization through tap
changers or capacitors[177]. Few of them involved in the multi-objective optimisation research with photovoltaics infeed, especially in a large highly urban low
voltage radial network. There were also very few previous work achieved multiobjective aims through of distributed inverters coordinated control the network.
Even though [178] proposed control strategies that performed decentralized control on grid-connected inverter(GCI), the objectives set are not considering the
benefits that customer size could obtain. Work in [179] considered customers’
perspectives by adoping conservation voltage regulation (CVR) method. The residential demand as well as bills could be reduced by voltage reduction. However
loss may increase in a high R/X ratio distribution network. The DSO has found
that smart network with high penetration of photovoltaics infeed has problems
such as short-term voltage magnitude variations and active loss increase. A smart
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distribution system is proposed to be one with power and energy control systems
at multiple levels with communication between those and also with other parts
of the interconnected distribution system.
Motivated by the above considerations, it’s important to develop a control
methodology that considers both system operational stablization and energy saving aspect in the smart distribution network, with the inverter-based distributed
energy resources(IBDER) connected.

6.3

Multi-objective Optimisation Problem formulation

The main motivation for the development of a distributed solver is to enable
utility and customers to pursue specific optimization objectives, while ensuring
that system-level power-flow and voltage-regulation constraints are satisfied.
The outstanding multi-objective optimisation problem could be formulated as
following:
Minimize: F (x, y) = f1 (x, y), f2 (x, y), f3 (x, y)

(6.1)

Subject to: Rxlower ≤ x ≤ Rxupper

(6.2)

Ry lower ≤ y ≤ Ry upper

(6.3)

f (v, θ) = 0

(6.4)

V min ≤ V ≤ V max
q
q
− S 2max − P 2pv ≤ Qpv ≤ S 2max − P 2pv

(6.5)
(6.6)
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Control variables x and y are slopes and deadbands vectors indicating the Q(U)
curve characteristics of inverters which are connected to PV units.

f1 (x, y) =

N
X

|Vi | − V ref

2

(6.7)

i=1

f2 (x, y) =

L
X

Rj |Ij |2

(6.8)

j=1

f3 (x, y) =

N
X

Pj

(6.9)

i=1

Where N and L are the numbers of load nodes, lines. Utility optimization includes
correcting voltage deviations f1 (x, y) and minimizing power losses f2 (x, y)
in the network. Customer based optimization includes minimizing the power
consumption (thus cost) incurred in active power curtailment f3 (x, y).

6.4
6.4.1

Method
Overall framework

Figure 6.1: AMOCS overall framework
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The overall framework of the proposed AMOCS is presented in Fig.6.1. Three
main parts of this scheme are DGU model, customer model and the multiobjective optimisation algorithm. DGU modelling includes photovoltaics modelling and reactive power regulation characteristics of smart inverters, which plays
a main role in the control strategy. After receiving feedback signals containing
customer behaviours and network status information, the algorithm can process
the optimisation and send out commands to smart inverters. In this way, the reactive regulation behaviours of smart inverters can be determined, before taking
actions and affecting the system status.

6.4.2

Customer modelling

The most popular expressions of dynamic load model forms in the literature are
the exponential model shows in Eq.(6.10) (6.11), and the polynomial/ZIP model.
Where P and Q are the power demand at supply voltage V , P0 and Q0 are the
rated power demand at nominal supply voltage V0 .

P = P0

Q = Q0

V
V0

np

V
V0

nq

(6.10)

(6.11)

Although the polynomial load model provides more detail in the representation
of modern non-linear loads, the exponential load model is preferred for demonstration purposes because of the single coefficient.
In order to better demonstrate the relationship and effects between voltage and
power, this chapter adopts the exponential load model, which could be easily
converted from ZIP load model.
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Figure 6.2: Load model development work flow

Fig.6.2 shows the previously proposed method to generate the residential load
profile for each household . The load profile developed in this thesis based on the
same methodology. This model adopts the Markov Chain Monte Carlo (MCMC)
strategy to create household activities and power demand profiles. Three stages
are presented below:

(i) Users’ activities modelling: Input is the probability matrices for various
activities and the relationship with others. MCMC algorithms are used in
this stage to obtain household activity profiles.

(ii) Households’ appliance use modelling: The load model of each household
electrical appliances will be created based on the characteristics of electrical
appliances.

(iii) Households’ load profiles modelling: According to the users’ activities in
each household, the aggregation of electrical appliances usage profile and
thus time-series power demand ZIP models are produced.
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DGUs modelling

Photovoltaics

In this photovoltaics modelling process, the basic concept is define the PV
performance using known irradiance profiles and temprature characteristics.
[29]The output power of the total generator at the maximum power point (MPP)
is obtained from Eq.(6.12), where parameters are obtained from information
available from the manufacturer data sheets [nominal operating cell temperature
(NOCT) and standard test condition (STC)]



Ppv


GT
= Ppv− stc ×
× [1 − ρ × (Tj − 25)] × Npv
1000

(6.12)

where Ppv , Ppv− stc , GT , ρ, Tj and Npv are the generator output power at the MPP,
the rated PV power at the MPP and STC, the irradiance level at STC, the power
temperature coefficient at MPP, the cell temperature, and the number of modules
that composed the generator, respectively.

