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Abstract  

Energy storage is seen as one of a number of crucial technologies if the integration 

of renewables in distribution networks increases. The work in this thesis considers 

how to operate energy storage to overcome issues presented by solar photovoltaic 

(PV) in low voltage (LV) distribution networks. Two control strategies have been 

developed and applied in a smart grid laboratory to mitigate voltage rise and reverse 

power flows caused by PV. The first strategy examines the performance of non-

coordinated control of energy storage for voltage support. The second strategy 

involves coordinating the on-load tap changer (OLTC) and energy storage for 

voltage support and reducing reverse power flows, and it illustrates that coordinated 

storage unit is a more effective and viable alternative to upgrading network 

infrastructure. After considering a single storage unit in the network, strategies for 

controlling multiple storage units are investigated. The main objective of this method 

is to solve overvoltage with multiple energy storage in LV networks with a 

proliferation of PV systems. The scheme is based on voltage sensitivity analysis and 

a battery aging model which influences which storage units are operated to maintain 

the network voltage within limits. The battery aging model is included to improve to 

reduce degradation when operated to resolve voltage excursions thus reducing the 

maintenance and battery replacement costs. 

To get a better performance of the storage unit for voltage support, a systematic 

model that includes the PV generator and the energy storage based on linearized 

differential equations is constructed. The model was used to examine: the dynamic 

performance of battery storage systems and their active and reactive power voltage 

regulation feedback controller; small disturbance of active and reactive power 

exchange with the power system; a methodology to utilise active and reactive power 

of the energy storage for voltage support.  

In summary, the study presented by this thesis shows energy storage can be 

operated in the LV distribution network where significant amounts of PV generators 

are installed. It allows distribution network operators to have a deeper understanding 

of how to operate single and multiple energy storage units in future LV distribution 

networks.   
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Chapter 1: Introduction 

The Great Britain (GB) transmission electricity network carries the bulk 

movement of power at extra its high voltage 400kV, 275kV, and 132kV assets 

that connect separately owned generation and distribution systems through 

approximately 23,000 km of lines [1].  It is owned and maintained by three 

regional transmission companies as seen by Figure 1-1. National Grid 

Electricity Transmission plc (NGET) operates electric power transmission 

network in England and Wales [2]. In Scotland, the operation and ownership of 

Scottish Power Transmission Limited is in Northern Scotland, and a tie line is 

interconnected from Northern Scotland to southern and central Scotland which 

is operated and owned by Scottish Power Transmission Limited [3] [4]. The GB 

transmission power system as a whole is operated by a single Transmission 

System Operator (TSO). This role is performed by NGET that mange the 

security of the GB power network to maintain and balance the supply with 

demand on real time basis [5].  

 

  Figure 1-1: Transmission electricity operating regions in the UK [6] 

In GB, Distribution Network Operators (DNOs) operate the distribution network 

that transport the electricity from the transmission level to residential homes and 
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businesses [7]. Currently, six different groups own fourteen licensed DNOs as 

shown in the GB ( Figure 1-2) [7][8].  

Since TOs and DNOs are natural monopolies, the amount charged by these 

companies is regulated by The Office of Gas and Electricity Market (Ofgem) 

[5][8]. As the regulator, Ofgem has a major role in protecting customers‘ 

interests by regulating activities of these electricity groups [9]. This is done 

through ensuring competition, the delivery of Government schemes, investment 

and the development of a more environmentally sustainable system for present 

and future generation [9].  

 

Figure 1-2: Distribution electricity operating regions in the UK [7] 

The existing UK electrical power system is currently experiencing a period of 

fundamental change in the energy landscape [1]. At the end of 2015, 

intermittent renewable electricity capacity in the UK reached 29.7 GW [10]. This 

increased by 26% compared to the year before [10]. According to [11], the 

installed capacity of solar power has increased to 8.8 GW in the year of 2015. 

This is 29% of all renewable capacity. In addition, electricity produced by wind 

power delivers a rising percentage of the energy with approximately 13.6 GW of 

installed capacity [12]. This consists of 8.5 GW onshore capacity and 5.1GW 

offshore capacity [12]. Presently, solar and wind power has the largest share of 
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renewable capacity around 75% in the UK [11]. Bioenergy is subsequently 

shared the renewable capacity of 18% [12]. In 2020, renewable electricity 

contributions in the UK will ensure that 15% of energy needs will be met from 

these green resources. This helps meeting objective in the 2009 EU Renewable 

Directive [13].  

According to Climate Change Act, the UK government has set a legally binding 

target to reduce greenhouse gas emissions by 80% by 2050 [14] [15].  The act 

introduced a system that restricts the total amount of carbon emission in a given 

time period [14]. For the electricity sector, this act is able to force an increasing 

amount of energy used in the UK to come from low carbon technologies, such 

as renewables and nuclear.  It can help the UK electricity to continue to be a 

secure supply of energy, and cut the greenhouse gas emission and stimulate 

investment in new businesses and jobs [16]. In order to decarbonise, the 

generation mix in the UK will have to change. This is shaped by displacing the 

traditional generation technology with increased capacity of renewable 

generation [17]. Accordingly, future electricity networks will face significant 

challenges, and the UK energy industry has to provide low carbon energy in an 

affordable, secure and sustainable way [18]. If large intermittent renewable 

energy generating plants connect to the high voltage transmission network,  

more flexible and secure system operation is firstly required with more 

widespread deployment of balancing technologies, such as demand side 

response (DSR), energy storage, and interconnection to balance supply and 

demand [17][19]. Secondly, the electricity market and network will require a 

significant change to deliver the scale of the long term investment needed [20]. 

Thirdly, it is likely to look towards ―smarter‖ ways of operating the electricity 

network to cope with the large integration of renewable energy and the advert of 

varying load profiles [20]. ―Smart‖ comprises a series of technologies, such as 

the use of dynamic ratings to enhance lines thermal rating, and coordinated 

High Voltage Direct Current (HVDC) control systems which work in parallel with 

the High Voltage Alternating Current (HVAC) systems [20].  

At distribution level, renewable energy sources connecting to the networks are 

called Distributed Generation (DG). If a large number of small renewable 

sources are connected throughout distribution networks, this is likely to pose a 
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threat to distribution networks secure operation, such as reverse power flow, 

power quality issues, oscillatory stability and fault level contributions  [21]. A 

number of pathways to achieve carbon reductions up to 2050 are proposed in 

[15] and [22]. Under all future scenarios, there is expected to be large increase 

in renewables embedded in distribution power systems. Therefore, the effects 

of DGs on the power system and its advantages and disadvantages are now 

presented.  

1 Distributed Generation  

DG is also known as distributed energy resources (DER) or embedded 

generation (EG) [23] . It is often defined as small scale power generators that 

are typically in the range of 1kW to 10MW [24][25]. These small/medium scale 

generating systems often use the renewable energy technologies, such as 

wind, photovoltaic (PV) and combined heat and power (CHP), to connect to 

power distribution networks rather than at transmission level [23][25]. DG 

systems are different from traditional centralised power generators, such as 

coal fired or nuclear powered plants. In contrast, DG systems are decentralised 

and simpler to deploy that allow homes or businesses to be driven by their own 

electric renewable energy systems [25].  

1.1 Distributed generation international review and UK relevance   

Due to concerns of climate change, the recent legislative trends launched 

around the globe are likely to increase the utilisation of DG units in distribution 

power systems. Feed in Tariffs (FiT) have encouraged, the use of small/medium 

scale DG units with the capacity dramatically increased to 87.3 GW worldwide 

in the year 2014 [26]. This capacity will be doubled to 165 GW by 2023 [26]. 

The aim of FiT is to encourage the development of small/medium scale 

renewable and low-carbon electricity generation technologies in distribution 

networks [27]. This scheme is intended to overcome barriers that confront 

market entry for DGs [28]. It is used to provide cost based compensation to 

renewable energy DG units‘ users, and offer price certainty and long term 

contracts that help finance renewable energy investment [28] [29].  

In the UK, FiT scheme was introduced on 1st April 2010 by the Department of 

Climate Change (DECC) [30] [27]. This scheme enables domestic 
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customers/businesses to get payments from their energy supplier [31]. Most 

renewable energy techniques qualify for the scheme, including solar generators, 

wind turbines, hydroelectricity, and CHP [31].   

Since the FiT scheme launched, a large number of DG units have been 

installed in the UK. Many residential customers have purchased small scale 

rooftop PV systems. In 2013, the UK was ranked in  sixth position globally for 

the most solar PV capacity installed in the small scale segment [32]. These 

small scale PV generators are less than or equal to 100 kW, and are comprised 

of residential and non-residential rooftops [32]. For homeowners, the residential 

PV generators are less than 4 kW in the UK [32]. These residential solar 

generators are able to reduce homeowners‘ consumption of grid electricity and 

gas during the daytime, and this also reduces these customer‘s energy bills in 

addition to gaining revenue from the FiT. At the beginning of 2015, the overall 

capacity of solar PV has reached 5.143 GW as shown in Figure 1-3[33][34], 

which is produced from around 659,000 installations. Most of these PV systems 

have been installed in low voltage (LV) distribution networks.   

 

  Figure 1-3: Cumulative solar generators monthly deployment [33] 

In the UK, the installed capacity of wind power has reached 12 GW with 7,950 

MW of onshore capacity and 4,050 MW offshore capacity in 2015 [35]. Apart 

from large scale onshore/offshore wind turbines installed that are connected to 

the transmission level or sub transmission level, a large number of small and 

medium scale wind turbine (with installed capacity approximately 70 MW) have 
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powered many homes and businesses in the UK distribution network. Small 

wind turbines are designated as up to 50 kW, and these are suitable for homes 

or small farms [10][36]. Medium wind turbines are designed between the range 

50 kW and 500 kW, and are best for large farms, communities and businesses 

[10][36]. These small/medium wind turbines installed enable customers to gain 

the benefit from the FiT as well [37].   

In addition to these forms of generation, there are few examples of small scale 

hydro installed in the UK. This is limited uptake due to the fact that there are few 

locations where this type of generator can be installed.  

1.2 Impacts of distributed generation  

DG systems serve as a supplement to the power system. Although these 

small/medium scale generating systems are attractive to limit greenhouse gas 

emission and reduce power transfer through high loss transmission lines, these 

DGs also may pose a threat to distribution systems secure operation [38]. This 

is mainly because the existing passive distribution networks have not been 

designed to include these new forms of generators.  

1.3 Major positive impact of distributed generation   

Undoubtedly, DGs, such as solar PV or wind power, are considered to be those 

that are clean, reliable, low cost and inexhaustible [39]. Large increase in 

renewables embedded in distribution network is an effective and attractive way 

to reduce carbon footprint. With integration of DGs can also offer many potential 

benefits to distribution systems planning and operations [38]. On a local basis, 

there are opportunities for DNOs to employ these DGs to reduce peak loads 

and to provide ancillary services to improve power quality [38]. These DG units, 

including solar, micro turbines, and wind systems require power electronics 

converter systems for grid connection. This means that DGs can provide fast 

and flexible control of voltage and real/reactive power of the unit. This can be 

done by DNOs to provide financial incentives to customer owners of DG units to 

dispatch them for peak demand period and at other times of system need. 

However, according to IEEE 1547, DGs currently are not allowed to provide 

power or ancillary services, and they must operate with fixed power factor with 

respect to the local system [40] [41].  
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In addition to the potential benefits for distribution system planning and 

operations, these small/medium scale generators can also be used to provide 

customers‘ requirements for most of the time. The customer can be able to 

export excess generation to the grid or purchase some generation from the grid 

if their owned generation cannot meet their demand [42].   

Introducing these low cost, small/medium size generator units can provide 

customer‘s demand requirement locally so that this can reduce the power 

transfer of electrical energy from high loss transmission lines [42].  

1.4 Major negative impact of distributed generation  

Although increasing numbers of DGs, such as wind or PV, have had positive 

effects in helping countries achieve their climate targets, large quantities of DGs 

connections can raise several technical concerns in the operation of distribution 

systems. For example, these will turn distribution networks from being 

conventional passive to active. Some of problems are reported in [43][44], and it 

is summarised as follows:  

Steady state voltage 

Steady state voltage problems involve over and/or under voltage situations for 

the durations longer than 1 minute [45]. Steady state overvoltage is described 

as voltage magnitude is above its nominal value. On the other hand, steady 

state undervoltage is under its nominal value. Static voltages can affect the 

performance of appliances and electrical equipment connected to the network 

and will change with different loading conditions [46]. In the UK, the steady state 

voltage variation must not be exceeded 10% above or 6% below the nominal 

value in LV distribution networks [47]. In medium voltage (MV) distribution 

networks, steady state overvoltage must not be exceeded 6% above or 6% 

below [47]. Large amounts of DG, such as solar generator/wind power, 

introduced at a distribution network may result in loss of steady state voltage 

regulation if the existing voltage control cannot respond to excessive in PV/wind 

power output for long duration [48][49].  
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Losses and reverse power flow  

DG units can affect power losses as they change the magnitude and direction of 

the power flow [50]. Excessive amounts of DGs connection can cause reverse 

power flow and losses increased [50][51]. Many research works have 

considered the optimal size and location of DG units installed in distribution 

networks to minimise losses [52].  

Power quality and reliability   

Power quality of the system may be adversely affected by introducing a large 

number of DGs in distribution networks. For example, DGs employ power 

electronics converter systems for grid connection. This can lead to increased 

emission of harmonics and mutual disturbances. Harmonics have a wide range 

of impacts on the network components and customer side of the system 

[53][54]. This would result in variation in root mean square (rms) voltage and 

flicker, thermal effects on transformers, rotating generators and motors, 

disturbances of electronics equipment and system resonance [53]. Therefore, 

different filtering techniques to reduce harmonics caused by DGs have applied 

in [55][56].  

Additionally, fast fluctuation of PV or wind power output can result in voltage 

fluctuation. Voltage fluctuations are general variations of the voltage envelope 

or random voltage changes [57]. It can result in degradation of equipment 

service life and their performance, and cause instability of the internal voltages 

and currents of electronic equipment [58][59]. This is also disturbance for 

customers because it may cause fluctuating brightness of lights for instance 

[60][61].  

Reliability issue is also a major concern in distribution networks. Intermittency 

power out of DG units always challenges the power management system and 

system reliability [62].  

Transient voltage will happen at the point of common coupling of a DG as a 

result of sudden connection/disconnection of these DGs [44].  

Voltage unbalance is a power quality issue within the low voltage distribution 

network, exacerbated by large presence of the random location and rating of PV 
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generators. This must not exceed 1.3% for the systems with a nominal voltage 

below 33kV [63]. Unbalanced voltages can lead to power loss in LVDNs and it 

can severely affect the power system equipment as a small unbalance in the 

phase voltages can lead to an excessively larger unbalance in the phase 

currents [64].  

System stability  

Market deregulation and environmental concerns have encouraged renewable 

energy to be installed largely in distribution networks. As such, distribution 

networks are facing different types of stability issues. In [65], different oscillatory 

modes and their dominant generators have been identified in a distribution 

network under large integration of solar PV generators and wind power 

generations. Low damped oscillatory modes with frequencies 1.5-4Hz were 

observed in the network [65]. This is harmful to the stability of a system.  

The transient stability of a distribution system with high commitment of DGs and 

synchronous generators is reported in [66]. The finding shows that large 

number of DG connection can result in greater maximum rotor speed deviation 

[66]. This can cause system instability.   

Other issues  

In addition to the issues discussed above, DGs can contribute increasing short 

circuit level [44]. Re-coordination of the protection system may be required due 

to the DG contribution to the fault level [44] [62] .  

1.5 Summary  

Although such distributed renewable energy units have many benefits to their 

owners, they are challenging for network operators. Main Issues introduced by 

presence of DG units in distribution networks are summarised and presented as  

 Steady state overvoltage can occur if the existing voltage control in a 

distribution network cannot respond to excessive in DGs power output for 

long duration. 

 If DG units‘ outputs are greater than local demand, this can cause 

reverse power flow and increased losses. 



 

 

 Page 10  

  

 Power quality issues can be presented as voltage fluctuation, harmonics 

distortion, voltage imbalance.  

 Different types of system stability issues, such as small signal stability 

and transient stability, can occur if renewable energy units are installed 

largely in distribution networks.  

 DGs can increase short circuit level, and re-coordination of the protection 

system is therefore required.  

Challenges mentioned above are widely seen to be the major impact of DG 

units on distribution networks in respect with safety and secure operation of a 

network. As such, these issues presented need to be mitigated to allow wide 

spread integration of DG units in the distribution network.  

2 Mitigating issues associated with DG in the distribution network  

To overcome challenges that are caused by presence of DG units in distribution 

networks, several technologies are introduced in this section.  

Currently, there are a number of different technologies that can be able to 

overcome challenges introduced by utilisation of renewable energy in 

distribution networks. The characteristics of these technologies are discussed 

as following.  

2.1 Distribution flexible alternating current transmission system 

devices  

The concept of flexible alternating current transmission system (FACTS) is a 

family of power electronics based devices, such as static synchronous 

compensator (STATCOM) and static VAR compensator (SVC), that can be 

used to enhance AC system controllability, stability and power transfer 

capability as well [67]. Similarly, on the distribution side, these power electronics 

based devices are commonly called distribution FACTS (DFACTS). These 

compensators can address power quality problems, such as voltage harmonics, 

source current harmonics and voltage imbalance, and can be used for voltage 

support as well [68].  

In [69], the application of distribution STATCOM (DSTATCOM) for improving 

power quality issues that introduced to the grid by DGs was investigated. The 
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DSTATCOM is a shunt device and apply its reactive power function that can 

operate in current control model for compensation overvoltage/undervoltage, 

voltage imbalance [69]. The series connected DFACTS device, which is 

commonly called dynamic voltage restorer (DVR), was used to compensation of 

grid harmonics and voltage sag [70] [71]. Furthermore, an application of 

DSTATCOM based on genetic algorithm (GA) was proposed for harmonics 

reduction and mitigation of voltage fluctuation [72].  