Tj = Tamb +

GT
× (NOCT − 20)
800

(6.13)

Assuming that the PV generators in the network are all composed of the same
modules. The power generation output obtained from a PV generator can been
modeled by a linear power source according to the ambient temperature and the
irradiance level during the day given the Eq.(6.13). Base on above assumptions,
the time-series PV generator output can be derived from Eq.(6.12) and Eq.(6.13)
as following:
Ppv (t) = a · GT (t)2 + b · GT (t) + c · GT (t) · Tamb (t)

(6.14)
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where a,b and c are constants during the day.Since the change in ambient air
temperature is negligible relative to the value of radiance level, Eq.(6.14) can be
rewritten as a quadratic expression about the radiance level:
Ppv (t) = a · GT (t)2 + d · GT (t)
GT (t) = η(t) · GT− max

η(t) ∈ [0, 1]

(6.15)
(6.16)

Where GT− max is the maximum radiance level in a day, η(t) is a multiplier index
indicating the relative radiance level at time t. Therefore, the PV generator power
output can be formulated as following:
i
i
Ppv
(t) = ζ(t) · Ppv
− out
− cap

(6.17)

i
(t) is
The total PV generator output can be obtained from Eq.(6.17), where Ppv
− cap

the total installed capacity of bus i at time t. A typical time series PV performance
multiplier ζ(t) is presented in Fig.6.3.

Figure 6.3: PV performance multiplier

The PV performance multiplier is easy to use to define the time-series generation
units output. The radiance level employed in this chapter is recorded in a typical
summer day in UK. The sunrise time is around 5:00 in the morning and the
sunset time is about 21:00. After implemented in the whole control algorithm,
the voltage peak appears at approximately 12:00.
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Reactive power regulation

The control algorithm implemented is based on a voltage dependent reactive
power control function: The time-based reactive power setpoints of various
inverters in the network are determined using an autonomously parameterised
Q(U ) characteristic curve, which will be optimized by the proposed control
algorithm for each inverters.

Figure 6.4: Inverter droop characteristic

An example Q(U ) curve is displayed in Fig.6.4, where Q is the reactive power and
U the voltage. Qmin and Qmax are the minimum and maximum reactive power
respectively, which can be provided by the inverter. These limits are specified
by the inverters capability curve or limits imposed by the manufacturer. In most
cases, the U1 and U4 are set as minimum and maximum allowable voltages. U2 and
U3 are setpoints that define the shape of the function curve. The distance between
them are called deadband. The inverter will not work and there’s no reactive
power control actions. If the voltage is lower than U2 , the inverter supporting
status will be capacitive, which means it will inject reactive power to increase
the voltage. While the recorded voltage is highter than U3 , the reactive power
absorbtion provided by the inverter is able to decrease the peak voltages. The
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inverter reactive power output follows the Eq.(6.18)

Qinv




Qmax






(U − U2 ) ×

 inv
=
0





(Uinv − U3 ) ×





Qmin

(Uinv < U1 )
Qmax
(U1 −U2 )

(U1 < Uinv < U2 )
(U2 < Uinv < U3 )

Qmin
(U4 −U3 )

(6.18)

(U3 < Uinv < U4 )
(Uinv > U4 )

Figure 6.5: Inverter capability diagram

One of the objective of the proposed method is to regulate the critical bus voltage
by effectively utilizing reactive power generation capacity of other inverters closer
to the critical bus while maintaining sufficient PF requirements. Usually, during
high penetration of PV with low consumer demand, the critical bus inverter
requires high reactive power absorption to bring down the critical bus voltage
level and maintain it within acceptable limits. With the increase of the real
power penetration, reference reactive power for the inverter increases if the load
demand remains fixed.

104

6.4 Method

However, during high penetration period, the inverter’s reactive power capacity
decreases as most of its capacity is utilized to produce real power.The grey area
in Fig.6.5 represents the working area of the inverter. As a result, when a high
reactive power is expected for the critical bus inverter during high penetration,
the inverter may not have the capacity of absorbing that reference reactive power.
This characteristic of inverter formed the previous constraint in Eq.(6.6).

6.4.4

Multi-objective optimisation algorithm

6.4.4.1 Schematic overview

To implement the above algorithm, we require two-way communication of pertinent variables between controllers and DGUs’ sides. Fig.6.6 gives the structure
of the proposed coordinated control scheme. The arrows denote the information
flow direction.

Figure 6.6: Information exchange in the coordinated control scheme

To conduct the control algorithm, the utility operator needs to define the
M-MOPSO parameters such as population size and max-generations.

The

optimisation coefficiencies of different objectives are also needed to be specified.
During the control algorithm, the four blocks work in a coordinated way: receive
information and send result to subsequent blocks, thus form a feedback loop.