In addition to improve power quality, these DFACTS devices can also be used 

for enhancement of PV installation capacity in distribution systems [73][74]. In 

[68], the use of DSTATCOM in reactive power compensation for grid voltage 

control during fast fluctuation of solar irradiance to increase the PV installation 

capacity without voltage violation was investigated.  

Power flow control methods based on DFACTS devices with DGs are reported 

in [75][76]. In addition, transient stability issues of a distribution network with 

DGs and DFACTS was investigated [77]. The results showed that using 

DFACTS devices can effectively improve transient stability of a distribution 

network [77].  

DFACTS devices use their reactive power function that is suitable for 

overcoming the challenges introduced by DGs. However, due to the low X/R 

ratio in LVDN, these devices are not very effective for LV voltage support [78].  

2.2 Active power curtailment  

Active power curtailment (APC) is a droop based technique that can be used to 

reduce the amount of active power injected by DGs in terms of PV inverters, in 

order to avoid overvoltage [79]. This technique can meet the requirement of 

voltage support in the LV distribution network. In the UK, the APC is likely to be 

required as the LV distribution network has high R/X ratio for example [80]. In 

[81], droop coefficients of APC for each PV generator are different so that the 

proposed APC scheme not only can prevent overvoltage, but also affect feeder 

end PV owner‘s revenues. In [82], overvoltage prevention based on APC is 

introduced by reducing PV generators output according to the same droop 

coefficients. Therefore, the capacity of reactive power outputs of solar 

generators‘ inverter is increased. This can help prevent overvoltage. However, 
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the strategy introduced in [82] is undesirable in the LV distribution network 

because of high R/X ratio. In addition, although the APC prevents overvoltage, 

this reduces PV system owners‘ profits and the amount of renewably generated 

energy. As such, the APC method is not suitable for meeting the low carbon 

footprint.  

2.3 Demand side response  

Demand side response (DSR) means changing the time that equipment is used 

or adjusting the power consumption of devices [83]. This can be achieved 

through changing the behaviour of customer premises and/or automated control 

of loads [83] . DSR can also provide voltage control but requires demand with 

suitable characteristic [84]. As reported in [85], voltage violation caused by large 

number of installation of DGs can be solved through demand shifting to 

increase the load on the network and therefore alleviate the overvoltage. The 

major benefits and challenges of electricity DSR are presented in [86]. DSR can 

be used to increase the installation of DG units and relieve voltage constrained 

power transfer problems [86].  

According to sensitivity analysis in [85], customers at the end of feeders are 

most effective to shift load as they have a larger impact on network voltages. 

However, this is not appropriate under the current UK regulation policy because 

the energy market needs to treat all customers equally. In addition, according to 

[86] and [87], there are many exiting barriers to apply DSR in distribution 

networks. For example, it is difficult to convince customers to change their 

energy usage behaviour as this technique may pose a threat to customers‘ 

privacy [87]. In addition, although the benefits and value of DSR are flexible for 

providing both system operation and development, there has not been enough 

clarity due to lack of methodologies for the quantification of costs and benefits 

[86].  

2.4 Energy storage system  

Compared with technologies discussed above, a storage device, whether 

installed at the secondary substation or distributed along the feeders, can be 

used for mitigating all challenges that caused by large number of DGS units 

connection in the distribution network. Benefits of energy storage in distribution 
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networks contain: voltage regulation, power flow management, peak shaving, 

power factor correction, mitigation of power quality issues, such as voltage 

swell/sag, voltage imbalance, voltage fluctuation and harmonic reduction [88].  

In [89], a strategy based on battery energy storage system (BESS) for voltage 

support is proposed. The proposed strategy controls the BESS to export active 

and reactive power, with reactive power priority. The export of active and 

reactive power from the energy storage system is optimized for voltage control 

by using the ratio of voltage sensitivities of active and reactive power export, to 

minimize the BESS size. 

A coordinated voltage control scheme integrating the energy storage is 

proposed under unbalanced conditions [90]. The energy storage is operated 

cooperatively with an on-load tap changer (OLTC) to mitigate overvoltage and 

voltage unbalance problems. In [91], the energy storage in a low voltage 

microgrid is used to charge/discharge its active/reactive power functions 

according to assumed schedule and to compensate for current harmonics, 

unbalance and voltage fluctuation. Therefore, the proposed control strategy of 

the energy storage can be able to overcome various technical issues generated 

by DGs integration.   

A systematic small signal model that covers energy storage and DGs in a 

micro-grid is presented [92]. The model is analysed based on eigenvalues and 

sensitivity to different operating points and control strategies of DG or energy 

storage device. It is observed that the storage unit can significantly improve the 

system dynamic stability and mitigate the instantaneous active/reactive power 

unbalance that caused by utilisation of renewable energy [92]. The similar 

approach is developed in [93], the storage is concluded to improve system 

stability in micro-grid by injecting active/reactive power during power shortage, 

DG trip, islanding, and load dynamics.  

In addition, a power flow management and voltage control strategy based on 

the energy storage in a 11kV UK distribution network is evaluated [94]. It is 

reported that the energy storage is desirable to reduce the steady state voltage 

fluctuation and reduce reverse power flow if DG units‘ outputs are greater than 

local demand.  
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2.5 Summary  

DFACTS devices can mitigate challenges that caused by DGs in distribution 

networks. However, these devices can only able to provide reactive power 

function which is not desirable for the LV distribution network in the UK due to 

the low X/R ratio. In networks with a low X/R ratio, such as in the residential LV 

networks in the UK, active power is much more effective for voltage control. 

Although DSR and APC are effective for curtailment, there are many existing 

barriers to apply both technologies in distribution networks. In addition, these 

two technologies are not able to provide ancillary services, such as improving 

power quality and system stability, for secure operation of a distribution 

network.  

The energy storage system is a controllable device which allows power to be 

imported or exported as needed by the network. It is seen as one form of 

mitigation method to reduce impacts of DGs on distribution networks in terms of 

high R/X ratio LV networks. However, although many studies quantify benefits 

of energy storage to distribution networks at planning stage, there is little 

research study which looks at how to operate one or multiple energy storage to 

overcome issues caused by DGs in LV distribution networks.  

3 Approach and Objectives 

The work in this thesis primarily deals with operational control strategies for 

energy storage systems for voltage support in LV distribution networks. The 

following methodology is employed:  

 Real time simulation: The real time simulation of energy storage 

average model based on classical the dq decoupling control method is 

first developed in a Real Time Digital Simulator (RTDS) to analyse and 

propose operation control strategies for energy storage for voltage 

support and reverse power flow. The RTDS model can provide detailed 

information of real-time performance of these models. The proposed 

coordinated multiple energy storage control scheme in a LV distribution 

network is also developed in RTDS, in order to assess the dynamic 

performance of the proposed coordinated controller.  
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 Hardware implementation: The experiment implementation in this work 

is achieved using the real time power hardware in the loop (PHIL) in a 

Smart Grid Laboratory. The experimental network is connected to the 

RTDS system through 3-phase power amplifier. This contains a PV 

emulator, an energy storage unit and RTDS/amplifier network emulation 

system.  

 Linear model development: Small signal dynamic results are presented 

from eigenvalue analysis of the system linearized model and a further 

application is proposed. The small signal linearized system model is 

numerically analysed in the MATLAB environment. The Simpower based 

average model is also used to simulate time domain simulation to verify 

the accuracy of the linearized model and control strategies for energy 

storage for voltage support.  

4 Network description and source data  

The work from this thesis has particular focus on the UK power system 

especially that in the North West of the UK where the project sponsor, Electricity 

North West Limited (ENWL), operates a LV distribution network.  

 Network structure: Using maps of the distribution network and technical 

data provided by ENWL, a 4 wire LV model has been developed. One 

feeder is modelled in detail; it contains 106 domestic loads of which 42 

have PV systems as shown in Figure 1-4. The network has a relatively 

high R/X ratio value (3.75—6.25). This means that active power is much 

more effective in voltage support. A 3 kW rated PV system is placed on 

every domestic property with a roof facing ±30° of due south. The 

position of the secondary transformer LV fixed tap position (1.03p.u.) is 

chosen to prevent voltage drop, while maximising the voltage rise 

headroom in the LV network. The UK regulation on the steady state 

voltage is applied, in which the customer voltage must be in the range 

230 V +10%/−6% [95]. A 2.5 km feeder from the primary substation is 

included in the model.  

 Load profile: the load data has been collected from LV monitoring 

equipment connected to secondary transformers in the ENWL network 
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as shown in Figure 1-5(a). Each load has an  after diversity maximum 

demand (ADMD) of 1.2 kW, and ADMD represents the maximum 

demand which the electrical distribution network (local transformer) is 

required to supply, expressed as an average per property.  

 Solar irradiance profile: Since a PV generator has no inertia in the form 

of rotating mass, the rate of change of solar power output can change 

rapidly [96]. To reflect the effectiveness of operational control strategies 

for energy storage systems for voltage support in LV distribution 

networks, three realistic solar irradiance data with a 6 second resolution 

(see Figure 1-5 (b)) are selected and collected from a domestic property 

in Retford, Nottinghamshire, U.K. (at latitude northern 53.3169°N and 

0.9408°W Western longitude).  As depicted in Figure 1-5 (b), these three 

different solar irradiances contain different amounts of fluctuation in 

output that may have different effects on the use of energy storage for 

voltage support. 

 

Figure 1-4: Benchmark residential urban radial distribution network, and there are 106 residential 
loads with 42 PV generators in feeder 4 
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(a) 

 
(b) 

Figure 1-5: (a) Load profiles (b) three irradiance profiles  

5 Contributions  

Contributions of the thesis are presented as following: 

 Two functional control strategies for the use of the single storage unit for 

voltage support are introduced. The first strategy investigates voltage 

problems under different solar irradiance profiles at different seasons and 

the integration of energy storage unit into LV distribution networks to 

solve the associated voltage problems. It is shown that using active 
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power from single phase energy storage can effectively bring the voltage 

within regulatory limits, and enable voltage unbalance to be reduced 

within statutory limits. The second strategy proposes a coordinated 

control method for solving voltage excursions and reducing reverse 

power flow to help the existing distribution network adapt to future 

scenarios with high numbers of connected LCT loads and PV generators. 

This relieves transformer overloaded and mitigates voltage excursions by 

coordinating storage charging/discharging functions with an OLTC. 

 The largest single contribution is a new method for coordination of 

multiple energy storage units for voltage support in the LV distribution 

network is proposed. The method is modelled using multiple suitably 

sized storage units to manage the overvoltage problem by considering 

voltage sensitivity analysis and a battery aging model. This influences 

which energy units are selected to provide strict maintenance of voltage 

limits. The proposed method uses storage units more evenly and so 

reduces the costs of battery replacements to the energy storage operator 

in terms of both number batteries and maintenance visits.  

 A systematic approach is constructed including the PV generator and the 

energy storage based on linearized differential equations. This is used to 

perform eigenvalue sensitivity analysis to define the range of energy 

storage voltage regulation controllers‘ parameters, and to investigate 

whether energy storage exchanging active and reactive power with the 

grid for voltage support can reach the system stability margin. In addition, 

a methodology to utilise active and reactive power of the energy storage 

for voltage support is presented.  

6 Thesis Layout  

The power distribution network in the future will be fundamentally different to the 

one presently operated in the UK. In order to decarbonise, a large number of 

renewable energy systems will be embedded in distribution networks to reduce 

carbon footprint. This may pose many challenges to secure operation of 

distribution networks. Energy storage is seen as one way to reduce the impact 

of DGs on distribution networks in terms of high R/X ratio LV networks. 

Therefore, there is interest in the use of energy storage in the distribution 
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system. Although there are many studies looking at the benefits of energy 

storage to customers and to businesses, there is little understanding of how to 

operate energy storage to overcome issues presented by PV generators in LV 

distribution networks. There is also a question how to utilise energy storage 

active/reactive power to provide services to LV distribution networks where the 

R/X ratio is large. To fill the gap mentioned above, the work in this thesis mainly 

focuses on operational control strategies for energy storage systems for voltage 

support in LV distribution networks. The next six chapters of the thesis are 

presented as follow:  

Chapter 2 presents a background literature review into benefits of energy 

storage systems to distribution networks, and introduces operational control 

strategies of energy storage systems for voltage support in low voltage 

distribution networks.  

Chapter 3 presents two case studies that illustrate the expected impacts of PV 

generation on overvoltage and reverse power flow and two functional strategies 

of energy storage from smart grid laboratory with RTDS are presented.  

Chapter 4 introduces the coordinated control of multiple energy storage 

systems in a low voltage distribution network. A methodology of coordination of 

multiple energy storage for voltage support is discussed and the detailed 

procedures and mathematical formulations are presented.  

Chapter 5 introduces a low voltage distribution network dynamic model that 

includes one PV generator and one energy storage device. Detailed operational 

modes and control strategies for the study system are described. The detailed 

procedures and mathematical formulations to develop a small signal model of 

the system are provided. The application of the proposed model is validated 

through a series of case studies.  

Chapter 6 discusses an active and reactive power control strategy of the energy 

storage for voltage support in the LV distribution network in respect to small 

signal stability.  

Chapter 7 presents the discussion, conclusion and further research.  
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Chapter 2:  Potential roles and operational control strategies 

for energy storage in LV distribution networks 

There are expected to be a number of challenges in future LV distribution 

networks caused by intermittent power production from renewable sources and 

particularly for DNOs. To overcome these issues, there is interest in the use of 

energy storage in the LV distribution network. Energy storage will become 

extremely important in the move towards a low carbon economy, and it has the 

potential to save the energy system over £4bn by 2050 [97]. Energy storage 

was recognised by chancellor George Osborne as a leading technology for 

large integration of renewable energy in 2012 [98]. As such, the UK government 

pledged to support the development of the energy storage across the country 

[97]. In the past two years up to 2015, more than £80m has been invested to 

support energy storage projects across all regions of the UK [99]. The UK 

government has set a target to achieve 2000 MW energy storage installation by 

2020 [100]. This can provide annual saving of £120 million/year. If total installed 

energy storage capacity reaches up to 10,000 MW by 2050, this can produce 

the annual savings of £10 billion/year [101].  Energy storage projects developed 

between the years 2013 to 2020 are shown in Figure 2-1 [100]. However, the 

UK presently is at risk of falling behind in developing energy storage due to lack 

of commercial framework [100]. The market of energy storage in the UK needs 

a strategy to set out the market and realise the potential of this technology. 

Ofgem also realises this and supports a number of storage projects in 

distribution networks [102]. Apart from installed large capacity pumped hydro 

storage, there is limited uptake as there are few locations where this type of 

storage can be installed. There is wide interest in the use of energy storage in 

the distribution network in terms of LV networks. However, according to the 

[103], there are several commercial and regulatory elements, such as 

classification of storage unit and capacity market, which have effects on 

deployment of the energy storage for the GB power grid. As such, constructing 

an appropriate regulatory framework and commercial arrangements plays an 

important role for future storage deployment. If there is a market established for 

network operators to install storage widely, there will need to be significant 

technical innovation in storage technology.   
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 To explain the use of energy storage in future LV distribution networks, storage 

technologies and applications are firstly presented as follows.  

 

Figure 2-1: UK energy storage projects deployment between 2013 and 2020 [100] 

1. Potential role for energy storage in the low voltage distribution 

network  

There will be many benefits for applying energy storage in LV distribution 

networks. For example, in a LV distribution network, storage installed in 

customer side can help residential customers to become active member of the 

power system [104], and overcome challenges, such as voltage fluctuation and 

voltage unbalance, caused by PV generators. This also enables customers to 

reduce their utility bills by absorbing excess PV output, and providing power 

backup and purchasing off peak electricity to support loads during peak times 

[105]. Energy storage is a general term for a range of technologies that take 

energy from the power grid onto store and release when needed. Energy 

storage based on different technologies has different applications [106][107].  
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1.1 Introduction of energy storage system and its relevance 

technologies  

Energy storage can be broadly classified as three main technology groups 

according to its discharge time, power rating and service types as shown in 

Figure 2-2 [108].  

The first is large scale energy storage projects include pumped hydroelectric 

storage (PHS) and compressed air energy storage (CAES). These can provide 

a bulk storage capability with several hours of charge/discharge capability 

[109][110]. CAES stores energy by absorbing surplus power from grid to 

compress air that is stored in a cavern as potential energy [111][112][113]. The 

compressed air is heated and expanded through a gas turbo-generator to 

generate electricity when the energy demand increases [112][113]. PHS is a 

type of hydroelectric energy storage that can store energy in form of water 

[113]. Both types of energy storage can provide the power capacity between the 

range of 100 and 1000 MW with efficiency at 65-85% [106] [107] [110]. The 

capital cost of CAES is much lower than PHS, but requires more site specific 

data to evaluate its suitability [106][107] and [114]. However, these large scale 

energy storage schemes require installation in a feasible location [106]. This 

would be a problematic in the UK as a limited number of favourable locations 

are available.  

 

Figure 2-2: Comparison of storage technologies [108] 



 

 

 Page 23  

  

The second is medium term discharge energy storage devices that include a 

group of batteries that store energy using chemical reaction [106][107]. 