CHAPTER 6. Multi-objective inverter control strategy within PV-saturated
distribution networks
105

The control panel will initialize after DLF block has gathered profiles and dataset
from DGUs model, load model and network characteristics. Then, the main
algorithm part M-MOPSO block is able to interact with DLF block consistently.
This information exchange behaviour ensures the algorithm can be performed
considering dynamic network status and constrains. The result will be furthur
chose in WRDP block, taking the utility operator’s preference into account.
Next, the chosen optimisation control setting can be sent to subsequent inverters.
WRDP block will also inform IDLM block, in order to update the reactive
supporting curve setpoints according to the corresponding optimal network status.
This step is to record the network optimal behaviours, thus update the parameters
need to be used in DLF and M-MOPSO blocks in the next control loop. Note
that the PV model block also has information flow to Inverter model block since
the real-time capability limits.
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Figure 6.7: Time-series control scheme

The flow chart in Fig.6.7 describes the time-series control logic during inverter
feed-in operation status. The initialization of the control algorithm needs (a)
network properties and (b) utility operator commands.
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6.4.4.2 M-MOPSO block

The improved algorithm based on particle swarm proposed in this chapter is a kind
of evolutionary algorithm. The evolutionary algorithm only needs to calculate the
value of the objective function. It has very low requirements on the nature of the
optimization problem itself. Unlike mathematical optimization algorithms, which
often rely on a lot of conditions, such as whether it is convex optimization, whether
the objective function is differentiable , Whether the derivative of the objective
function is Lipschitz continuity and so on. For optimization problems with a
certain problem structure, mathematical optimization generally has advantages
when there is sufficient information about the optimization problem to use, such
as linear programming, quadratic programming, convex optimization, and so on.
On the contrary, it may be advantageous to use evolutionary algorithms. This is
the biggest advantage of evolutionary algorithms over mathematical optimization
algorithms. In fact, it is also a disadvantage of evolutionary algorithms. Because
it does not depend on the nature of the problem, it is good for all problems,
which often means that the characteristics of different problems are not fully
utilized. Further speed up and optimize the algorithm. In this way, the rules
and regulations of mathematical optimization algorithms actually delineate the
applicable scope of mathematical optimization algorithms. If the scope is out
of this range, it is not easy to know, but within this scope, mathematical
optimization can give a basic theoretical guarantee.
The evolutionary calculation method designed based on some specific combinatorial optimized structures has actually introduced more information about the
problem itself. This is the reason why evolutionary computing can match traditional mathematical optimization in some combinatorial optimization problems.
Traditional mathematical optimization algorithms can’t directly deal with multiobjective optimization problems. They are all processed after converting multiple
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objectives into single objectives. The biggest advantage of evolutionary computing is that it can directly deal with multi-objective optimization problems.
The problem to be solved in this paper is an unstructured and complex multiobjective optimization problem. Therefore, evolutionary algorithms have better
adaptability than traditional mathematical optimization methods.
Multi-objective particle swarm optimization (MOPSO) algorithm uses the concept of Pareto dominance to find solutions for multi-objective problems. It also
employs a secondary population or external archive to store non-dominated solutions and guides the search of future generations.
M-MOPSO in Fig.(6.8) shares similarities with MOPSO. In terms of the utilization of external archive/repository, in the original MOPSO, the repository is
made up of two main elements: the archive controller and the grid. The archive
controller governs the selection and removal of the repository members. The grid
system used in MOPSO is in the form of adaptive hypercubes where the objective
space is divided into several regions to store the solutions. This system is used
to reduce the computational cost when the archive controller needs to add or remove the repository member. Though the same principle is used in M-MOPSO,
the execution is different. While the M-MOPSO uses the same grid system, the
procedure for its archive controller is modified in several ways.
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Figure 6.8: M-MOPSO flowchart

6.4.4.3 WRDP block

The aim of weighted ranking decision process is to review the result from MMOPSO block and to make a decision. For each control loop, assuming φ in
Eq.(6.19) is the optimal pareto front result obtained from the M-MOPSO block.
φ = Pareto− F (x, y)

(6.19)

where φ contains N solution sets. They’re pareto optimisation individuals that
not dominate each others. For the purpose of make decision, an index γkn in
Eq.(6.20) is defined as the weighted performance value of the nth (n = 1, 2, . . . , N )
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solution set, for the k th (k = 1, 2, . . . , K) objectives.
γkn =

fk (x, y)n − fk (x, y)min
fk (x, y)max − fk (x, y)min

(6.20)

where fk (x, y)n denotes the fitness value of the nth solution set, at the perspective
of the k th objective. To make fitness values in all objectives comparable, the
fk (x, y)min and fk (x, y)max are introduced to perform a normalizaiton process.
They are minimum and maximum fitness values among all individuals for the k th
objective. Therefore, the aggregated multi-objective weighted performance value
after ranking process is:
"
χ = Min

K
X
k=1

K
K
X
 X


1
2
ck · γk ,
ck · γk , . . . ,
ck · γkN
k=1

1=

#
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k=1

K
X
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(6.22)

k=1

By defining the weighted coefficients cjk for each objective k, we can conduct the
ranking process to obtain the ideal performance value χ. The chosen solution set
j(j ∈ N ) is the optimisation result of the weighted coefficients vector cj . This
WRDP block enables the possibility to obtain the optimisation choice according
to preference. The utility’s able to modify the ct during different time period
during the day. The objectives in this chapter are voltage variances, active losses
and load consumption across the network. For example, the coefficient of voltage
correction could be set higher under the condition of very high penetration of
photovoltaics. The coefficient of load consumption can be bigger during peak
load period. The flexible characteristic of the coefficient vector c enables utility
to performe the control algothim according to system status and preferences.
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6.4.4.4 DLF block