Presently, there exist various technologies for batteries, such as lead-acid 

batteries, valve regulated lead acid batteries, nickel-cadmium batteries, sodium-

sulphur batteries, lithium-ion batteries, zinc-bromine batteries and vanadium-

redox batteries [115]. Battery storage with high energy efficiency at 60%-95%  

can provide a number of important benefits to the utility grid [107]. However, 

these batteries have low energy densities, high maintenance costs, short cycle 

life and a limited discharge capacity [106][107]. In addition, according to [116], 

vanadium-redox batteries provides many benefits over other battery storage 

technologies. Presently, the vanadium-redox battery has been commercialised 

for several megawatt scale energy storage projects due to its long cycle life 

(>11,000 & 20 years), instant recharge by electrolyte swap, low maintenance, 

fully dischargeable, and economics improve with scale [116][117]. As depicted 

in Figure 2-3, vanadium-redox batteries have lower whole life costs than all the 

other conventional battery technologies [116][117]. This is due to their longer 

cycle lives and consequently lower replacement costs [116]. This battery 

technology has been concluded to be technically and economically feasible for 

offering grid ancillary services, such as frequency response and voltage support 

[116]. 

 

Figure 2-3 Cost for energy storage systems [116][117] 
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The third is short term discharge energy storage devices that contain 

superconducting magnetic energy storage, flywheels and capacitors. This type 

of energy storage can provide large power in a very short time with efficiency 

90%-95% and have long cycles lives [107]. Accordingly, these technologies are 

desirable for short power quality applications by improving transient voltage 

disturbance and ride through of interruptions for example [107][118]. These 

devices are not widely being used in utility application [119][120], since the cost 

of the short term discharge energy storage devices is high as seen by Table 

2-1.  

Table 2-1 summarises the cost and technical characteristics of different energy 

storage technologies [119][120][121]. Here, the cost of the storage is the sum of 

the cost of power conversion and the cost of energy storage itself. The cost of 

power conversion is priced in $/kW, and it is the rate at which energy can be 

Table 2-1 Energy storage technologies cost and characteristics [119][120][121] 

Duration 
Category 

Technology Power 
Cost 
(US 

$/kW) 

Energy 
Cost 
(US 

$/kWh) 

Efficiency Cycles  

Hours to 
days 

(Long) 

Pumped hydro 1200 75 85 25000 

CAES 700 5 70 25000 

Minutes to 
hours 

(Medium) 

Advanced lead 
acid batteries 

(2000 cycle life) 

400 330 80 2000 

Lead acid with 
carbon-enhanced 

electrodes 

400 330 75 20000 

Vanadium redox 
batteries  

400 600 65 5000 

Lithium-ion 
batteries 

400 600 85 4000 

Zinc-bromine 
batteries 

400 400 70 3000 

Sodium-sulphur 
batteries 

350 350 75 3000 

Nickel-cadmium 
batteries 

1200+ 1500+ 75 1500 

Up to a 
minute 
(Short) 

Flywheels 600 2000+ 95 25000 

Superconducting 
Magnetic 

500 10000 95 25000 
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used [117][118]. The cost of energy storage itself is the amount of energy 

stored that can be used to delivery to the electricity grid, and it is priced in 

$/kWh [117] [118]. 

1.1.1 Energy storage technologies for LV distribution network and trial 

installations 

Considering that LV distribution networks commonly contain many DGs, such 

as PV generators that are often small scale. This requires energy storage for 

only a few kW to be installed in LV distribution networks [105][122]. As such, 

batteries are one of the desirable solutions to effectively reduce challenges that 

caused by PV generators [105]. A comparison of the technology options for LV 

distribution networks are also conducted in [123], and it stated that batteries are 

desirable for installation at residential LV networks. This is because these 

batteries are a financially viable by providing several hours of services in LV 

networks. Batteries store electric energy in dc form and use a power electronics 

converter to exchange energy with the utility grid [124]. This provides the 

capabilities for batteries to reduce the voltage excursion, PV output fluctuation 

and unbalanced grid as stated in [125][126] and [127].  

Presently, there are a number of battery energy storage projects that have been 

installed in LV and MV distribution networks in the UK as shown in Table 2-2 

through the low carbon networks fund (LCNF) [102]. The aim of the LCNF is to 

support projects sponsored by the DNOs with £500m to encourage new 

technology and commercial arrangements [102].  

Battery storage installed by UK power networks (UKPN) is a LCNF first tier 

project. A 200kWh Lithium-ion battery storage is installed at a site at Hemsby 

Norfolk. The objective of this project is to understand the impact and potential 

benefits of storage on a LV distribution network [128]. Using the storage has 

investigated if it can effectively overcome the challenge of intermittent power 

production from wind sources, and it has the potential to reduce voltage 

fluctuation and manage demand on the LV distribution network [128].  
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Table 2-2 List of battery energy storage projects in LV and MV networks in the UK  

Names  DNOs Starts-

Ends 

Types Numbers Power 

/Capacity 

Demonstrating 

the benefits of 

short-term 

discharge 

energy 

storage on an 

11kV 

distribution 

network 

UK Power 

Networks  

09/2010-

01/2014 

Lithium-

ion 

1 600kW/20

0 kWh 

Low voltage 

connected 

energy 

storage 

SSET1008 

Scottish 

and 

Southern 

Energy 

01/2012 - 

03/2014 

Lithium-

ion  

3 25kVA/25

kWh 

Customer-led 

network 

revolution 

Northern 

Power Grid  

09/2010-

12/2015 

Lithium-

ion 

6 2500kVA/

5000kWh 

100kVA/2

00kWh 

50kVA/10

0kWh 

Buildings, 

renewables 

and integrated 

storage, with 

tariffs to 

overcome 

network 

limitations 

Western 

Power 

Distribution  

12/2011-

12/2015 

Lead 

acid 

31  2kW/4.8k

Wh 

8kW/20k

Wh 

As part of a wider project to illustrate zero carbon homes in Slough, Scottish 

and Southern Energy (SSE) has installed three 25kWh energy storage  

connected through a four quadrant operation power converter on the LV 

network [129]. These batteries are used to mitigate the effects of PV generators 

and prevent network reinforcement [129].  

The customer-led network revolution (CLNR) project is operated by Northern 

Power Grid (NPG). Six battery storage systems have been installed at various 

network locations and voltage levels to provide thermal, voltage and reactive 
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power support to the NPG distribution network [130][131]. The CLNR project 

aims to evaluate a range of applications of battery storage systems in the 

distribution network, and it has demonstrated that utilising the fleet of batteries 

installed can defer network reinforcement, and asset replacement [130]. In 

addition, power quality problems and reverse power flow have been mitigated 

as well[130].  

In addition to projects described above, buildings, renewables and integrated 

storage, with tariffs to overcome network limitations (BRISTOL) is a second tier 

LCNF project operated by Western Power Distribution (WPD). Thirty single 

phase battery storage with capacity 4.8kWh have been installed in domestic 

lofts to prevent network upgrades that could be caused by PV installation [132]. 

Apart from installing single phase home energy storage, larger storage units 

with capacity 8kW/20kWh have been installed in schools. These batteries are 

linked to the local network to export the batteries‘ power at peak times [132].  

1.1.2 Benefits of energy storage to low voltage distribution networks  

Energy storage installed in LV networks can offer many benefits to both 

customers and DNOs. Customers can become active members of the utility grid 

by releasing stored energy when needed. This can defer asset replacement and 

network upgrades [104]. For the literature, the benefits from energy storage to 

LV and MV distribution networks are summarised in Table 2-3 [133] [134].  

Using energy storage for voltage profile improvement with a large number of PV 

generators integrated in LV networks has been investigated as stated in 

[133][135]. The literature shows that battery energy storage with the proposed 

operation strategies is an effective way of preventing overvoltage and therefore 

increasing PV generators network penetration. Smoothing out voltage 

fluctuation by using energy storage is proposed in [126] [136] and [137]. In 

[126], a state of charge (SoC) based control strategy is developed in which that 

the proposed control strategy can manage energy storage power and SoC 

within a specific target while smoothing PV outputs by considering the effect of 

extending the cycle life of battery storage. In [136], mitigation of PV fluctuation 

is achieved by a ramp rate control strategy based on operation of battery 

storage. Energy storage for mitigating voltage unbalance on LV distribution 
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networks is examined in [138]. The results demonstrate that the energy storage 

device can effectively reduce the voltage imbalance as well as the network  

Table 2-3 Benefits of energy storage to LV distribution networks  

Benefits   Description  

Power quality  Smoothing out voltage fluctuation, and voltage 
swell/sag 

 Compensation for voltage harmonics distortion 

 Mitigating voltage unbalance 

Demand side 
management 

 Reducing peak load to avoid peak load charges. 

Reliability  Increasing reliability through its island operation 
capabilities, suitable for sustaining power supply in 
the LV-grid if  the MV-grid fails 

Voltage regulation  Maintaining voltage within legal limits  

Reverse power 
flow 

 Absorbing excessive PV outputs to reduce reverse 
power flow 

Stability issues  Improving the system dynamic stability by 
mitigating oscillatory modes of the system  

Deferral of assets 
replacement, and 
network upgrades 

 Deferring upgrades of the distribution network 
where changing generation/demands cause 
problems with peak loading or voltage 

losses in the network where PV generators are connected. A control method 

based on model predictive control (MPC) is proposed to utilise energy storage 

in a LV micro-grid for reduction of harmonics and providing energy 

management [139]. The MPC is an advanced method for process control, and 

is a multivariable control algorithm [140]. The advantage of MPC is the fact that 

it uses a dynamic model of the process to predict the future response for a 

plant [141]. However, the limitation of the MPC is that it is not able to deal with 

plant model uncertainties [142]. The MPC developed in [139] is used to optimise 

the steady state and the transient control problems separately to reduce the 

overall computational overhead.   

To mitigate voltage excursions caused by the large connection of low carbon 

technologies (LCT) loads, such as air source heat pumps (ASHPs) and electric 

vehicles (EVs), a coordinated control strategy of battery storage with DSR for 

demand side management is proposed in [143]. The coordinated control 

scheme firstly instructs the energy storage to export active power into the LV 

network if the voltage excursion happens at the remote end. However, a 

possible scenario happens such that if the power rating and the capacity of the 
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battery storage is insufficient to bring the voltage within the legal limit. In this 

case, the DSR will be implemented and called by coordinated control scheme to 

solve the voltage excursion. By using the battery storage with DSR in LV 

networks, this paper shows effective prevention of undervoltage problem, and a 

reduction in the capacity of battery energy storage as DSR can remove the 

need for the storage intervention.  

LV microgrid system dynamic stability is improved by mitigating oscillatory 

modes of the system to improve system damping using energy storage 

device [92]. Transient stability improvement is achieved by using storage in a 

microgrid [144]. Here, the storage is used to solve fast transient problems.  

By offering a number of technical benefits to LV networks regulation using 

energy storage, there are many examples of how storage in LV networks can 

ensure financial benefits to DNOs. In the LV network, there are two main 

financial benefits, cable re-conducting and replacing the secondary transformer, 

which can be achieved. In [145], a financial model is developed to compare the 

cost of replacing the LV network assets with the cost of installation of energy 

storage. It concludes that energy storage is one of the desirable solutions to 

allow deferral of asset replacement and network upgrades. In this example, the 

storage allows the existing low voltage network assets to remain in operation, 

being supported by energy storage for voltage regulation.  

Although much literature quantifies the benefits of energy storage to LV 

distribution networks, operational control strategies of energy storage, such as 

coordination control of multiple energy storage, are needed to address the 

steady increase in connection of PV generators to residential LV networks. The 

coordination of multiple energy storage in LV distribution networks would 

provide visibility for DNOs to learn how to control, manage and deploy energy 

storage units in their networks. In addition, presently, there is little study which 

examines energy storage active and reactive power exchanging with the LV 

utility grid under small disturbance.  Because of a significant presence of PV 

generators and energy storage near future, the LV distribution network cannot 

be considered as passive. The large connection of PV generators or energy 

storage may have large influence on power system dynamics. Therefore, 

system stability issues in the future may be an important concern for DNOs. 
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There is a need for the development of the linearized state space model for PV 

generator and energy storage. This will explore whether an energy storage 

system exchanging active and reactive power with the grid for voltage support 

can reach the system stability margin.  

2 Operational control strategies of energy storage systems for voltage 

support 

Energy storage units can be envisioned in many future distribution networks to 

address the challenges brought by introducing DG units. There are three types 

of high level operational control strategies for storage units in LV distribution 

networks; these are decentralised control, centralised control and coordinated 

control [146][147]. Applying different operational control strategies in LV 

distribution network may have different impacts on energy storage itself aging 

degradation condition, and performance of addressing overvoltage as well. 

Advantages and disadvantages of decentralised, centralised, coordinated 

control for energy storage units are described in following section.  

2.1 Decentralised, centralised, and coordinated control of storage units 

2.1.1 Decentralised control   

In decentralised control, the energy storage uses local measurements to control 

its charging/discharging function as seen in Figure 2-4. This type of control 

strategy does not require a wider communication scheme and so is in some 

respects robust, reliable and cost effective compared to centralised control [79]. 

The storage voltage or power set point is determined based on local 

measurements. Decentralised control of the energy storage for voltage support 

with a large number of PV connections is explored in [96]. Here, the storage unit 

is used to provide voltage support and frequency regulation by droop control 

response under a MV distribution network.  

A decentralised control strategy for parallel operation of multiple DG inverters is 

developed in [148]. This control scheme is based on droop control technique to 

realise power sharing without communication control wire interconnections for 

the parallel operation of DGs. Decentralised control based on the droop 

technique can be also used in operation of multiple energy storage units.  
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Figure 2-4: The concept of decentralised control of storage units  

However, when multiple energy storage units are installed in a LV network, due 

to no communication between energy storage units, support cannot be received 

from other storage devices if a unit has reached either an extreme state-of-

charge (SoC), a power limit or in the event of complete unit failure. Although the 

droop based technique has been applied for decentralised control strategy for 

power sharing [148], equally sharing the power among storage units may 

accelerate the usage of storage units. This is because the voltage sensitivity 

factor (VSF) of each unit is different in response to voltage problems at different 

locations. In addition, because the LV distribution network contains high R/X 

ratio, the change of the voltage angle or magnitude will introduce coupling 

between active and reactive power flow by using conventional droop control 

method [149]. This makes traditional droop control method is impractical. As a 

result, droop based decentralised control may not be suitable for operation of 

multiple storage devices in the LV network.  

2.1.2 Centralised control  

In centralised control, the power or voltage set point and charging/discharging 

control actions of each storage unit are determined in a centralised controller as 

illustrated in Figure 2-5. This method is desirable for systems where multiple 

storage units are connected to a common bus or located in close proximity 

[150]. The centralised control concept has been applied in large utility power 

systems for many years to realise the frequency regulation in a large network 

and has been applied to micro-grids recently for voltage and frequency 

regulation [151] [152]. This approach requires online information of the network 
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state and high computation speed [146]. The centralised control scheme has 

been applied to coordinate multiple DGs in a distribution network for proving 

power support, compensation for power quality issues, and ancillary services 

[153].  

This control scheme may also be used for operation of multiple storage units in 

a LV distribution network. However, a significant drawback of this control 

approach is cost, since it requires a fast, high reliability communications 

network [146]. Accordingly, in the event of communication failure, each storage 

unit would not be able to respond to a voltage excursion, or would need to fail 

safe to a decentralised control mode.  

 

Figure 2-5: The concept of centralised control for storage units 

2.1.3 Coordinated control  

In coordinated control, the control strategy combines the positive features of 

both centralised and decentralised control [139] [154]. The distinctive features 

of this control are robustness with respect to intermittency and latency of 

feedback and tolerance to connection and disconnection of network 

components. Coordinated schemes for DGs have been studied widely in 

distribution networks. There are two types of coordinated control for the 

application of storage units as seen in Figure 2-6; coordinated control of storage 

units with other technologies, and coordinated control of multiple energy 

storage. In Figure 2-6, the red dash line indicates that storage units coordinated 

with an on load tap changer (OLTC) to address problem such as overvoltage. 

Whereas, the blue dash line indicates coordinated control of multiple energy 
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storage. Such control strategy can be desirable for LV distribution networks as 

the secondary transformer tap is fixed and is not able to change automatically in 

response to network conditions.  

 

Figure 2-6: Coordinated control of storage units  

Coordinated control of storage units with other technologies has recently been 

applied in distribution network for voltage regulation, managing reverse power 

flow, reducing voltage unbalance and improvement of stability issues. 

Coordinated control of the storage with the OLTC of the primary transformer is 

considered in [154]. This reduces the number of tap changes and to enables the 

tap changer to work when there is reverse power flow. This method can limit the 

storage depth of discharge, and therefore the storage cycle life is extended.  

In [90], a coordinated voltage regulation scheme integrating energy storage is 

proposed under unbalanced conditions. The storage is operated cooperatively 

with an OLTC to mitigate voltage rise and voltage unbalance problems. A fuzzy 

logic based coordinated control of storage units with DGs is developed for the 

micro-grid [155]. The work particularly focuses on mitigating active power 

fluctuation at the point of common coupling (PCC) under grid-connected 

operation, and frequency control under islanding operation. The designed 

method enables the system stability to be improved under both small and large 

disturbances. In addition to above literature, coordinated control strategy of 
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battery storage with DSR for demand side management is proposed for voltage 

regulation in [143].  

Although these coordinated control methods can provide benefits to system 

operation, they may not be suitable for LV distribution networks. This is due to 

the fact that firstly the LV distribution network in the UK starts at the secondary 

transformer that has a fixed tap that does not change automatically in response 

to network conditions. Secondly, at present DG units, such as PV generators, in 

the distribution network are not required to dispatch due to the regulation policy. 

Thirdly, DSR has many existing barriers to apply in distribution network as it is 

hard to persuade customers to change their energy usage behaviour for 

example. Accordingly, coordinated control strategies for multiple energy storage 

units will play an essential role for future LV distribution networks. Based on the 

discussion above, if this becomes a reality multiple energy storage units 

installed in the LV network, there will be a trend for coping with challenges due 

to the presence of PV generators.  

However, one challenge to applying multiple energy storage systems in future 

distribution networks is the creation of a coordinated control strategy. In [146], 

coordination of multiple energy storage units based on a consensus algorithm 

for avoiding violation of voltage and thermal constraints is proposed. The 

consensus algorithm aims to collect energy storage units to work as a coherent 

group and share the required active power equally among the units. This allows 

the whole system to survive the failures of some of units. While using this 

algorithm for network loading management in a centralised controller, a 

decentralised controller in individual units uses reactive power for voltage 

support, without considering other units or the wider network. However, since 

the VSF of each energy storage system is different, this can lead to uneven 

utilization of energy storage in the network in response to voltage problems. In 

addition, some LV distribution networks have large amounts of underground LV 

cables where the R/X ratio is large. In such networks, the effect of reactive 

power compared with active power is less pronounced when addressing 

overvoltage.  

In this thesis, a new coordinated control of multiple energy storage systems 

based on voltage sensitivity analysis and a battery aging model is developed as 
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shown in Figure 2-7. The coordination scheme employs a centralised controller 

that determines which energy storage units are used to address any voltage 

excursion, whilst the decentralised controller of each storage unit uses local 

measurements to determine specific set points for active and reactive power. 

The status of each storage unit, such as the active and reactive power limit, 

SoC, and energy storage lifetime, is communicated to the centralised controller 

to update each storage status within a series of control matrices. The proposed 

coordinated control method for doing this is discussed in Chapter 4. 

 

Figure 2-7: Overview of developed coordinated controller containing a centralised controller 
interacting with several decentralised BESS controllers 

2.2 Energy storage power circuit  

 

Figure 2-8: Schematic diagram of energy storage  
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Storage employs power electronics converter systems for grid connection. The 

schematic diagram of a storage system including battery bank and power 

electronics converter with its corresponding control and measurement system is 

shown in Figure 2-8. The filter is equivalent to the series connection of a resistor 

R and an inductance L for each phase [92].  

    is the DC bus voltage and can be considered constant usually for dynamic 

analysis. In this thesis, the DC side is represented as an ideal source by a fixed 

voltage, and a three phase average VSC model is used while disregarding 

switching harmonics. Therefore, it introduces no dynamic behaviours in the 

converter model.  

2.3 Energy storage low level control and measurement  

The storage unit hierarchical control and measurement system based on 

voltage regulators is shown in Figure 2-9. The Figure 2-9 (a) illustrates the block 

diagram of the power circuit and control structure. There are two control loops 

from its control structure. The Figure 2-9 (b) shows the block diagram of voltage 

control scheme. According to Figure 2-9 (b), it is composed of two controllers 

containing external voltage controller and inner current decoupling controller. 

External voltage controllers generate the reference current for the inner current 

controller based on voltage requirements locally or remotely. The inner current 

controllers then produce reference voltages for the power converter. A phase 

locked loop (PLL) is used to recognise the frequency of the utility system to 

ensure energy storage synchronisation. The PLL is a control system that 

enables the phase from the output signal to be related to the phase from the 

input signal. The dq transformation is applied to enable both active and reactive 

components of AC output power to be independently controlled this is described 

in Appendix A2.  According to various system requirements, such as 

maintaining voltage within the specified range, and balancing supply and 

demands, there are three types of control modes for storage in decentralised 

controllers defined [156]. These include voltage control mode, active/reactive 

power control mode, and droop control mode.  
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(a) 

 

(b) 

Figure 2-9: Energy storage unit hierarchical control interface based on voltage controller (a) block 
diagram of power circuit and control structure (b) block diagram of voltage control scheme 

2.3.1 Voltage control mode 

Voltage control mode purely focuses on voltage regulation. Figure 2-10 shows 

the external voltage controllers for terminal voltage regulation. In this mode, 

both active and reactive power of the storage unit is controlled to regulate the 

PCC or a remote voltage at a pre-specified level. Both d and q axis voltage 

controllers employ proportional integral (PI) regulator based on voltage errors to 

generate current references   
  and   

 . These two quantities then feed into 

current controllers that produce voltage references by using errors between dq 

current references and measured dq current    and   . The generated dq 

reference voltage is then transformed into the abc axis based on the phase 

angle provided by PLL. The reactive voltage regulator (q-axis) is widely 
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Figure 2-10: External voltage regulators for terminal voltage regulation 

maintaining voltage at legal limit as indicated in [157] [158]. However, the effect 

of reactive power compared with active power is less sufficient when solving 

voltage excursions in LV distribution networks where the R/X ratio is large. 

Therefore, reactive power solely controlled voltage regulator may not able to 

meet the voltage regulation requirement. The active power controlled voltage 

regulator also needs to be employed for such purpose. 

2.3.2 Power control mode 

Power control mode is used for energy management [159]. The external 

active/reactive power controller for power regulation is shown in Figure 2-11 

[159].  Actual active/reactive power inputs are calculated and compared with 

reference active and reactive power set points. For the power control mode, 

these set points can be provided by an energy management system from a 

centralised or a coordinated controller. The calculated active/reactive power 

errors will be fed into power control loop to generate reference current   
  and   

 .  

 

Figure 2-11 External active/reactive power controller for power regulation 
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These two reference currents are used to produce voltage correction factors to 

compensate for the power errors. Using a voltage feed-forward controller, new 

voltage references are generated that will be translated into switching signals 

and fed to the converter PWM control. Such a mode is used to smooth the 

power flow at the PCC or remote branch. This enables generation and 

consumption to be balanced.   

2.3.3 Droop control mode 

The droop control is a control method for primary frequency control, and it 

allows synchronous generators to operate in parallel for load sharing 

purpose [160]. In power system, synchronous generators will share any 

increase in the load by decreasing the frequency according to their governor 

droop characteristic [160]. Figure 2-12 illustrates an external frequency droop 

controller for power sharing. Droop control mode is largely used in micro-grids 

to decrease the reference frequency if the load increases by power sharing 

among generators in a grid. Similarly, reactive power is also shared by 

introducing the droop setting in the voltage magnitude. Such a control mode is 

widely chosen in micro-grid because the frequency of the micro-grid system in 

autonomous operation mode freely changes if generator units are not able to 

enforce the base frequency of the system. The frequency deviation can be 

mitigated by introducing the frequency droop characteristic to dynamically share 

the power among generator units in the islanded system.  

In LV distribution networks, since the VSF of each unit is different in response to 

voltage problems at different locations, droop control mode equally sharing the 

power among storage units may increase the usage of storage units. This is not 

desirable for the use of energy storage units. Furthermore, the change of the 

voltage angle or magnitude will introduce coupling between active and reactive 

power flow by using such droop control model in the LV distribution network 

where contains high R/X ratio [149].  Therefore, this thesis will not consider the 

use of the droop control mode for voltage regulation purpose.  

All these control modes can be varied to meet different requirements. As stated 

in [158] [161], the active and reactive power control mode is operated if the  
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Figure 2-12 External frequency droop controller for power sharing 

micro-grid is in grid-connected mode. If the micro-grid is in islanded mode, 

power control model will be shifted into droop control mode that is used to 

regulate the frequency variation by sharing powers among the storage units 

based on their rating.   

3 Summary and conclusion  

Storage units are one form of mitigation for addressing problems caused by PV 

generators in LV distribution network. Within the reviewed literature there are 

many studies looking at storage technologies for various applications. 

Considering LV networks that contain small scale PV generators, the storage 

device is one feasible solution to cope with large connection of these solar 

generators. However, there is also a research question of how to operate these 

storage units in LV distribution networks.  

To determine this, three types of high level operational control strategies for 

energy storage in LV networks are introduced. In comparing these high level 

control strategies, the distinctive feature of coordinated control strategy that 

combines the positive features of both centralised and decentralised control is 
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robustness with respect to intermittency and latency of feedback and tolerance 

to connection and disconnection of network components [139] [147] [156].  

In addition, low level control strategies for energy storage in the LV distribution 

network are presented. Voltage control mode mainly focuses on voltage 

regulation, power control mode can be used for energy management, and the 

conventional droop control mode can share the power among the storage units. 

However, conventional droop control is not desirable for the application of 

multiple energy storage units in the LV distribution network where the line 

impedance is inductive and line resistance cannot be neglected.  
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Chapter 3: Functional strategies for use of energy storage 

system for voltage support 

1 Introduction  

Two case studies based on the smart grid laboratory described in section 2.1 

have been investigated to overcome voltage rise and reverse power flow issues 

caused by significant PV generator connections. The first case study examines 

characteristics of decentralised control based battery storage unit for voltage 

support. In this study, analysis is carried out to compare overvoltage on days 

with different load and generation patterns. The second case study illustrates 

that by coordinating storage unit with OLTC, it can effectively solve over/under 

voltage and reverse power flow problem without upgrading network 

infrastructure. The coordinated control method in the second case study is 

evaluated by Real Time Digital Simulator (RTDS) simulation in the smart grid 

laboratory. Voltage sensitivity factor is used in this chapter for designing active 

and reactive power voltage regulation controller rather than employing PI 

controller, because voltage sensitivity factors are simple to use and are positive 

for steady state analysis based real time simulation [162].   

2 Theory 

2.1 Experimental technique 

The experiment application in the first case study is achieved using the real time 

power hardware in the loop (PHIL) system which was developed in a smart grid 

laboratory. The experimental physical LV network is connected to a RTDS 

system through a 3-phase power amplifier. The experimental physical LV 

network is connected to a RTDS system through a 3-phase 4-quadrant power 

amplifier (PAS 2000) that is designed by Spitzenberger. The frequency range of 

the power amplifier is specified with 5kHz signal bandwidth and the reverse 

power flow capability is 21kVA [163]. The power amplifier enables the 

experimental low voltage network in the laboratory to cooperate with distribution 

network models which were built in RTDS software. The laboratory setup 

contains a PV emulator, battery energy storage system, three phase four wire 

network and the RTDS/amplifier network emulation system as shown in Figure 
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3-1. The RTDS transmits      signals that reflect the parameters of the real-

time model that are sent to the three-phase power amplifier to set the system 

voltages on the experimental LV network. Simultaneously, current monitoring 

signals from the power amplifier are received by the RTDS. These current 

signals reflect power flow between the experimental network and the network 

model built in the RTDS software, and are treated as input of the controllable 

current source in the RSCAD which is graphical user interface for RTDS 

simulator hardware.  

The PV emulator from the smart grid laboratory is used to emulate a PV 

generator at the end of the feeder for the distribution network that is modelled in 

the RSCAD. The PV emulator is a 1.7 kW programmable DC power source with 

a SMA sunny-boy inverter.  It is interfaced with the LabVIEW which is used to 

model the PV profile. The PV profile modelled from the LabVIEW is then used 

to control the programmable DC power source to simulate the PV output.   

The laboratory battery is used to emulate the storage that is located at the end 

of the feeder for the first case study. It includes a capacity of 13kWh lead-acid 

battery bank and a 5 kW SMA Sunny-Island 4500 bidirectional inverter. The 

lead-acid battery bank was installed in the laboratory to reduce the capital 

costs, and this allows the interaction of the storage unit with LV networks to be 

investigated. However, the other chemistries could be operated in the laboratory 

with additional expense. This storage unit is controllable especially in active and 

reactive power import/export through LabVIEW.  

 

Figure 3-1 Layout of PHIL Emulation 
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The first case study contains the radial LV residential distribution network in 

Northern England as described earlier that is constructed in RSCAD. The 

simplified LV distribution network model still consists of large number of power 

components. As such, it is not possible to implement the whole network in one 

rack of RTDS. As such, the network model is divided into 2 subsystems; each 

subsystem is allocated to a rack.  A power electronics average model of a PV 

generator and a storage unit based on the dq decoupling control method are 

needed, and are built in RSCAD. The PV emulator from the smart grid 

laboratory is also used in the network. Additionally, the laboratory battery unit 

has been used.  

2.2 Real time digital simulator  

There are several applications that the RTDS has been used extensively, such 

as investigation of power system equipment interaction, power hardware in the 

loop testing, and closed loop testing of control and protective relay [164][165].  

The RTDS is a digital power system simulator for operating power system 

networks in continuous real-time simulation [164]. Utilising modular custom 

software and hardware, the RTDS can perform  electromagnetic transient (EMT) 

power system simulations by using Dommel algorithm with a time step    s  

[164][165][166][167]. The Dommel algorithm applies the trapezoidal rule of 

integration to solve differential equations of the power system [167]. The 

trapezoidal rule is not able to provide continuous solutions, and it calculates the 

solution at discrete instants in time [165][167]. This takes many seconds to 

perform a single time step for large complex power network models by off-line 

software, such as Power System Computer Aided Design (PSCAD) and 

MATLAB/Simpower [164][165]. However, the RTDS has the capability to 

continuously perform the calculation for a single time step in a measured time 

that is exactly equal to the time step [165]. Hence, it is named as Real Time 

Digital Simulator.  

To achieve real time simulation, the RTDS takes advantage of two levels of 

inherent parallelism in the Dommel algorithm [165]. The first level is to solve 

equations representing the power system by using the processor which is called 

rack [165][168]. Power system equations and control components solved by 

each rack are said to be within the same mathematical subsystem [165]. The 
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second level is to solve such power system that is not possible to implement the 

whole network in one rack [165][168]. The power system is divided into several 

subsystems, and each subsystem is solved in parallel using individual rack from 

the RTDS [165][168].          

The latest processor introduced by RTDS Company is the PB5. The PB5 

processor based RACK includes two Freescale MC7448 RISC processors 

operating at 1.7GHz for each one [169]. Two PB5 processors are in each 

RACK. One PB5 processor can be used to provide network solution, and the 

other PB5 processor can be used to solve the power system equations and 

control components.  

The RTDS software is called RSCAD that is the link to RTDS hardware. The 

RSCAD is similar to PSCAD, and it is installed in a computer [170]. The RSCAD 

provides users with a number of predefined power and control system 

component models to simulate the large complex power system and analyse 

simulation results [170].  

The RTDS software (RSCAD) is communicated with RTDS hardware through a 

Giga-Transceiver Workstation InterFace Card (GTWIF) [168]. The GTWIF is the 

communication interface between the RTDS hardware simulator and Local Area 

Network (LAN) [168]. Each GTWIF is used to assign a unique IP address, and 

this can provide a communication for computers accessible on the LAN [168]. 

Furthermore, the RTDS hardware also contains a Giga-Transceiver Network 

Interface card (GTNET) that is used to interface Ethernet based communication 

protocols with the RTDS simulator [168][171]. It communicates with the PB5 

processor card by a GT optical port [168].  

2.3 Voltage sensitivity factor  

The voltage sensitivity factor represents how the variations in nodal active or 

reactive power leads to a change in voltage at a specified network location 

[162][172]. It means that a relatively large voltage sensitivity factor indicates that 

a change in power leads to a relatively large change in voltage at a given 

network location. The sensitivities of voltages to the active and reactive power 

injections can be determined through the use of a Jacobian matrix [162][172]. 

For radial distribution networks, only the voltage magnitude is of interest [172] 
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so the voltage variation with its sensitivity factor matrix can be simplified to a 

compact form [162][172],  

[  ] [
  

  

  

  
] [
  

  
] 

(3.1) 

The sensitivity matrix in equation (3.1) is reliant on the network operation and 

configuration. The VSF can vary with the change of PV output in a network. 

This implies that the VSF matrix will need to be constantly recalculated. 

However, online recalculation of the VSF matrix is difficult in distribution 

networks. This is because the level of real time information available in 

distribution level is much less than that at the transmission level [162]. Such real 

time information is necessary to know the full load flows through the distribution 

network to permit VSF calculation. In reality, the voltage sensitivity matrix does 

not change largely with the network operating conditions [172][173], and 

sensitivity analysis completed by the authors on this network used to this thesis 

confirms this.  

3 Case Study 1: Using a smart grid laboratory to investigate battery 

energy storage to mitigate the effect of PV in LV distribution network 

3.1 Introduction  

High level connection of PV generators in LV distribution networks may pose 

several technical challenges as discussed in section 1.2.2, Chapter one. The 

objective of this case study is to investigate the characteristic of the storage unit 

from both smart grid laboratory and simulation model for voltage support. In this 

study, a large concentration of PV generators has been applied to an LV 

network as shown in Figure 1-4. The high resolution (6 second) solar irradiance 

data that measured at a domestic property in the UK are used in the work as 

specified in Figure 1-5 (b).  These solar irradiance profiles represent different 

seasons. The load data was as described in Figure 1-5 (a). In order to present 

and compare the worst overvoltage and voltage imbalance scenario, the solar 

irradiances under different days have been selected as illustrated in Table 3-1.  

It was found that lab storage capacity/rating are insufficient to solve the 

problem. Accordingly, both a single-phase RTDS simulation model and lab 

based storage are used in conjunction with each other, and are sited at the end 
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of the longest feeder in the network to show how to reduce voltage problems 

caused by the PV.  

The voltage rise and voltage unbalance tracked in this study are explained next. 

Table 3-1 Load and solar irradiance profiles used  

Scenario Time 

Winter Sunny Day 28-Jan 2011 9:30-10:30, 11:30-12:30 

Cloudy Day 18-Feb 2011 10:30-11:30, 13:30-14:30 

Summer Day 06-Jun 2011 10:15-11:15, 12:30-13:30 

 Overvoltage in the LV network 

Figure 3-2 is a single line diagram of a simplified distribution network with a PV 

generator connected alongside a load. The voltage across this network is 

expressed as 

      PV   s 
   PV   L     

PV
  

L
 

 PV

 

 

(3.2) 

Where  s  is the substation secondary bus source voltage,  PV  is the PV 

generator voltage, R and X are the feeder line resistance and reactance.  PV 

and  
PV

 are the active and reactive power of the PV generation.  Land  
L
are 

the active and reactive power consumed by the load. 

 

Figure 3-2: Two bus distribution system with embedded PV generation 

Networks with no distributed generation have unidirectional power flow and 

voltages decrease along the line. If  PV   L, this may cause voltage rise along 

the feeder. Consequently the network operator needs to consider that the upper 

voltage limits may be exceeded in networks with PV installed. 
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Voltage unbalance is a power quality issue, which can be made worse by the 

random location and rating of PV generators in LV distribution networks [174]. 