The aim of this block is to provide the system state in terms of voltages
(magnitudes and phase) to the subsequent block. These variables are updated
dynamically through the dynamic power flow enabling the overall method to
be used for real-time applications. The dynamic power flow is a mathematical
procedure based on the principle that the dynamic response of a stable power
system always decays to a stable equilibrium point. In the online environment,
this block could be avoided since the method is fed by voltage measurements
deriving directly from the system. Anyway, we implement this block also in the
online controller because we need the switching mechanism that is able to fix the
voltage magnitude at PV nodes violating the voltage constraint. The dynamic
load flow block has dynamic information exchange with other blocks, in order to
ensures that the control algorithm performs in a time-series behaviour. It can
make the algorithm fix the voltage magnitude at PV nodes violating the voltage
constraint and ensure the online inverters operating within capabilities.

6.4.4.5 IDLM block

The inverters installed in the network adjusts the reactive power control autonomously. As mentioned in the previous section, this is achieved by the dependence of the Q(U) characteristic curve. According to the M-MOPSO algorithm
proposed in the previous section, the optimal Q(U) curve shape will be calculated
at the time of performing optimization, and the relevant setpoints information of
the curve will be distributed to each inverter control node in the network. Such
unidirectional information send out process has certain limitations. The optimization process at this time cannot take into account the current network state.
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Repeated random search is performed for each optimization, which lacks purpose and accuracy, increases computation time, and increases signal transmission
delay.
The learning mechanism proposed here is to signal the network characteristics
(node voltage and inverter compensated reactive power) of the previous moment
to the optimized control center as the known information on the Q(U) curve. Perform M-MOPSO algorithm calculation. This two-way information transmission
ensures the smoothness of the optimization result curve such as system voltage,
and reduces the influence of sudden voltage fluctuation on system stability and
safety. The reactance X increases proportionally with the line length. Thus, reactive power provided at the beginning of the line will have less influence on the
voltage than reactive power provided at the end of a line. This learning mechanism allows the Q(U ) curve to understand the current position of the inverter in
the network topology. Following is the learning behaviour process:
Step1: At moment t, collect the voltage α and the inverter reactive power value
β of all photovoltaic locations i(i = 1, 2, . . . k) at time (t − 1)
Step2: For each location i, if β(t − 1) < 0, jump to step 4, Otherwise do step3
Step3: Update the Q(U ) curve at location i according to:


β i (t − 1)
= 1−
/xi (t) + αi (t − 1)
i
βmax
 i

β (t − 1)
i
i
U2 (t) = α (t − 1) −
/xi (t)
i
βmax
U1i (t)

U3i (t) = U2i (t) + y i (t)
U4i (t) = U3i (t) − 1/xi (t)

Step4: Update the Q(U) curve at location i according to:

(6.23)
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β i (t − 1)
= α (t − 1) − 1 +
/xi (t)
i
βmax
 i

β (t − 1)
i
i
U3 (t) = α (t − 1) −
/xi (t)
i
βmax
U4i (t)

i



(6.24)

U2i (t) = U3i (t) − y i (t)
U1i (t) = U2i (t) + 1/xi (t)
Step5: This can form setpoints expressions with slopes and deadbands as
independent variables, which can be used for the Q(U ) curves calculation in MMOPSO block at time t.
Step6: The information received of time (t − 1) would be preserved until the start
of next optimisation period time(t + T ).
With the learning behaviour, the inverter droop has a relatively flexible characteristic. The shape of the curve can be steeper or gentler, or it can be translated in
the left and right direction. In the absence of a learning mechanism, the steepness
of the curve and the length of the deadband are inversely related. However under
the learning mechanism, this is not restricted. The existing CVR technology also
confirms the feasibility of shifting the curve to the left.

6.5
6.5.1

Application of the control scheme
Network configuration

Highly urban networks suffer the most severe load pressure which includes
a large number of customers and complex electricity consumption patterns.
The increasing capacities of residential side rooftop photovoltaic also enables
the inverters to participate in the low-voltage distribution network regulation.
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Compared with the rural networks, the highly urban network usually has a high
load density, strict power system constraints and more complicate load profiles
which lead to increased instability and disturbance problems. Therefore, the lowvoltage highly urban network has been chosen for testing.