Electric motors and their controllers operate inefficiently under voltage 

unbalanced condition. In extreme cases, voltage unbalance can cause  

overheating electric motors and causes intermittent shutdown of motor 

controllers [175]. Voltage unbalance is limited to less than 1.0% at 33kV and 

132kV, and nominal voltage below 33kV must not exceed 1.3% [63]. The 

voltage unbalance factor is defined below: 

     
Negative Sequence Voltage

Positive Sequence Voltage
      

(3.3) 

3.2 Energy storage implementation  

The storage is sited at the end of the longest feeder in the network where the 

voltage rise is more severely. It operates in such way that it solely uses local 

measurement according to the decentralised control concept. The import or 

export power required of energy storage is determined with VSF by equation 

(3.4) and (3.5). 

  r q  
     r q

    P

 
(3.4) 

  
r q
  

     r q

    Q

 
(3.5) 

Where,   r q is the storage unit required active power and   
r q

 is the energy 

storage device required reactive power,      r q is the required voltage change at 

node  , and both     P and     Q are the voltage sensitivity factors for active 

power (p.u./kW) and reactive power (p.u./kVAr) at node  . The voltage required 

     r q is determined by the error of measured voltage,     m  sur   and     t r s ol . 

The     t r s ol  is the voltage rise limit which set up by UK regulation policy in the 

range 1.0p.u. +10%/-6% for LV distribution networks [95]. It is worth mentioning 

that the reactive power of the energy storage is not used for voltage support in 

this study for this chapter. This is because the case study network considered 

has a relatively high R/X ratio (3.75-6.75) so that active power is much more 

effective in managing voltage support. Doing so can avoid significantly 

increasing the reactive power being drawn by the secondary transformer which 

may have a great impact on losses and thermal limits in the MV network. 
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3.3 Simulation results 

The analysis is firstly carried out to compare overvoltage on days with different 

load and PV generators, and the use of the storage unit to tackle the voltage 

excursion is then presented.  

3.3.1 Effects of PV on LV distribution network  

The results show that the voltage rise in the network is as expected strongly 

correlated to the solar irradiance as seen in Figure 3-3. Furthermore, the 

fluctuating nature of irradiance, due to passing clouds, means that there are 

corresponding amounts of voltage fluctuation in the LV distribution network.  

Figure 3-4 shows the cumulative distribution function for the end of the feeder 

voltage with or without PV generation on 6th June at two different times of the 

day. The red line indicates cumulative voltage distribution between 10:15-11:15. 

This can be seen to have an overvoltage probability of 75%. The blue line 

indicates voltage cumulative distribution function at time period 12:30-13:30 

which exhibits overvoltage probability 78%. The overvoltage proportion rate at 

12:30-13:30 is higher than the overvoltage proportion rate at 10:15-11:15. 

As stated in Figure 3-4, 16% overvoltage (blue line) is between 1.10p.u. and 

1.14p.u. for 12:30-13:30. On the other hand, from 10:15-11:15, 36% 

overvoltage probability (red line) occurs in the voltage range between 1.10p.u. 

and 1.14p.u.  

 

Figure 3-3: Voltage variation with solar irradiance at the end of the feeder, 10:40-11:00, 6th June 
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Figure 3-4 Cumulative distribution function of voltage at the end of feeder at 6th June 

In addition, the overvoltage probability is more severe at voltages between 

1.14p.u. and 1.182p.u. from 12:30-13:30 (i.e. 62%) as indicated by blue line in 

Figure 3-4. However, a 39% overvoltage probability (red line) is presented at 

the voltage range between 1.14p.u.and 1.182p.u. 

These results show a direct correlation between the PV generated and the 

voltage level. In addition, the above discussion implies that more rapid charging 

of a storage unit will be required from 12:30-13:30 than 10:15-11:15. 

A comparison analysis was carried out for overvoltage on different day (28-Jan, 

18-Feb, and 06-Jan) as depicted in Figure 3-5. As expected, 28-Jan at both 

periods (9:30-10:30 and 11:30-12:30) has less overvoltage problems with 

overvoltage 31% in time period 9:30-10:30 and 49% for 11:30-12:30. This is 

because solar irradiance is comparably lower than the other two days. On the 

other hand, the overvoltage (75% of time 10:15-11:15 and 78% of time 12:30-

13:30) is worse in summer/midday than in winter days as expected. Voltage 

unbalance increases with the amount of PV penetration as stated in Figure 3-7. 
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Figure 3-5 Total probability of overvoltage (greater than 1.1p.u.) for the different simulations 

It shows voltage unbalance factor with PV penetration level for 10:15-11:15, 6-

June. It indicates that voltage unbalance factor is linearly increased with the 

level of PV connection. The VUF is maintained the range of 1% to 4%. When 

the PV connection level reaches to 300%, the VUF is above 3%.  

Understanding the fluctuation and severity of the voltage problem in this way is 

important because it has an effect on the control strategy of any energy storage 

to fix voltage problems in different seasons and at different times of day. 

3.3.2 Use of energy storage unit to fix voltage problems 

The effect of storage on fixing the voltage problem is investigated for the period 

10:15 to 11:15 on 6th June. The energy storage unit is sited at the end of the 

feeder where overvoltage is more severely. The energy storage unit is 

controlled to enter charging mode if voltage is higher than a threshold value 

(1.1p.u.) and the import power is calculated based on VSF (as described 

above). As shown in Figure 3-6 and Figure 3-7, this improves the conditions in 

the network as follows: 

 The magnitude of the voltage is brought within legal limits- fixing the 

voltage excursion; 

 The voltage fluctuation is reduced leaving a smoother voltage profile (the 

voltage standard deviation is reduced by 84%); 
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 The voltage unbalance factor has been reduced to within legally 

acceptable levels (less than 1.3%). 

By improving the conditions in the network, the use of a storage unit can 

therefore be said to increase the permissible the level connection of PV in LV 

distribution networks. In addition, the use of a variable power (calculated from 

voltage sensitivity factor) demand into the energy storage is effective because it 

allows a lower rise in the energy storage state of charge (SoC) than would 

happen if the energy storage is charged at a constant rate (see Figure 3-8). 

This enables lower capacity and so cheaper storage to be used. 

 

Figure 3-6 Voltage rise reduction by energy storage at time 10:40-11:00, 6th June 

 

Figure 3-7 VUF before and after integration of storage, 10:40-11:00, 6th June 
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Figure 3-8 RTDS (Emulated) storage charging power, 10:40-11:00, 6th June 

4 Case Study 2: Coordinated voltage and power flow control in LV 

distribution Network  

4.1 Introduction  

As already discussed, a large percentage of LCT loads, such as Heat Pumps 

(HPs) and EVs, will cause significant voltage drop along LV feeders. On the 

other hand, a large number of PV generators can cause overvoltage during 

summer sunny days. However this will not be the only problem confronted by 

LV networks in the future. In addition, the large connection of LCT loads and 

generations keep increasing, the devices on the networks such as MV/LV 

transformers will be overloaded by either LCT loads or reverse power from 

DGs. A collaborative work is implemented to develop a coordinated control 

method using the on load tap changer (OLTC) and the energy storage unit to 

solve both voltage excursion and reverse power flow problems. This 

collaborative work is according to customer led network revolution (CLNR) 

project sponsored by Northern Power Gird (NPG), and is partially contributed 

and supported by a senior research engineer from CLNR project. The load data 

and network for case study is provided by NPG.  
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4.2 Coordinated control of the storage unit and the OLTC 

A coordinated control method based on the storage unit and OLTC from the 

secondary transformer for a LV distribution network is investigated in this case 

study. Figure 3-9 illustrates the proposed method that controls the voltage and 

power flow in the LV distribution network with coordination rather than 

individually. In this case study, the OLTC is assumed to be deployed in LV 

distribution network, and the reactive power functionality of energy storage unit 

is also banned to be applied. 

At the beginning, the coordinated controller receives the required network 

measurements, such as voltage or power flow. This is used to check if there is a 

violation of voltage or power flow in the network. If the voltage excursion is 

happened, the OLCT equipped at the secondary transformer will be firstly 

operated. However, because the tap changing at the transformer will affect the 

voltage of other downstream loads, forecasting will be performed to ensure the 

tap operation does not cause voltage violation at the other location of the 

network. Such tap changing wears out the lifetime of the transformer, and this 

also requires more maintenance [176].  

On the other hand, if the OLTC is not available to be used to tackle the voltage 

excursion, the coordinated controller will command a signal to energy storage 

unit to solve the voltage problem. In such case, the energy storage unit is 

controlled to import/export its active power that is calculated based on the VSF 

and the difference between the measured voltage and threshold voltage so that 

the voltage excursion can be solved. 

Furthermore, if the coordinated controller receives the measurement of the 

power flow violation, the proposed coordinated controller will command a signal 

to the storage unit which is nearest of the location of violation to tackle the 

problem. Similarly, the coordinated controller will check and make sure the 

voltage from the network is not to be violated by power flow regulation using the 

battery unit. This can be done by employing the VSF at a given network location 

and required active power from the storage unit to determine whether the 

voltage at a given network location will be violated.  
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Figure 3-9 Coordinated control of voltage and power flow 

 Start

 Receive measurements;
 Identify the location and type of 

problem

Voltage violated?

Powerflow violated?

 Confirm the availability of each 
solution;

 Check lookup table for the 
effectiveness of each available 
solution (e.g. EES) following 

 Forecast network status to 
ensure other constraints not to 
be violated after implementing 
the solution;

 Implement the solution

Y

N

 Confirm the availability of EESs;
 Find out the EES nearest to the 

location of violation;
 Forecast the network status to 

ensure voltage not to be 
violated after implementing the 
solution, following

 Use EES to solve powerflow 
violation

Y
N

i

j

ji
dP

dV
VSF ,

ijij dPVSFdV  ,

Ok to operate OLTC?

Y

Operate 
OLTC

Y

N



 

 

 Page 56  

  

4.3 Source data and network description  

This case study is evaluated by RTDS from the smart grid laboratory. A 

distribution network provided by NPG from CLNR project is selected as shown 

in Figure 3-10 to evaluate the proposed coordinated control method. The 

network starts with a MV/LV 0.315 MVA OLTC transformer and supplies power 

to 196 residential customers. The connection of LCT loads and generation 

among these houses are: 60% EV, 60% HP and 90% solar PV. A 100kVA 

energy storage unit is located at the substation as shown in Figure 3-10. The 

OLTC and the storage unit are used for preventing voltage excursions and 

reducing reverse power flow to avoid transformer to be overloaded.  

 

Figure 3-10 the case study network with high penetration of HP, EV and solar PV  

An average domestic load profile from CLNR smart meter data of 5000+ 

customers in the period of May 2011 to May 2012 is used in this case study 

along with typical consumption profiles of EV and HP from the smart grid forum 

report [177] as shown in Figure 3-11. An average solar irradiance profile from 

20 British Gas customers is used in the case study (see Figure 3-12).  

According to above loads, generation profiles and their penetration levels, the 

power flow of the transformer can be calculated as equation (3.6): 

 TX   domestic
  EV 60%   P 60%  PV 90%  196 (3.6) 

 

20kV/0.433kV

315kVA

EES

100kVA

196 residential customers

HP HP HP

HP HP HP

HP Heat pump
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Where  TX  denotes the transformer power, and   om st  ,   V ,   HP  and  PV 

denote domestic load, EV consumption, HP consumption and PV generation.  

 

Figure 3-11 Average domestic daily load profile and typical consumption profile of HP and EV 

 

Figure 3-12 Average PV profile from 20 British Gas domestic customers in 2011   

Figure 3-13 illustrates the 24 hours power flow of the transformer calculated 

with equation (3.6). The positive power peaks happens in early morning and 

late afternoon. The reverse power flow at mid-day (time periods 10:00 am and 

14:00 pm) has potential to overload the transformer. As such, the energy 

storage unit has to absorb the power at these time periods, in order to prevent 

the transformer from being overloaded.  

4.4 Simulation results  

The proposed coordinated controller and a baseline study which occurs with no 

energy storage or curtailment of the PV generation or OLTC are implemented. 
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Figure 3-13 Projected daily power flow profile of LV distribution transformer 

Figure 3-14 and Figure 3-15 show the voltage at the end of the feeder and the 

power flow of the transformer respectively in the baseline study (without OLTC 

or storage) and with coordinated control of OLTC and energy storage at day 

time. It illustrates that when the solar generators‘ output cause the transformer 

power flow reversed around 9 o‘clock in the morning, and this also cause the 

overvoltage at the feeder end and overloading of the transformer at mid-day 

during the baseline study.  

However, by coordinating the storage and OLTC, this issue can be mitigated. 

As shown in Figure 3-14, if the feeder end voltage reaches the legal limit (1.1p.u 

in the UK) at time around 10:00 o‘clock, the coordinated controller first 

introduces the OLTC to reduce the voltage excursion between the time period 

10:00 and 11:00 in the morning as indicated by the green line from Figure 3-14.  

 

Figure 3-14 Feeder end voltage in baseline study and with coordinated control 
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Figure 3-15 Transformer reverse power flow absorbed by battery 

 

Figure 3-16 Charging power of the storage  

However, if the transformer is overloaded, the controller commands the storage 

to absorb the excess active power. Thus, transformer overloading is mitigated 

as indicated by red line shown in Figure 3-15. The energy storage unit charging 

power is shown in Figure 3-16. 
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reduced, residential and LCT loads are increased in the afternoon. Accordingly, 

the voltage at the end of the feeder drops significantly, and the transformer 

power flow changes direction again (i.e. there is no reverse power flow across 

the transformer). 

Under the baseline study, the voltage reaches the regulatory limits between 

16:00 and 20:00 as seen by Figure 3-17. Furthermore, the transformer starts to 

be overloaded at approximately 16:20 when the residential and LCT loads 

increase (see Figure 3-18). 

 

Figure 3-17 Voltage at the end of the feeder in baseline study and with coordinated control 

 

Figure 3-18 Transformer power flow mitigated by storage 
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coordinated controller detects a voltage excursion at the end of the feeder and 

firstly calls the OLTC to bring the voltage within the legal limit as indicated by 

green line in Figure 3-17. However, the transformer starts to become 

overloaded (beyond the value of 0.315 MVA) at 16:20. This is caused by the 

increasing load. The coordinated controller therefore commands the energy 

storage to discharge active power so that the overloading is mitigated as 

indicated by red line shown in Figure 3-18. The energy storage discharge power 

is shown in Figure 3-18 (green line).   

5 Summary and Conclusion 

This chapter has described the two functional strategies of energy storage for 

voltage support. This includes two case studies that are both developed in 

RTDS from a smart grid laboratory.  

The first functional strategy investigates voltage problems under different solar 

irradiance profiles at different seasons and the integration of energy storage unit 

into LV distribution networks to solve the associated voltage problems. It is 

implemented based on the power hardware in the loop test bed. Real network, 

demand and generation data are used in a real time simulation and the storage 

is shown to provide a feasible solution to the problem.  

The second functional strategy proposes a coordinated control method for 

solving voltage excursions and reducing reverse power flow to help the existing 

distribution network adapt to future scenarios with high numbers of connected 

LCT loads and PV generators. This relieves transformer overloaded and 

mitigates voltage excursions by coordinating storage charging/discharging 

functions with an OLTC.  

As previously discussed, multiple energy storage units installed at LV networks 

will be a trend to address the voltage excursion by the presence of the PV 

generators. Therefore, coordinated control strategy for multiple energy storage 

units will play an essential part for future LV distribution networks. Accordingly, 

chapter 4 introduces a coordination strategy for multiple energy storage units in 

a LV distribution network. This strategy is developed based on the concept of 

voltage sensitivity analysis and a battery model is also included.  
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Chapter 4: Coordination of multiple battery energy storage 

units in a low voltage distribution network 

1 Introduction  

As stated previously in Chapter 2, multiple energy storage units installed in LV 

networks will be a trend for mitigating challenges caused by PV generators. 

However, there is a great challenge to apply multiple energy storage in future 

distribution networks. This is because it would be problematic to create an 

appropriate coordinated control strategy in which both the energy storage aging 

condition and voltage constraints need to be considered. Although some 

innovative research work focuses on how to coordinate multiple energy storage 

units in a distribution network, such as reference [146], these may not be 

efficient for voltage regulation in practical world. This is due to the fact that 

many systems do not consider about the battery aging condition while solving 

voltage problems.  

In this chapter, a method for the coordination of multiple battery energy storage 

systems (BESS) is proposed for voltage regulation in a LV distribution network. 

This work has been published on IEEE transactions on smart grid (please see 

publications section and the primary author of the paper being the author of this 

thesis). The main objective of this method is to solve overvoltage problems with 

multiple suitably sized energy storage systems. The method is based on voltage 

sensitivity analysis and a battery aging model. These calculations give 

parameters that influence which battery storage units are selected to provide 

strict maintenance of voltage limits. So in this sense, battery aging analysis is 

included to modify the system‘s selection behaviour in response to battery 

degradation while consistently maintaining voltage limits. 

The performance of coordinated control is compared with non-coordinated 

control using both a RTDS and a MATLAB/Open Distribution System Simulator 

(OpenDSS) model of a real UK LV distribution network with a high installed 

capacity of PV generators. The RTDS model is used to examine the 

effectiveness of the proposed controller under real time simulation. The work 

from MATLAB/OpenDSS is collaborative and contributed by a colleague from 

Durham University [147]. This is used to investigate the benefits of the 
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proposed method over a ten year period. According to simulation results from 

both RTDS and MATLAB/OpenDSS, a non-coordinated control design which 

uses multiple energy storage units in a single network might cause some 

storage units to operate more than others. This is shown to prematurely age 

some of the units in the network and increase costs to the system operator. 

Coordinated control can be used to utilise the multiple storage units more 

evenly and therefore reduces the costs of battery replacement to the storage 

operator in terms of both number of batteries and maintenance visits. 

2 Proposed coordinated control method for multiple storage units 

In this thesis, a new coordinated control of multiple BESSs based on voltage 

sensitivity analysis and a battery aging model is developed as shown in Figure 

4-1. Both centralised and decentralised controllers are included in the proposed 

coordinated control scheme. The proposed coordinated method utilises the 

positive features of both centralised and decentralised control as discussed in 

Chapter 2. The functionality of centralised controller is to determine which 

energy storage units should be used to solve the voltage excursion by 

considering the remaining battery cycle life, energy storage availability and their 

VSF. As indicated in Figure 4-1, the selected storage then determines its 

individual power set points within its decentralised controller and communicates 

the results back to the centralised controller for subsequent  

 

 

Figure 4-1: Coordinated control of multiple energy storage units 
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decision making. This is contract to decentralised control where each BESS 

only has access to local measurements of voltage, combined with a VSF, to 

determine active power P and reactive power Q set points. In coordinated 

control, several storage units are operated using both a centralised and a 

decentralised controller as shown in Figure 4-1. 

2.1 Design of decentralised controller  

Figure 4-2 shows the process in which the decentralised controller uses the 

average phase voltage,   v  and its VSF to calculate active/reactive power to 

prevent overvoltage. Under decentralised control, each BESS has visibility only 

of local measurements. If a voltage excursion happens at this node, the storage 

determines its active and reactive power using local network voltage 

measurements and its VSF. In contrast to the work presented in Chapter 3, the 

coordinated control scheme proposed here considers the use of reactive power 

from storage, Q which is always prioritised above active power P to preserve 

battery SoC [178]. The battery SoC is conserved because Q does not use 

stored energy and is a function of the inverter.   

While it is noted that changing the ratio of active power P and reactive power Q 

used by the controller will affect the voltage control performance, this work 

focuses on coordinated control and strategies to include battery aging models, 

so evaluation of enhanced P/Q ratios is not given here. This is presented based 

on small signal modelling in Chapter 6.  

According to above discussion, the decentralised controller is divided into two 

parts: a reactive power controller and an active power controller. These two 

controllers take the actions shown in Table 4-1. These threshold values have 

been selected and tuned during experimentation, and will be individually set for 

different network configurations. Three thresholds are given: upper  uptl , middle 

 m  tl , and lower  lwtl . If   v  is greater than the upper threshold  uptl , a 

command will set the BESS to charge based on its VSF to solve the 

overvoltage. Between the middle threshold, and the lower threshold, the 

charging power is reduced. If the measured voltage drops below the lower 

threshold, for a pre-defined period of time, the BESS will stop charging as it is 

no longer needed. 
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Table 4-1: Threshold values for determine control action for overvoltage condition 

Battery state and voltage thresholds Controller action 

Voltage at a measured node is greater 
than upper threshold  uptl  

Charge BESS at power 
based on VSF 

BESS charging and voltage drops 

between middle threshold  m  tl  and 

lower threshold  lwtl  for time constant 

Reduce BESS charge power 
based on VSF 

BESS charging and voltage drops 

below lower threshold,  lwtl  for time 
constant 

Stop charging BESS 

 

(a) 

 

(b) 

Figure 4-2: Decentralised controller of BESS; (a) Q-operation (b) P-operation 
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2.1.1 Decentralised reactive power controller  

Each BESS identifies a local voltage excursion. Separate controllers are 

required to respond to over or undervoltage conditions, the descriptions that 

follow are for controlling overvoltage, but the same method is applied for 

undervoltage. 

Q is initially applied to solve the voltage problem based on its local voltage 

sensitivity factor as shown in Figure 4-2 box (a) where   is the current time 

period. The difference between average phase voltage,   v  and upper 

threshold voltage  uptl  are divided by the VSF, to calculate the required reactive 

power,  
r q

. If the required reactive power,  
r q

 is less the maximum rated 

reactive power,  
m x

 the decentralised controller will apply required reactive 

power,  
r q

 to solve the voltage problem. Otherwise, the maximum rated 

reactive power,  
m x

 is applied. 

2.1.2 Decentralised active power controller  

If the required reactive power Q reaches its maximum power limit, the BESS 

active power P is applied, while Q continues at the rated maximum value. The 

required active power,  r q  import from each energy storage unit is similarly 

calculated based upon a VSF and the difference between average phase 

voltage,   v  and upper threshold voltage,  uptl  as shown in Figure 4-2 box (b). 

If the BESS is at its rated maximum power,  m x or if it‘s SoC is out of limit then 

the BESS has no further P capability, and this particular BESS is determined to 

not be able to solve the voltage problem. This can be addressed by increasing 

the BESS rating/capacity or by coordinating a fleet of BESSs through a 

coordinated controller as proposed by this thesis.  

2.2 Design of centralised controller  

The centralised controller maintains an operational matrix, M to select the 

preferred BESSs, which considers: 

 The availability of each BESS to import/export active/reactive power is 

based upon its SoC, charge/discharge power and outage condition. This 
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information is contained in the availability matrix, A, which identifies if the 

preferable BESS is available to use.  

 The preference for choosing each BESS in the network is based upon 

the remaining cycle life of each unit and the VSF relative to where the 

voltage problem occurs. This is contained in the nomination matrix, F, 

which determines if there is a preferable BESS based on the information 

provided.  

The operational matrix M is used to select the preferable BESS to be used for 

voltage support. It is the product of the availability and nomination matrices and 

is split into active and reactive parts 

  
P P P

Q Q Q

0 0 0

0 0 0

     
     

     

M F A

M F A
 

 
(4.1) 

A detailed description of mathematical expressions and relationships between 

the availability and nomination matrices now follows.  

2.2.1 Availability Matrix A 

The diagonal energy storage availability matrix A indicates whether the active 

and reactive power functions of each BESS are available. The matrix is divided 

into two parts  P and  Q 

1
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and  

1

 Q
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0

Q

Qm

A

A

 
 
 
 
 

A  

 
(4.3) 

where the index   represents number of storage units in the network.  

The active power availability matrix  P  is an       diagonal matrix and is 

determined by the BESS SoC and its active power rating  

 req  max1, SoC  90% and <  
0, otherwisePm

P P
A


  

 
(4.4) 
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If         the BESS (m) can be used for charging or discharging active power. 

Otherwise,      ; if the battery is at the SoC limit, maximum power limit or the 

BESS has a fault. 

The reactive power availability  Q  is also an       diagonal matrix similarly 

defined but without a SoC limit  

 req  max1, <  
0, otherwiseQm

Q Q
A   

 
(4.5) 

The SoC is not included because the reactive power function is achieved using 

the BESS converter and does not rely on the finite energy store. 

2.2.2 Nomination Matrix F 

The nomination matrix, F, is used to determine the preferred BESS to address a 

voltage excursion problem by considering the VSF and the aging condition 

P P

Q Q

0 0 0

0 0 0

     
     

     

F VSF L

F VSF I
 

 
(4.6) 

Where  P  represents the active power nomination matrix and  Q  denotes the 

reactive power nomination matrix. Both    P  and    Q  are the sensitivity 

factors in an       dimensional matrix for   voltage measurement locations in a 

distribution network and   storage units.  

The second term in (4.6) represents the remaining cycle life, L, of each BESS. 

The age matrix L is an       dimension matrix 

1

 

0

= 

0 m

L

L

 
 
 
  

L  

 
(4.7) 

Reactive power delivery is not affected by the battery aging condition, and so 

the reactive power nomination matrix  Q is only dependent on    Q. As such, 

an       identity matrix I is used.  

From the relationship discussed above, both the nomination matrix F, and the 

operational matrix M, are         dimension matrices.  

The remaining cycle life matrix, L, of each BESS is introduced to stop the 

centralised controller from always nominating the BESS with the highest VSF 

over other units. Over a BESS project lifetime, total energy passing through the 
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BESSs in the network will increase as BESSs with a lower VSF are used more 

frequently. However, this shares out the aging of the BESS units so that when 

the maintenance regime is taken into account the overall project costs can be 

reduced. The benefit of using an aging model in this way is examined in a case 

study section.  

Battery aging is affected by a number of factors such as depth of discharge; 

number of cycles, temperature etc. and it represents a major component of 

BESS costs. Decentralised control can focus on one BESS which can cause 

rapid aging. The coordinated controller offers an opportunity to manage aging 

rates by distributing usage of the BESSs within the LV network. In this work, the 

remaining cycle life of each BESS is determined using the depth of each daily 

cycle using a rainflow cycle counter model and a double exponential curve of 

the form  

                            (4.8) 

This curve is derived for a lead acid battery [179], since this is a well understood 

technology for storage in LV network [180]. A number of more complex 

approaches for battery aging (e.g.[181]) are applicable in this coordinated 

controller if they provide a value of the deterioration, Lm, of each BESS for the 

nomination matrix similar to that shown in  [182]. However, it is felt that a simple 

aging model is appropriate for assessing the application of aging management 

within a coordinated controller.  

For each day, this equation relates the number of cycles,       that a battery unit 

can sustain, to a given depth of discharge,       (expressed as a percentage) 

using fitting constants  ,  ,   and  . The MATLAB curve fitting tool is used to 

determine these fitting constants for a suitable valve–regulated lead–acid 

(VRLA) battery [183] as shown in (4.9).  

            
                                (4.9) 

This has been fitted against the five data points giving cycles to failure at 

different depths of discharge in the battery manufacturer‘s datasheet. As can be 

seen in the datasheet, the trend is distinct and equation (4.9) provides a fit to 

this with a 0.683% root-mean-square error. The battery cycle to failure trend 

according to both original data and curve fitting data as illustrated in Figure 4-3.  
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The remaining life of each unit is updated in the nomination matrix by the 

centralised controller at time step   using the expression 

,1

1
1

T

m
m tt

L
N

    
(4.10) 

 

Figure 4-3: Battery cycle to failure trend based on both original and curve fitting data 

In addition to the cycle life, batteries also have a calendar life which for VRLA 

batteries is typically around 5 years [180]. Extending a BESS‘s cycle life beyond 

the calendar life is not advantageous when considering the management of the 

asset. 

2.3 Implementation of coordinated control scheme   

Both centralised and decentralised controllers are included in the proposed 

coordinated control scheme. The centralised controller selects the preferred 

energy storage unit to be used, whereas the decentralised controller calculates 

and implements the required active/reactive power set-points. The flowchart in 

Figure 4-4 shows of the steps taken in the coordinated control scheme.  

If there is a voltage excursion, voltage rise or drop, the availability matrix  Q is 

first checked from the operational matrix  Q (reactive power). If the availability 

matrix,  Q     reactive power from the BESS can be applied to solve the 

voltage problem. The operational matrix  Q  (reactive power) uses equation 

(4.1) to select the most preferable BESS with the function 
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 Q
    r  m x  Q  (4.11) 

Once the most preferable BESS is selected, the decentralised controller 

calculates and implements the required reactive power  
r q

 to support voltage 

excursion. In addition, the availability matrix  Q  is updated based on the 

reactive power output from the BESS converter. If the centralised controller‘s 

availability matrix,  Q     there is no remaining reactive power compensation 

available in the network, and the centralised controller enters  P  mode. Q 

continues at the rated value. 

 

Figure 4-4: the main flowchart of proposed coordinated control scheme 

Under  P operation mode, the active power operation matrix  P is checked in 

the centralised controller. The most preferable and available BESS unit is 

selected with and the decentralised controller will calculate and implement the 

required active power  r q. 
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 P
    r  m x  P  (4.12) 

The availability matrix,  P and life remaining L values for each unit are updated 

based on P and SoC. In addition, the difference between the required power 

and maximum rated power will be examined in the decentralised controller. If, 

for the selected energy storage unit BESS (m),  r q    m x  and SoC is within 

limits then the decentralised controller communicates with the centralised 

controller to set the availability          , otherwise           is set. In the case 

         , the rated power,  r t   from BESS (m) continues at the rated value 

until it reaches its SoC limit. The centralised controller  P will then continue to 

select the preferable BESS to solve the voltage problem.  

3 Description of case study  

3.1 Network Description and Source Data 

The model of a real radial residential distribution network in Northern England 

as discussed previously (see Figure 1-4) is used in this work to evaluate the 

proposed coordinated control scheme. It contains 106 domestic loads of which 

42 have PV generators. The solar irradiance from 6 June, a summer day, (see 

Figure 1-5 (a)) is selected to present the worst case of overvoltage across the 

network. As illustrated in Figure 1-5, the peak solar irradiance occurs between 

9:00—15:00. Voltage rise is most likely to occur during this period. The 3 kW 

rated PV system is placed on every domestic property with a roof facing ±30° of 

due south as described in Chapter 1. The three single-phase load data is shown 

in Figure 1-5 (b) and each load has an after diversity of maximum demand 

(ADMD) of 1.2 kW.   

A design decision has been taken to make all the storage units the same size. 

This standardizes the solution so as to benefit from economies of scale in 

manufacturing. Space is limited in residential LV networks, so this choice would 

allow standard installation and maintenance practices to be developed to suit 

the available space. A decision could be made to encourage installation of 

storage at customer premises, in which case the adoption of standard 

procedures would be important. To size and locate the storage units a method 

developed in previous work was used [184]. This method uses a genetic 
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algorithm to find the optimal locations for the fewest units of storage of a given 

size to remove all of the overvoltage in a LV network. Accordingly, locations of 

storage for the case study are presented as seen in Figure 4-5. This also 

concludes that, under the load and generation conditions investigated in this 

study, the network can be supported with four identical storage units, each rated 

at 25 kW/50 kWh. 

Reactive power functionality is included to allow minor voltage deviation to be 

tackled without using the limited energy store. The case study network 

considered has a relatively high R/X ratio value (3.75—6.25). This means active 

power is much more effective in mitigating overvoltage. The maximum reactive 

power drawn from each BESS is therefore limited to 5 kVAr. Doing so also 

avoids substantially increasing the reactive power being drawn through the 

secondary transformer which could impact on losses and thermal limits in the 

MV network. Active power from the BESS is used to solve the voltage problem 

when the applied reactive power resource is insufficient. 

 

Figure 4-5:  Benchmark residential urban radial distribution network 

3.2 Simulation Techniques 

Both RTDS models and Matlab/OpenDSS models of the controller have been 

used. In order to assess the dynamic performance of the proposed coordinated 

controller, a power electronics model of PV generators and energy storage, 

based on classical the dq decoupling control method are needed[185][186]. The 

RTDS model provides detailed information of real-time performance of these 
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models within one simulation environment. This approach also means that the 

RTDS model can be interfaced to real devices, allowing power hardware in-the-

loop to be used in conjunction with the modelled network. 

The MATLAB/OpenDSS model based on proposed method is constructed and 

contributed by a colleague from Durham University to evaluate the benefits of 

the ageing model in the proposed coordinated controller over a ten year period. 

To do this, standard, one hour resolution, annual irradiance [187] and load 

profiles [188] are used with a MATLAB model of the controller and network.  

The MATLAB and RTDS models have been compared to ensure their 

consistency. To do so, the high resolution PV and load profiles shown in Figure 

4-6 were implemented in both MATLAB and RTDS simulation and the results 

were compared. Figure 4-6 shows the comparison for voltages at Branch4; the 

root mean square error is of the order 0.00415 p.u. Although the MATLAB 

simulation does not run and prove the detailed controller, the overall simulation 

in terms of SoC and power exchanges that are the same. The two simulation 

techniques with their differing time steps and computational burden allow a 

thorough exploration of the control scheme at different time scales. 

 

Figure 4-6: Comparison between results from MATLAB and RTDS simulations 

Table 4-2 shows the thresholds and time constants selected for the 

decentralised controller of each BESS in the case study. These values have 

been selected and tuned during experimentation, and will change based on the 

network configuration. 
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Table 4-2 Selected threshold and time constant for case study 

Parameter Value 

Upper Threshold 1.095 

Middle Threshold 1.085 

Lower Threshold 1.070 

Middle Threshold Time Period 30 Seconds 

Lower Threshold Time Period 2 minutes 

4 Application of coordinated control to case study network 

4.1 Real Time Steady State Implementation  

The proposed coordinated and non-coordinated control methods are 

implemented and compared using the RTDS model. Both are compared to a 

baseline voltage which would occur with no energy storage or curtailment of the 

PV generation. Note that while the chosen modelling environment provides a 4-

wire unbalanced model, the controller as currently conceived takes a single 

voltage measurement as input. It was chosen to take the average voltage,      

but it is recognised that other approaches could be taken such as using the 

most extreme phase voltage. The non-coordinated control method uses the 

decentralised controller only. Figure 4-7 (a) illustrates the average of the three 

phase voltages at branch 4 between 09:00 and 15:00. It can be seen that the 

baseline average voltage is raised above the limit of 1.10 between 09:40—

13:30. 

Under the non-coordinated control scenario (with only the decentralised 

controller), each BESS can only measure and solve its local voltage problem. 

Figure 4-7 (a) shows what happens when the charging capacity of BESS4 is 

reached at 12:30. The average voltage at branch 4 exceeds the limits between 

12:30 and 13:20 because the storage cannot absorb any more active power 

beyond 90% SoC. The average voltage is lowered relative to the baseline by 

BESSs 1—3 although this is not enough to solve the problem as they are 

unaware of the excessive voltage at branch 4. 

In the case of coordinated control, Figure 4-7 (a) shows that local overvoltage 

does not happen as the operational matrix M in the centralised controller 

selects a preferable BESS to solve the average voltage problems when BESS4 

reaches its SoC limit. Figure 4-7 (b) illustrates that BESS4 with coordinated 

control reaches its SoC limit at 12:20, and the availability of BESS4,          . 
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The BESS4 is no longer available to support overvoltage at which point other 

units are used more aggressively. 