Figure 6.9: Test network

Fig.6.9 demonstrates the Highly-Urban Generic LV Distribution Network which
corresponds to an existing network operated by E.ON UK Central Networks.
The network in the red dash line box is the original highly–urban generic LV
distribution network. In order to analyse the voltage drop caused by customer
consumption, the expanded 46 load buses network are used. This network has
four three-phase trunk feeders and is characterised by high load density and short
cable lengths. The LV busbars infeed 1 MVA 11/0.4kV substation and supplies a
total of 1260 customers who are randomly distributed from HU1 to HU49. The
line characteristics of the network can be found in the following Fig.6.10.
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Figure 6.10: Line characteristics

6.5.2

Scenarios

In order to ensure the effectiveness of the proposed method under different
photovoltaics infeed scenarios. Two cases are chosen to be simulated.
Case 1: 7 load buses are chosen to hold the maximum amount of photovoltaics.
The loacation and size of each photovoltaics are chosen through sensitivity analyse
and genetic algorithm. In this case, the 7 load buses have IBDER are buses
that have residential load HU1, HU3, HU4, HU7, HU14, HU17 and HU19. The
selection process gives a sound result because these buses are located mostly closer
to the source bus, which means they have less voltage sensitivities compared to
the buses at the end of the feeders. In this way, we can perform the test under
a high penetration level of photovoltaics. The inverters are located at buses that
has less sensitivities. The maximum capacities of PV output at these buses are
83kW, 73kW, 62kW, 55kW, 89kW, 69kW and 82kW respectively.
Case 2: 23 load buses are chosen randomly to hold a medium to low amout
of photovoltaics. The locations are nearly uniform distributed across the whole
network. The size of photovoltaics are smaller than case 1, around 10-20kW
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at each location. The distribution of the photovoltaics are in less density. The
total maximum output in this case is 339kW, which is only 66% of the maximum
photovoltaics output in case 1. However, some of the buses in this case which
have IBDER are sensitive buses such as HU37-39, HU41, HU43, HU44 and HU46.

6.5.3

Simulation results

(1)Effects of weighted coefficients

As previous mentioned in Sec.6.4.4, the utility operator is able to make a decision
at each time point according to the pre-setting weighted coefficients for each
objectives. This could happen at each time after the M-MOPSO is performed.

Figure 6.11: Pareto optimisation front at midday (case 1)
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Figure 6.12: Pareto optimisation front at midday (case 2)

Fig.6.11 and Fig.6.12 shows the pareto front optimisation result at noon in both
cases. The blue circles are dominated optimisation results at this time. Under the
condition that the pareto front results shows all possible solutions, the trade-off
decison can be made through weighted ranking process. If we set voltage-index
as the hightest priority, the result will be the blue circle most close to ”voltageindex” axis. The rest of the situation can be analogized. If the utility operator
has not defined the preferences, the priorities of all objectives will be set to equal
value. Thus, the chosen result will be the most moderate one. For the weighted
coefficients ck for each objective k is 1/k.

(2) Utility objectives: Loss and voltage variation

Fig.6.13 and Fig.6.14 present the active power loss optimisation result comparisions in both cases. The loss-index follows the definition in Eq.(6.8). Fig.6.15 and
Fig.6.16 present the voltage mitigation optimisation result comparisions in both
cases. The voltage-index follows the definition in Eq.(6.3).
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Figure 6.13: loss in case1

Figure 6.14: loss in case2

Figure 6.15: voltage variation in case1

Figure 6.16: voltage variation in case2
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(3)Customer objective: Residential demand

Figure 6.17: Load consumption in case1

Figure 6.18: Load consumption in case2

In this method, the basic idea of reducing the load consumption is through voltage
reduction, which is similar with the existing conservation voltage reduction(CVR)
method. However, the difference between this and CVR is that, the footroom for
the voltage regulation is limited resulting from the other two objectives set in this
optimisation problems. This is essential bucause the unlimited CVR may bring
up the network active power loss and make the voltage less stable. Fig.6.17 and
Fig.6.18 shows without CVR, the widespread adoption of PV systems increase
voltages across all feeders and for all customers. Although PV systems bring
important energy import reductions to their owners, the resulting higher voltages
increase the energy consumption of many appliances. This, in turn, affects mostly
customers without PV as they solely rely on grid imports. Moreover, those at the
end of long LV feeders and further away from the primary substation are the most
affected as they experience the largest voltage increase. Although higher voltages
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negatively affect demand, they also mean more voltage footroom for CVR. Indeed,
results show that with CVR, all customers are benefited but particularly those
without or with small PV systems as they largely rely on network imports. In
general, CVR was found to help counteracting the energy imports increase seen
by customers without PV and allowing owners of small PV systems to feed a
larger percentage of their demand. Consequently, the use of CVR schemes in the
presence of PV systems can bring benefits to all customers (with and without
PV)

6.6

Conclusion

This chapter presents an innovative smart control strategy AMOCS, in order to
meet the demands of both utility operator and customers. The control strategy
controls the reactive capability of DES inverters in the distribution network. The
algorithm implemented within the scheme based on a modified multi-objective
particle swarm optimisation algorithm. After combined the M-MOPSO with
inverter droop learning mechanism and weighted ranking decision block. The
adaptive dynamic boundary can result to a global optimisation result according
to preferences set by DSO and customers. It’s able to stabilize the feeder voltages,
decrease the network active loss and reduce the power demand simultaneously,
by managing the reactive power of DGI in a smart distribution network. The
proposed method is tested in a radial large distribution network, with different
photovoltaics infeed scenarios. The results shows improvements on both utility
and residential objectives. The method could be used to solve the trade-off
optimisation problems brought by increasing distributed generations.