The voltage profiles with coordinated and non-coordinated control between 

11:30—14:00, when voltage rise is most extreme, are shown in Figure 4-8(a). 

Figure 4-8(b) and Figure 4-8(c) show the power exchange with the non-

coordinated and the coordinated control methods. Under non-coordinated 

control the BESS has been allowed a higher power rating to demonstrate that if 

working alone this is required to bring the voltage within limits. With coordinated 

control, a power of 25 kW is needed from BESS4 to reduce the voltage rise at 

branch 4 compared to 30 kW with non-coordinated control.  

 

(a) 

 

(b) 

Figure 4-7: (a) Average voltage profiles at branch 4 with non-coordinated and coordinated control 
(b) BESS4 SoC with coordinated control at time between 9:00 and 15:00 
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The time sequence of active power exchange with coordinated control and non-

coordinated control is summarised as follows: 

 Between 11:30—12:20, under coordinated control, the centralised 

controller detects a voltage problem at branch 4 and calls the BESS4 

decentralised controller to absorb active and reactive power. However, 

as the availability matrix  P from the centralised controller indicates that 

the active power capability of BESS4 is insufficient, the operational 

matrix  P  in the centralised controller is used to decide the next 

preferable BESS to solve the voltage rise problem at branch 4. Based on 

the nomination matrix  P and availability matrix  P  BESS3 is selected to 

provide additional active power. Figure 4-8(d) illustrates the resulting 

coordination command signal that is sent to BESS3. The effect of this 

can be seen in the difference between the charging power of BESS3 in 

Figure 4-8(b) and (c).  

 Between 12:20—13:30, BESS4 reaches its SoC limit of 90%. As shown 

in Figure 4-8(a), the non-coordinated control is unable to solve the 

voltage problem after 12:20. BESS1-3 do not have visibility of the voltage 

at branch 4, and therefore do not provide sufficient power (see Figure 

4-8(b)), to bring the branch 4 voltage within limits. Conversely, under 

coordinated control, BESS3 is selected to charge based on the updated 

operational matrix,  P in response to BESS4 being unavailable. Since 

the required active power from BESS3 is beyond its rated power limits, 

BESS1 is also selected based upon,  P  to provide additional active 

power for branch 4 as shown in Figure 4-8(c). The coordination 

command signal from the operational matrix,  P for BESS1 is shown in 

Figure 4-8(e).  

Figure 4-9 illustrates the active power and SoC of BESS4 operating under 

coordinated control over a whole day. The energy storage reaches its SoC limit 

at 12:20. Due to the high charge rate, experiments have shown that to limit the 

voltage rise without coordinated support from the other units would require an 

energy capacity of 60 kWh in this case (compared to 50 kWh energy capacity in 

the case study).  
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(a)  

(b)  

(c)  

(d)  

(e)  

Figure 4-8: Performance between 11:30 and 14:00, detailing (a) average voltages at branch 4 under 
coordinated and non-coordinated control, (b) active power imported to BESSs under non-

coordinated control, (c) active power imported to BESSs under coordinated control, (d) 
coordinated control signal to BESS3 from branch 4 and (e) coordinated control signal to BESS1 

from branch 4. 
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Figure 4-9: Active power charged and discharged from BESS4 with its SoC during one whole day 

As shown in Figure 4-9 for BESS4, the unit is allowed to discharge overnight; 

this is true of all the BESSs. This increases the voltage within the network, and 

the power output is set to not cause voltage rise beyond the regulatory limits. It 

is noted that the BESS could be beneficial if the anticipated future increases in 

adoption of electric vehicles and heat pumps also cause voltage issues. After 

charging from PV the BESS can be used to prevent voltage drop by discharging 

during periods of higher loading. 

4.2 Asset Management  

Assessment of the asset management strategy has been performed by 

implementing the aging model described in section 2.2 Chapter 4 in a 

MATLAB/OpenDSS model. This is the collaborative and comparative work that 

was performed to investigate the benefits of the aging model over a ten year 

period. The performance of this model is compared to a baseline case with no 

aging model in the coordinated scheme. If successful, it should more evenly 

age the BESS units and preferably prevent all of the BESSs from exceeding 

their cycle life before their calendar life is reached. 

Figure 4-10 shows the deterioration of the BESSs over a 10 year period under 

the coordinated control scheme without an aging model implemented (i.e. L = 

I). The BESSs reduce in cycle life over the study period as they are charged to 

manage voltage. The deterioration is much worse (the graph steeper) during the 

summer months when higher PV output leads to more severe overvoltage. 
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Without the aging model implemented, BESS3 and BESS4 reach the end of the 

cycle life before the 5 year calendar life is reached. This is because they have a 

higher VSF than BESS1 and BESS2 relative to where the voltage problem 

occurs, and are therefore always preferentially selected by the operational 

matrix M. As a result of this, BESS3 and BESS4 need replacing before their 

calendar life is reached, which increases the overall replacement costs to the 

storage operator (Table 4-3). The steepness of the curve of BESS1 contrasts 

with that of BESS4 which is much shallower due to it being used much less. 

BESS1 and BESS2 are replaced at the end of their calendar life, but still have 

cycle life remaining as they are selected less frequently by the operational 

matrix. In the base case simulations, six maintenance visits to the network are 

required, during which the batteries are replaced. 

 

Figure 4-10: Remaining cycle life of each BESS without the aging model being implemented in the 
coordinated controller 

 

Figure 4-11: Remaining cycle life of each BESS with the aging model implemented in the 
coordinated controller 
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Figure 4-11 shows the deterioration of the battery with the aging model 

implemented. As stated previously, BESS4 is used more frequently in year one 

as overvoltage occurs most frequently at this location in the LV network due to 

the configuration of PV, loads and cables and due to the generation and 

demand profiles used in this modelling. However, as BESS4 ages, the 

coordinated controller with the aging model begins to use BESS3, BESS2 then 

BESS1 more frequently. Due to their lower VSF, BESS1-3 consume more 

power i.e. the average gradient of the aging graph in Figure 4-10 is steeper. 

There is more even use of the BESS assets and it can be seen that all of the 

BESSs are replaced only when the calendar life is reached. BESS4 is still 

needed towards the end of its calendar life, but to a smaller degree than 

previously as other units are now preferentially selected. 

Table 4-3: Cost of ownership with and without aging model 

Parameter No aging 
model 

Aging 
model 

Benefit 

BESS capacity cost 
[£/kWh] 

£220 N/A 

BESS power cost [£/kW] £267 

Capital cost of each 
BESS 

£17,675 

Discount rate 6% 

Replacement cost £95,799 £92,310 £3,489 

Maintenance visits per 
decade 

6 2 4 

Table 4-4: Summary of losses with and without aging model with 75% efficient BESSs [180]and a 
loss incentive of £60/MWh[189]  

Scenario No aging 
model 

Aging 
model 

Differenc
e 

BESS charging energy [kWh] 175,000 178,000 -3,000 

Conversion losses for 75% round 
trip BESS efficiency [kWh] 

43,750 44,500 -750 

Cost of losses under UK 
regulation 

£2,625 £2,670 -£45 

The aging model has financial benefits by deferring the replacement of BESS3 

and BESS4. It can be seen in Table 4-3 based on capacity cost of £220/kWh 

that deferring the replacement of BESS3 and BESS4 saves the network 

operator £3,489. Furthermore, two maintenance visits to the network to replace 
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batteries are required in comparison to the six visits needed without the aging 

model which represents further cost saving to the network operator. 

Although the aging model reduces replacement costs, it does increase the 

overall charging energy because it more frequently nominates BESSs which 

have a lower VSF relative to the location of the voltage problem. This increases 

the total conversion losses in the BESSs. As shown in Table 4-4, the aging 

model causes an additional 750 kWh of loss over ten years which costs the 

network operator an extra £45 under the UK loss mechanism (£60/MWh [189]). 

This cost is small compared to the financial saving that the network operator 

gains from deferring the replacement of BESS3 and BESS4 which amounts to 

£3,489 under the model in this study.  

5 Discussion  

The method applied in this work has been shown to be effective in preventing 

overvoltage in a real LV network that is modelled with a large amount of PV. 

Non-coordinated and coordinated control methods have been implemented and 

tested for their ability to prevent overvoltage. The non-coordinated control 

method works in isolation, using a local voltage measurement and decentralised 

controller to determine BESS power set-points. By introducing a centralised 

control unit, the coordinated control also considers the additional factors of 

BESS aging and SoC to determine which BESS to use and the power set-

points. The coordinated approach is shown to require smaller power and energy 

ratings for the BESS at the network location with the most severe voltage 

deviations. This results in a lower capital and operating cost in energy storage 

systems for the storage operator, as can be seen in Table 4-3 and Table 4-4. 

Additional costs from implementing a coordinated controller need to be 

considered to determine the feasibility of a coordinated control project. 

The distance between each BESS has a strong influence on the ability of the 

units to support each other. The closer they are to each other, the greater the 

ability to support when one unit has failed or reached energy/power limits. 

However, it may not always be feasible to locate storage unit to close to each 

other for example due to space constraints or the need to provide support to 

different parts of an LV network.  
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The coordinated control strategy comprises both centralised and decentralised 

controllers and it is highly dependent on central communication and local 

measurement systems. In the event of communication failure each unit can 

operate independently by reverting to non-coordinated control with local 

measurements. In this eventuality the decentralised controllers at each BESS 

are not aware of the wider network conditions and so may not be able to solve 

the most extreme voltage problems on the network. 

Because the coordinated control approach allows for cooperative operation, if 

one of the BESS units fails, other BESS units will automatically be called to 

improve the voltage at the location of the failed unit. In the case of non-

coordinated control, such mitigating measures are not possible.  

The decentralised controllers are governed by voltage threshold values that, 

when combined with voltage sensitivity factors, cause power exchange to adjust 

up and down. The choice of voltage threshold values is influenced by the 

network operator‘s over- and under-voltage tolerance and the ramp rate of 

changes in solar irradiance. This analysis uses conservative parameters for 

voltage upper, middle and lower thresholds. However, these values could be 

tuned to reduce the BESS import and export of both active and reactive power. 

As the threshold values are narrowed there is a trade-off between the power 

and energy requirement and the risk of overvoltage.  

As further PV systems are added to the network, the location and severity of the 

voltage excursions may change. By having several BESS operating with a 

coordinated control strategy, there is a greater potential for this method to adapt 

to the changing network conditions. In response to the measured voltages 

across the network, the controller will call on different combinations of BESS to 

support the voltage. Although the capacity of BESS4 could be increased to 

remove overvoltage, this investigation has considered a method that uses 

multiple units with a coordinated controller. By doing so, the proposed storage 

can adapt to changing generation/demand profile and has a level of robustness 

to failure of a single BESS i.e. if BESS4 were to fail, there is significant 

robustness to be able to solve most overvoltage using the other BESS units in 

this LV network. The tools provided by this work will enable a thorough 

investigation of the relationship between the number of units, their location in 
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the network and the resulting robustness as network conditions change with 

time. The decision to use identically sized BESS units is not necessarily the 

most effective choice, and this work could be extended by removing this 

constraint. 

The LV secondary transformer fixed tap position was set to prevent under-

voltage, in line with the usual practice of network operators. Since voltage 

deviations were a result of PV generation in these trials, only overvoltage was 

experienced. However, the coordinated control method can also be adapted to 

solve under-voltage, occurring under peak load conditions. This might be 

necessary if electric vehicles and heat pumps are installed, increasing the peak 

demands on the LV network.  

Although the control method employed has been demonstrated using a UK LV 

network, it is inherently applicable to other LV networks. 

6 Summary and Conclusion  

In this chapter, a scheme for controlling multiple BESSs in an LV network is 

proposed and it has established in published work. This scheme coordinates 

the power and energy import and export of the BESSs to solve voltage rise 

caused by PV generation. A real LV network with measured load profiles and 

solar irradiance has been used as a case study.  

The proposed coordinated control method has been verified using a 24 hour 

high-resolution implementation in RTDS and a 10 year low-resolution 

implementation in MATLAB. The main advantages of the coordinated control 

scheme for multiple BESS are as follows: 

 By sharing power and energy between the BESSs, the scheme is able to 

solve real-time voltage problems that cannot be solved with 

independently controlled BESSs with the same power and energy 

capacity. 

 The rated power and energy of BESS units at the locations with most 

severe requirements has been reduced, hence the largest unit is smaller 

when compared with a unit in the same location with non-coordinated 

control.  
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 The even sizing of the BESS units offers advantages in maintenance and 

economy of scale in manufacturing.  

 There is greater potential for this proposed method to adapt to changes 

in location of extra PV generation, albeit to the limit where extra capacity 

would then be required. This is not the case with a non-coordinated 

control.  

 The addition of an aging model more evenly utilises the BESSs and 

consequently reduces the cost of battery replacements for the storage 

operator, both in terms of battery replacement and maintenance 

requirements.  

The proposed coordinated control can also be adapted for other operational 

aims, such as peak load shaving and undervoltage.  

The storage decentralised controller in this work considers VSF to determine 

the energy storage import and export of both active and reactive power. Such 

decision is positive for steady state analysis based real time simulation. 

However, it may be negative for the network during small disturbance as the 

network operating condition changes [162]. Under such conditions, the 

Jacobian matrix has to be recalculated so that the new VSF can be obtained. 

However, online recalculation of the VSF matrix is problematic in distribution 

networks, where the level of on-line information available is much less than that 

at the transmission level [162], and this is why the decentralised controllers in 

this work are governed by voltage threshold values. 

To get a better performance of energy storage for voltage support, a systematic 

approach for a small signal linearized model of the energy storage, the PV 

generator, and a LV network will be presented in Chapter 5. The overall system 

is represented in differential equation form. A detailed eigenvalue analysis will 

be carried out to investigate the network dynamic behaviour, select appropriate 

voltage feedback control parameters of the energy storage that can be able to 

cope with the PV fluctuation, and analyse system dynamics subsequent to 

internal and external disturbances.  
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Chapter 5: Small signal stability analysis of energy storage for 

voltage support based the LV distribution network 

1 Introduction 

Flexible and fast control of energy storage active and reactive power is an 

important requirement for voltage support in the distribution network. The 

storage employs a voltage source converter to connect with the utility grid. The 

voltage source converter, supported by a fast and proper selected control 

strategy, can enhance stability of the distribution network. This can be achieved 

by dynamically adjusting its instantaneous active and reactive power flows. 

Thus, it can enhance voltage quality that is reduced by fluctuating solar 

irradiance, and it can also minimize the risk of instability if appropriate control 

parameters are selected. However, if inappropriate control parameters from 

these installed energy storage systems are applied, the LV distribution network 

may experience oscillatory responses that can result in system instability. To 

get a better performance from energy storage for voltage support, small signal 

stability analysis is employed to linearize the nonlinear case study network at an 

equilibrium point under small disturbance.   

In conventional power systems, the small signal stability often refers to small 

disturbance rotor angle stability, and it is an ability of the power system to 

maintain stability if it is subjected to small disturbances [190]. This means that a 

disturbance is considered to be sufficiently small when the linearized system 

around the operating point can characterise dynamics of the original system 

under such small disturbances [190][191] and [192]. In a conventional power 

system, the small signal instability can result from lack of synchronising torque 

[191]. This leads to increasing rotor angle through aperiodic mode. In addition, 

the small signal instability can also result from lack of damping torque [191]. 

Under such condition, the oscillatory instability modes is happened [191]. In 

addition, small signal instability can be classified as local or inter-area mode 

oscillations. The local oscillation mode is related to a single generator against 

the rest of power system, and it is affected by power plant and poorly tuned 

control parameters from excitation control systems [190]. For example, the high 

gain excitation control of a synchronous generator can improve transient 
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stability but result in small signal stability issues [192]. The inter-area oscillation 

means generators in the same area can oscillate against generators in the 

neighbouring area. It is caused by several complex reasons, such as large 

power transfers through weak ties between interconnected areas [190][191] 

[192]. In micro-grids, it has been reported that the majority of oscillatory small 

signal instability is related to DGs controllers and their associated control 

gains [93][150]. For instance, the high power controller droop gains can lead to 

an unstable system [93][150]. The small signal instability can be directly 

associated to system eigenvalues analysis [192]. If the eigenvalue is positive 

and real, there is an aperiodic instability. On the other hand, if the eigenvalue is 

complex and positive, there is an oscillatory instability. As energy storage will be 

important for solving several technical issues arising from large connected PV 

generators in future LV networks, the energy storage control system parameters 

should be properly designed by reducing overshoot with fast response time and 

without causing stability issues.  

In this chapter, a detailed eigenvalue analysis is carried out to identify the 

trajectory of the eigenvalues in regard to the settings of voltage feedback 

controllers of energy storage. A sensitivity analysis is also performed. The 

eigenvalue analysis is examined by MATLAB and is varied through the time 

domain simulation using MATLAB/Simpower.  

The objectives of this chapter are included by 

 Introducing the detailed operation of the energy storage control 

techniques for voltage support under state space model  

 Presenting a systematic approach to develop small signal model of a LV 

distribution network that includes an energy storage system and one PV 

generator. The objective of this model is used for eigenvalue analysis.  

 Employing small signal model to select appropriate control parameters 

 Demonstrating that the fast control action of electronically interfaced 

energy storage can be exploited to improve voltage profile.  

2 Small signal stability of the dynamic system  

The advantage of employing small signal analysis is that the system studies can 

be performed online closed to real time [193]. The behaviour of dynamic system 
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can be described as a set of n first order nonlinear ordinary differential 

equations (ODE). The linearized model is represented in state space form 

based on these set of first order nonlinear ODE as seen by equations 5.1 and 

5.2 [194].  

  ̇             (5.1) 

               (5.2) 

Where    is the state vector,    is the output vector, and    is the input vector. 