Chapter 7
Conclusion and future work

7.1

Thesis summary

The first chapter of this thesis is an introduction to the overall background and
research content of the thesis. During the transition period from the traditional
power system to a clean and environmentally friendly new power grid, a large
number of new energy power generation units connected to it will adversely
affect the safe and stable operation of the distribution network. The purpose
of this research is to explore these effects and propose further multi-objective
optimization countermeasures. At the same time, it further analyzes and explains
the implementation specifications, equipment and technical requirements of the
optimization strategy applied in the power grid. This chapter first introduces the
overall background and necessity of the research topic, and then elaborates the
follow-up research objectives and the structure of the thesis.
The second chapter discusses the existing development level and research results
of the technology and related fields included in the research topic of this thesis.
Firstly, starting from the background, it reviews the research status of active
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distribution network management with new energy. Secondly, it discusses the
research and application of Conservation voltage regulation (CVR) and smart
inverter coordinated control. Although these technical methods are not new, they
are rarely used for multi-objective optimization of active distribution networks.
Subsequently, the research methods of the multi-objective optimization problem
were discussed and analyzed, which provided a foundation and support for
investigating the effectiveness of the algorithm selected in this thesis. Finally,
the application profile of emerging methods such as smart energy trading is
discussed, and the availability of the control of the auxiliary distribution network
is found, which can relieve the communication pressure of a large number of node
information transmission to a certain extent.
The third chapter describes the intelligent equipment and data acceleration
processing technology that the distribution network intelligent control strategy
studied in this paper needs to have in the implementation and application.
Usually when an intelligent method is proposed, the rationality and feasibility of
its application in real life, as well as the requirements of this method for the power
grid will be ignored by the technical research institute. This article discusses
this aspect, and proposes countermeasures with blockchain technology for the
increased pressure on data communication between a large number of nodes. The
use of blockchain protocol settings and data exchange can relieve the pressure on
system communication caused by a large number of node data exchanges.
Chapter 4 analyzes the impact of the massive access of photovoltaics in the
distribution network.

The research goal of this thesis is a multi-objective

optimization strategy for a large number of renewable energy sources connected
to the distribution network. This chapter first conducts a qualitative analysis
from the characteristics of the power grid, including power flow, fault current,
thermal limit, harmonics and voltage distortion. negative effect. Secondly, this
chapter introduces the technical standards for photovoltaic access to the power
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grid. The standardized access process can alleviate the adverse effects caused by
human factors. Subsequently, this chapter analyzes its impact on the grid from the
perspective of the planning and design of photovoltaic access, including economic
considerations. Finally, a quantitative and specific analysis of the impact of
photovoltaic access to the distribution network is carried out through artificially
set technical indicators.
Chapter 5 uses the intelligent photovoltaic inverter in the distribution network
to optimize the characteristics of the distribution network. This chapter uses
Virtual STATCOM and CVR technology to analyze and optimize the voltage
deviation, economy and carbon dioxide emissions of the distribution network when
the maximum capacity photovoltaic is connected by using the combination of
voltage and voltage sensitivity analysis and genetic algorithms. The results show
that even when the photovoltaic connection is saturated, the smart inverter can
still be used as a control method to optimize the characteristics of the distribution
network, and it still has a certain effect.
Chapter 6 proposes a control strategy for the multi-objective optimization of
saturated photovoltaic integrated distribution networks through photovoltaic
inverter control. The method proposed in this chapter sets the optimization
goals as the overall voltage deviation of the distribution network, the overall grid
loss and the total power consumption of users. These three optimization goals
include not only the stability technical indicators that DNO cares about, but also
the economy index that users care about. This chapter first establishes the load
model and the photovoltaic model respectively, and then combines the improved
particle swarm algorithm with the memory mechanism to continuously optimize
the reactive power compensation curve of the photovoltaic inverter to obtain the
Pareto optimal result. Finally, the proposed control method is verified in a 146node network expanded with a real distribution network as a prototype, and the
results show the effectiveness of the proposed method.
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The current chapter summarizes the research content of the full text, discusses
the research limitations and further research directions in the future.

7.2

Thesis statement

The original thesis statement claimed that the smart inverter technology and
multi-objective optimisation control scheme can be combined to improve the
characteristics of a highly distributed power system. Proved by the result achieved
in chapter5 and 6, the statement is correct.

7.3

Implication of the work

This thesis provides a comprehensive,step by step investigation and control
strategy framework, to help operators have better decisions in managing low
voltage distribution network with photovoltaics infeed. Each chapter illustrates
a different step of developing the control scheme, including the considerations
beforehand and afterwards.
Firstly, the feasibility of connecting a large number of PVs to the low-voltage
distribution network is analysed and the preparatory work is assessed. As a
distributed power source, large-scale PV access can have a negative impact on the
system in terms of distribution network tide distribution, reactive voltage, power
quality and other operational characteristics, and the access process needs to
take into account various factors such as technical standards, network connection
methods and topology.

In this article, the impact of PV access to the LV

distribution network is analysed and summarised, the topology and connection of
the LV distribution network is described, and the system standards and processes
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for accessing PV are described, which can provide a technical reference for relevant
organisations.
Next, the application and impact of PV inverters in the optimal control of the
distribution network CVR, a voltage control method that can be used in the
distribution network instead of reactive power compensation devices is presented.
By adjusting the reactive power compensation curve of the smart PV inverter, the
effect of helping to reduce the voltage and energy consumption of the distribution
network can be achieved. The configuration methods used in this chapter can help
managers to carry out optimal control in terms of energy saving and environmental
protection.
The third point of implication is the use of the reactive power compensation
function of the smart PV inverter for multi-objective optimal management of the
distribution network. While the concept of distribution network optimisation using the reactive power compensation function of PV inverters has been discussed
in many works, this thesis is the first work to put into consideration also the electricity consumption indicators of the consumers, while optimising network losses
and voltage quality. The optimisation objectives are considered simultaneously
from the perspective of both the grid operator and the user.

7.4

Research limitation

This thesis focuses on the multi-objective optimisation of distribution networks
containing large-scale photovoltaic connections. Although the thesis discusses
various aspects from the preparation of the pre-connection protocols, to the
mid-term control and optimisation algorithms, and the related equipment and
technologies required for the practical roll-out, there are still some limitations to
the research in this thesis. In the multi-objective optimisation of the distribution
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network, only one type of renewable energy source, photovoltaic, is considered for
its impact on the system. If other types of units such as battery storage were
included, the optimisation scheme would be more practical.

7.5

Further works

This thesis presents an impact analysis of large-scale photovoltaic access to the
distribution grid system and research on multi-objective optimisation of the grid.
It also lays the foundation and feasibility for further related research in the future.
The first aspect of future research work that can be carried out is a multi-objective
optimisation approach for distribution grids where PV and energy storage are
coupled. While existing work has considered the impact of PV access to the
distribution network, PV can only be used as a resource during daylight hours,
and in practice, it can often be used in conjunction with energy storage to achieve
better energy utilisation. In systems containing energy storage, it is necessary to
consider not only the capacity properties of the PV themselves in conjunction with
reasonable charging and discharging, but also the impact of active and reactive
regulation on the multi-objective optimisation of the grid.
Another area for further research is the application of blockchain technology in
centrallized multi-objective optimisation. Existing multi-objective optimisation
methods require a large amount of node communication information for real-time
transmission and update. The application of blockchain technology can alleviate
the communication pressure on the network to a certain extent, and has a certain
degree of fault tolerance in the face of communication failure or delay of a node,
data errors. It also requires less large-scale computing power for the central
control system.
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The third aspect of future possible work is using deep reinforcement learning
technology for multi-objective optimization of the distribution network. The
method can use the deep recurrent neural network to extract features of the
current operating state of the power grid, and on the basis of ensuring the security
of the power grid, dispatch the distributed power generation units of the power
grid to achieve real-time optimization control. In addition, compared with the
current distribution network operation control method, the proposed method can
be completely based on learning, without the need for predictive modeling of
renewable energy output, and can show good adaptability. The research work
in this area is not only a new exploration and breakthrough in the research of
smart grid optimization dispatching, but also provides new research ideas for the
future application of artificial intelligence technology to promote the development
of smart grids.
The fourth aspect of future possible work is to achieve multi-objective optimization control of the power grid by managing demand-side response. Demand-side
management can not only regulate the demand side, and play the role of peak
shaving and valley filling, but it can also affect the supply side to a certain extent.
As demand-side resources play an increasingly important role in alleviating peak
loads, some capacity resources of supply-side peak and frequency modulation will
inevitably be affected, and the configuration will be re-optimized. If the supporting policies are gradually improved, the system’s adjustable ability is enhanced,
the portfolio management and response to users in a wider range, and the system
demand response ability is built, may all be future market opportunities for electricity sales companies. For example, technically do some timely data collection,
optimize decision-making on load operation mode, and even make some specific
deployments to meet the load regulation goals of the power grid.
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[22] Jabr R A, Džafić I. Sensitivity-based discrete coordinate-descent for
Volt/VAr control in distribution networks[J]. IEEE Transactions on Power
Systems, 2016, 31(6): 4670-4678.

[23] Resener M, Haffner S, Pereira L A, et al. Mixed-integer LP model for
volt/var control and energy losses minimization in distribution systems[J].
Electric Power Systems Research, 2016, 140: 895-905.

[24] Singhal A, Ajjarapu V, Fuller J C, et al. Real-time local volt/var control under external disturbances with high PV penetration[J]. IEEE Transactions
on Smart Grid, 2018.

[25] Seuss J, Reno M J, Broderick R J, et al. Improving distribution network PV
hosting capacity via smart inverter reactive power support[C]//2015 IEEE
Power & Energy Society General Meeting. IEEE, 2015: 1-5.

[26] Collins L, Ward J K. Real and reactive power control of distributed PV
inverters for overvoltage prevention and increased renewable generation
hosting capacity[J]. Renewable Energy, 2015, 81: 464-471.

[27] Safavizadeh A, Yousefi G R, Karshenas H R. Voltage variation mitigation
using reactive power management of distributed energy resources in a smart
distribution system[J]. IEEE Transactions on Smart Grid, 2017, 10(2):
1907-1915.

[28] Varma R K, Siavashi E M. PV-STATCOM: A new smart inverter for

CHAPTER 8. References

133

voltage control in distribution systems[J]. IEEE Transactions on Sustainable
Energy, 2018, 9(4): 1681-1691.

[29] Malekpour A R, Pahwa A. A dynamic operational scheme for residential
PV smart inverters[J]. IEEE Transactions on Smart Grid, 2016, 8(5): 22582267.

[30] Pereira B R, da Costa G R M, Contreras J, et al. Optimal distributed
generation and reactive power allocation in electrical distribution systems[J].
IEEE Transactions on Sustainable Energy, 2016, 7(3): 975-984.

[31] Mehdinejad M, Mohammadi-Ivatloo B, Dadashzadeh-Bonab R, et al. Solution of optimal reactive power dispatch of power systems using hybrid
particle swarm optimization and imperialist competitive algorithms[J]. International Journal of Electrical Power & Energy Systems, 2016, 83: 104116.

[32] Azzouz M A, Shaaban M F, El-Saadany E F. Real-time optimal voltage regulation for distribution networks incorporating high penetration of PEVs[J].
IEEE Transactions on Power Systems, 2015, 30(6): 3234-3245.

[33] Collin A, Tsagarakis G, Kiprakis A, et al. Modelling the electrical loads
of UK residential energy users[J]. IEEE Trans. Power Syst, 2014, 29(5):
957-964.

[34] Ziari I, Ledwich G, Ghosh A, et al. Optimal distribution network reinforcement considering load growth, line loss, and reliability[J]. IEEE Transactions on Power Systems, 2012, 28(2): 587-597.

[35] Ehsan A, Yang Q, Cheng M. A scenario-based robust investment planning

134

model for multi-type distributed generation under uncertainties[J]. IET
Generation, Transmission Distribution, 2018, 12(20): 4426-4434.

[36] Li Y Z, Wu Q H, Li M S, et al. Mean-variance model for power system
economic dispatch with wind power integrated[J]. Energy, 2014, 72: 510520.

[37] Yang H, Yi J, Zhao J, et al. Extreme learning machine based genetic algorithm and its application in power system economic dispatch[J]. Neurocomputing, 2013, 102: 154-162.

[38] Pasetti M, Rinaldi S, Manerba D. A virtual power plant architecture for the
demand-side management of smart prosumers[J]. Applied Sciences, 2018,
8(3): 432.

[39] Li P, Liu Y, Xin H, et al. A robust distributed economic dispatch strategy of
virtual power plant under cyber-attacks[J]. IEEE Transactions on Industrial
Informatics, 2018, 14(10): 4343-4352.

[40] Ceylan O, Liu G, Tomsovic K. Coordinated distribution network control
of tap changer transformers, capacitors and PV inverters[J]. Electrical
Engineering, 2018, 100(2): 1133-1146.

[41] Hou X, Sun Y, Han H, et al.

A fully decentralized control of grid-

connected cascaded inverters[J]. IEEE Transactions on Sustainable Energy,
2018, 10(1): 315-317.

[42] Faruqui A, Arritt K, Sergici S. The impact of AMI-enabled conservation
voltage reduction on energy consumption and peak demand[J]. The Electricity Journal, 2017, 30(2): 60-65.

CHAPTER 8. References

135

[43] Naderi E, Narimani H, Fathi M, et al. A novel fuzzy adaptive configuration
of particle swarm optimization to solve large-scale optimal reactive power
dispatch[J]. Applied Soft Computing, 2017, 53: 441-456.
[44] Oo K Z, Lin K M, Aung T N. Particle Swarm Optimization based optimal
reactive power dispatch for power distribution network with distributed
generation[J]. International Journal of Energy and Power Engineering, 2017,
6(4): 53-60.
[45] Roselyn J P, Devaraj D, Dash S S. Voltage-based reactive power pricing
in deregulated environment using hybrid multi-objective particle swarm
optimisation[J]. International Journal of Ambient Energy, 2018, 39(3): 285296.
[46] Anilkumar R, Devriese G, Srivastava A K. Voltage and reactive power
control to maximize the energy savings in power distribution system with
wind energy[J]. IEEE Transactions on Industry Applications, 2017, 54(1):
656-664.
[47] Naderi E, Narimani H, Fathi M, et al. A novel fuzzy adaptive configuration
of particle swarm optimization to solve large-scale optimal reactive power
dispatch[J]. Applied Soft Computing, 2017, 53: 441-456.
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[184] Jucá S, Carvalho P, Brito F T. A low cost concept for data acquisition
systems applied to decentralized renewable energy plants[J]. Sensors, 2011,
11(1): 743-756.
[185] Fuentes M, Vivar M, Burgos J M, et al. Design of an accurate, low-cost
autonomous data logger for PV system monitoring using Arduino™ that
complies with IEC standards[J]. Solar Energy materials and solar cells, 2014,
130: 529-543.
[186] Abdallah M, Elkeelany O, Alouani A T. A low-cost stand-alone multichannel
data acquisition, monitoring, and archival system with on-chip signal

154

preprocessing[J]. IEEE transactions on instrumentation and measurement,
2011, 60(8): 2813-2827.
[187] Fanourakis S, Wang K, McCarthy P, et al.

Low-cost data acquisition

systems for photovoltaic system monitoring and usage statistics[C]//IOP
Conference Series: Earth and Environmental Science. IOP Publishing,
2017, 93(1): 012048.
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