The coefficient   is the state matrix and   is the input matrix,   is the output 

matrix and the forward matrix is   [194]. The matrix   is important for the small 

signal stability evaluation, since it reveals whether the system is stable. The 

analytical solution to equation (5.1) can be seen from equation (5.3) [192], if 

eigenvalues of matrix   is negative, the term     is exponential decay. This 

means the system is stable. However, if eigenvalues of A is positive, the term 

    is exponential growth. This means the system is unstable. As such, the 

stability of the system is fully dependent on the property of the matrix A.  

   -

0

  ( ) 0 ( )

t
A tAtx t e x e Bu d


     

(5.3) 

The eigenvalue of the   determines the stability characteristic of a system and it 

has to satisfy as (5.4) [194] [193],  

        (5.4) 

To find eigenvalues  , the equation (5.4) is written as  

             (5.5) 

Therefore, for the non-trivial solution, the equation (5.5) can be rewritten as  

               (5.6) 

The eigenvalues   can be real or complex. Complex eigenvalues are always 

conjugate pairs. The eigenvalue corresponds to the time dependent 

characteristic of a mode that is given by    . Therefore, the real part of 

eigenvalue corresponds to the non-oscillatory mode, whereas the imaginary 

part of the eigenvalue is responsible for the frequency of oscillation. An 

eigenvalue can be described as a general complex form  
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          (5.6) 

The frequency of oscillation is defined as  

    
 

  
 (5.7) 

The damping ratio is given by  

    
  

√     
 

(5.8) 

The damping ratio   determines the rate of decay of the amplitude of the 

oscillation [194].  

3 Description of Case Study Network  

The case study network is firstly introduced, in order to represent small signal 

state space model of the network. This case study network is simplified based 

on the real LV distribution network operated by ENWL as described in Chapter 

one (see Figure 1-4). It is impractical to model the completed LV distribution 

network with PV generators and energy storage systems. This is due to 

increased system order associated with the computational and time constraints 

[192].  

 

Figure 5-1: Single line diagram of the case study LV distribution network under consideration  

Figure 5-1 illustrates the single line diagram of the simplified case study LV 

distribution network under consideration. Line impedances and static loads are 

assumed and represented by series-connected RL branches. The network 

includes the detailed control system models of one storage system and one PV 

generator that are connected with PCC2. The simplified system parameters are 

given by Chapter 5, section 5 and listed in Table 5-1 as the steady state 

operating points for eigenvalue analysis.  
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4 Formulation of state space model  

Formulation of the state space model is an important step for power system 

small signal stability analysis [192]. The wrong results may be obtained by using 

too simple a model. However, extremely detailed models are complex to 

understand, and it may contain unnecessary information for the analysis [192].  

The dynamic modelling of a power system can be formed based on object 

oriented approach [192] [195]. This approach is easy to understand, and it 

clearly represents relationships between the block of the case study network, 

generators and controls [192] [195]. Figure 5-2 illustrates the process of small 

signal analysis based on object oriented method [192]. Firstly, each subsystem 

model is constructed. These subsystems in this thesis include controllers from 

the energy storage, controllers from the PV generator, and the model of the LV 

distribution network that contains line impedances and loads. Once the state 

space model of each subsystem based on their local dq reference frame is 

constructed, these subsystems are then shifted to a global model based on 

global DQ rotating reference frame. The dq transformation is introduced by 

[196], it aims to reduce the balanced AC three phase circuits quantities to two 

DC quantities. This enables both active/reactive components of AC output 

power to be mutually independently controlled. The global DQ rotating 

reference frame uses the transformation method as illustrated in Figure 5-3 and 

defined in the equation (5.9) and (5.10) [197][198]. In Figure 5-3, the D-Q axis 

represents as the global reference frame with its rotating angular frequency of 

  . The d1-q1 and d2-q2 axis denotes the local reference frame as the PV 

generator and the energy storage with their rotating angular frequency of     

and    .  

In equation (5.9) and (5.10),    is defined as the angle between the D axis of the 

global reference frame and d axis of the n-th subsystem reference frame, such 

as     and     [197]. The linearized form of (5.9) at an operating point is given 

by equation (5.11) [197] [198], 
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Figure 5-2: The process of small signal analysis based on object oriented approach [192] 

 

Figure 5-3: Global and local rotating reference frames of the case study network  

1. Creating state space models of each 

subsystem 

2. Forming a global system by connecting 

each subsystem 

3. Calculation of the initial operating points 

by means of load flow analysis
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damping of the oscillatory terms under 

different operating points
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system stability and system parameters, such 

as gains of the controllers
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[ ] [ ][ ]DQ i dqf T f  (5.9) 

cos sin

sin cos

n n
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(5.10) 

 
cos sin

sin cos

gog o o n
dq n n q

ngog o o n
qd n n d

ff f

ff f

 


 

       
        

           

 
(5.11) 

where ―o‖ represents for steady state operating points. The term [   
  

  
 

  
]
 
in 

(5.11) represents the linearized voltage or current components in global 

reference rotating frame. The term [   
  

  
 

  
]
 
is the linearized form of voltage 

or current components in their local rotating reference frame, and the term 

[   
       

   
]
 
is the steady state operating point values of  voltage or current 

components in their local rotating reference frame. 

As depicted in Figure 5-2, once the state space model of the case study system 

is constructed, eigenvalues can be identified according to system steady state 

initial operating conditions which are evaluated by means of load flow analysis. 

The eigenvalues are used to indicate the damping of the oscillatory terms under 

different operating conditions. Finally, a further investigation can be carried out 

based on sensitivity analysis by tracking eigenvalue loci under certain operating 

conditions. This aims to investigate the relationship between system stability 

and system control parameters, such as gains from energy storage controllers. 

Figure 5-4 illustrates the block representation of system model that contains 

control systems from a storage system and the PV generator. The complete 

system includes three subsystems that are namely; 1) energy storage and its 

voltage regulation controllers, 2) PV generator and its power controller, 3) LV 

distribution network containing loads and line impedances. To perform 

eigenvalue analysis, the nonlinear system ODEs is firstly linearized. These 

linear quantities are represented by the prefix   . Then, the state space 

representation of these linearized ODEs is transformed to the global DQ 

reference frame. All three subsystems are finally combined according to their 

outputs and inputs as depicted in Figure 5-4 [157]. In this thesis, both the PV 

generator and the energy storage are modelled in the averaged representation. 

This means that switching devices, such as IGBT, in voltage source converters 
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are represented by equivalent controlled voltage source. The average model 

can adequately represent dynamics of the network without considering 

harmonics generated by converter [199]. For example, the energy storage 

voltage feedback controllers‘ dynamics are preserved. Simulations have 

illustrated that in such situation, high-order harmonics are not presented [199]. 

Modelling of the energy storage and the PV generator used in this chapter are 

tested and experimentally validated by several research articles [65], [92], [200] 

and [201]. As indicated by both  [65] and [201], the simpler PV generator model 

has been suggested for small signal stability analysis. Thus, the PV generator 

presented in this chapter is considered as a power generator with its active 

power controller without consideration of dynamic performances of the PV 

array. In the meantime, energy storage modelling is presented as shown in [92]. 

However, the control strategy of the energy storage modelling in [92] have been 

modified for meeting the voltage support requirements.   

 

Figure 5-4: Block diagram of small signal model of the case study network 
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4.1 Small signal model of the energy storage converter model and its 

control systems  

4.1.1 Converter model 

The energy storage composed of converter and control systems to connect with 

the utility grid. Its dynamic model of the AC side power circuit of the storage can 

be described as equation (5.12) and can be seen as Figure 5-5. 

 

Figure 5-5: Three phase equivalent circuit of VSC AC side 

Transforming equation (5.12) to d-q reference frame and rotating at its local 

frequency      are shown in equations (5.13) and (5.14).  

1
( )GBS GBS GBS GBS SSBS

q q SBS q q qBS

SBS SBS

Rd
i i i v v

dt L L
      

(5.13) 

1
( )GBS GBS GBS GBS SSBS

d d SBS q d dBS

SBS SBS

Rd
i i i v v

dt L L
      

(5.14) 

Where    
   ,      

 ,    
   , are the dq (    ) axis components of the converter 

current, voltages, and bus voltages respectively. According to (5.13) and (5.14), 

the current components    
    are coupled by the         

    terms. These 

coupling terms can be removed by introducing new variables      
  as defined by  

' ( )GBS GBS S

qBS SBS SBS q q qBSv L i v v     (5.15) 

' ( )GBS GBS S

dBS SBS SBS d d dBSv L i v v    (5.16) 

Accordingly, equation (5.13) and (5.14) are revised as  

DC/AC 

VSC

RSBS LSBS

GBS GBS GBS

c b av v v

S

aBSv

S

bBSv

S

cBSv

GBS

ai

GBS

bi

GBS

ci

S GBS GBS GBS

abcBS SBS abc SBS abc abc

d
v R i L i v

dt
     

(5.12) 
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'1GBS GBSSBS
q q qBS

SBS SBS

Rd
i i v

dt L L
    

(5.17) 

'1GBS GBSSBS
d d dBS

SBS SBS

Rd
i i v

dt L L
    

(5.18) 

Equations (5.17) and (5.18) describe decoupled     
   currents. The matrix 

representation of equations (5.17) and (5.18) are  

'

GBS GBS GBS GBS BSx A x E v   (5.19) 

'

'

0 0

0 0

SBS b b

GBS
GBS

SBS SBSq qBS
q

GBS
GBS

SBS b bd dBS
d

SBS SBS

R

X Xi vi

R i vi
X X

 

 



   
        

         
             
   

 

(5.20) 

Since the dynamic equations (5.17) and (5.18) are modelled based on their own 

load dq rotating axis reference, the final form of equations (5.17) and (5.18) 

need to be obtained by transferring the term to global DQ rotating reference 

frame through equation (5.11) [197].  Therefore, the term      at the global DQ 

reference is given by (5.21) 

 
cos sin

sin cos

oGBSg o o GBS
dqGBS BS BS q

BSoGBSg o o GBS
qdGBS BS BS d

ii i

ii i

 


 

       
        

           

 
(5.21) 

Linearizing equation (5.20) and substituting the term      from equation (5.21), 

thus 

1 'g g o o

GBS BS GBS BS GBS BS GBS BS BS GBS BS BS BS BS BSx T A T x T E v T A i T i  
 

          
(5.22) 

The ‗o‘ describes the system equilibrium point. The term      is the angle from 

the energy storage local reference rotating frame, and it is obtained as  

sinGBS GBS

q BSv v   (5.23) 

cosGBS GBS

d BSv v   (5.24) 

1tan ( )

GBS

q

BS GBS

d

v

v
   

(5.25) 

The linearized form of (5.25) is written as  
GBS GBS

BS qBS q dBS dm v m v      (5.26) 

Terms       is represented as  

2 2( ) ( )

oGBS

d
qBS oGBS oGBS

d q

v
m

v v



 

2 2( ) ( )

oGBS

q

dBS oGBS oGBS

d q

v
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v v
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In addition, the term   ̇   from equation (5.22) is the deviation in the rotational 

frequency of the storage local rotating reference frame that is described as term 

     . Accordingly, the equation (5.22) can be transformed as (5.27) 

1 'g g BS o GBS o

GBS BS GBS BS GBS BS GBS BS GBS BS qdBS BS BS SBSx T A T x T E v T A i M v T i  


          
(5.27) 

It is revised as compact form  

' 'g g g v BS v GBS

GBS GBS GBS GBS GBS GBS SBSx A x B v B v B 


          
(5.28) 

1g

GBS BS GBS BSA T A T  , 'v

GBS BS GBSB T E , v o

GBS BS GBS BS qdBSB T A i M , o

GBS BS BSB T i

   

4.1.2 Control system state space representation  

Phase locked loop  

The phase locked loop is used to recognise the frequency of the bus voltage 

waveform from synchronising of the converter. The mathematical form of phase 

locked loop for energy storage is described as (5.29) and its linearized state 

space model is derived as (5.30) [92][197],  

( )( )i BS
SBS pllBS p BS refBS BS

K
K K

s


      

(5.29) 

GBS GBS

SBS pllBS p BS SBS pllBS i BS qBS q pllBS i BS dBS dK K K K m v K K m v   


         (5.30) 

The term        is the amplitude of the input signal, and             are both the 

PI controller parameters for the phase locked loop.  

Voltage regulation controller for dq axis representation  

The voltage regulation controller set the d axis current references             for 

the inner d current control loop as seen in Figure 5-4. The rms value of the 

storage bus voltage,       
   , is the input to the voltage regulation control loop. 

This is acquired by measuring the storage bus voltage dq components,     
    

and     
   . These two quantities are filtered by a low pass filter to reduce the 

high frequency distortion components. The error of the reference voltage         

and       
    is fed to a PI controller to generate the desired current reference 

           .  
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Figure 5-6: Voltage regulation control loop for d axis 

The mathematical representation of the      
    based on its local dq rotating axis 

components is expressed as (5.31),  

2 2 2

' '( ) ( ) ( )GBS GBS GBS

rms d qv v v   (5.31) 

The linearized form of equation (5.31) is shown in (5.32) 

' '

oGBSoGBS
qGBS GBS GBSd

rms d qoGBS oGBS

rms rms

vv
v v v

v v
      

(5.32) 

The filter value of     
    and     

    from equation (5.32) is derived from  

' '

1 1GBS GBS GBS

d d d

v v

v v v
T T



      
(5.33) 

' '

1 1GBS GBS GBS

q q q

v v

v v v
T T



      
(5.34) 

where    is the defined time constant.  

According to Figure 5-6, the dynamic model of voltage regulation control loop 

for d axis is represented as (5.35) and (5.36) 

GBS

idBS refBS rmsi V v


   
(5.35) 

( ) ( )GBS

dBS idBS idBS pdBS refBS rmsi ref K i K V v    (5.36) 

where both       and       are the proportional and integral gain for the PI 

controller.  The linearized form of (5.35) is obtained by substituting the (5.32) 

into (5.35), therefore,  

' '

oGBSoGBS
qGBS GBSd

idBS refBS d qoGBS oGBS

rms rms

vv
i V v v

v v



        
(5.37) 

In addition, the linearized form of (5.36) is expressed as (5.38)  

1/s idBSK

pdBSK






refBSV

GBS
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idBSi

( )dBSi ref
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' '( )

oGBSoGBS
qGBS GBSd

dBS idBS idBS pdBS refBS pdBS d pdBS qoGBS oGBS

rms rms

vv
i ref K i K V K v K v

v v
          

(5.38) 

The inner current controller generates the reference voltage      
  that is the 

input for the physical part of converter control model as indicated in Figure 5-7. 

The mathematical modelling presentation is formed as (5.39) and (5.40) 

'( ) GBS

idBS dBS dv i ref i


   
(5.39) 

'

'( ( ) )GBS

dBS iidBS idBS pidPV dBS dv K v K i ref i    (5.40) 

Where        and        are the integral and proportional gain for inner current 

control loop in d axis, the linearized form of (5.39), and (5.40) are presented as 

(5.41) and (5.42) 

' ' '

oGBSoGBS
qGBS GBS GBSd

idBS idBS idBS pdBS refBS pdBS d pdBS q doGBS oGBS

rms rms

vv
v K i K V K v K v i

v v



          

 

(5.41) 

'

'( ( ) )GBS

dBS iidBS idBS pidBS dBS dv K v K i ref i        (5.42) 

The term    
    is the filtered current and it is presented as (5.42) 

' '

1 1GBS GBS GBS

d d d

i i

i i i
T T



      
(5.43) 

 

Figure 5-7: d axis Inner current control loop  

In this thesis, the reactive power is also considered for voltage regulation. 

Similarly, the voltage regulation controller set the q axis current reference as 

            for the inner q current control loop. The linearized original differential 

equations for voltage regulation controller for q axis are represented as (5.44) 

and (5.45) 
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' '

oGBSoGBS
qGBS GBSd

iqBS refBS d qoGBS oGBS
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(5.44) 

' ' '
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qGBS GBS GBSd

iqBS iqBS iqBS pqBS refBS pqBS d pqBS q qoGBS oGBS
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vv
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(5.45) 

where both       and       are the proportional and integral gain for q axis 

voltage regulation controller. The equation for output voltage before converter is  

'

'( ( ) )GBS

qBS iiqBS iqBS piqPV qBS qv K v K i ref i    (5.46) 

Where        and        are the integral and proportional gain for q axis inner 

current control loop, and the term, 

' '

1 1GBS GBS GBS

q q q

i i

i i i
T T



      
(5.47) 

The output reference current from voltage regulation controller for q axis is 

linearized and described as equation (5.48), 

' '( )

oGBSoGBS
qGBS GBSd

qBS iqBS iqBS pqBS refBS pqBS d pdBS qoGBS oGBS

rms rms

vv
i ref K i K V K v K v

v v
          

(5.48) 

In addition, the equation (5.46) is linearized as (5.49) 

'

'( ( ) )GBS

qBS iiqBS iqBS piqBS qBS qv K v K i ref i        (5.49) 

Linearized ODEs (5.33), (5.34), (5.37), (5.41), (5.44) and (5.45) are the basis for 

building the state space model voltage regulation control loop for dq axis.  

In addition, the filtered voltage from converter is obtained by equations (5.50) 

and (5.51),  

' '

1 1s s s

qBS qBS qBS

v v

v v v
T T



      
(5.50) 

' '

1 1s s s

dBS dBS dBS

v v

v v v
T T



      
(5.51) 

State space model of the energy storage control system 

According to discussion above, a set of state variables representing the 

linearized model of the control system of the energy storage is defined as follow 

'

GBS

dv  and '

GBS

qv  are the filtered values of PCC2 bus voltages   

'

s

dBSv and '

s

qBSv  are the filtered values of storage converter output voltages  
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'

GBS

di and '

GBS

qi  are the filtered values of storage converter current  

idBSv and 
iqBSv  are the states of PI controller for storage inner current control 

loop   

idBSi and 
iqBSi  are the states of PI controller for voltage control loop   

SBS  is the frequency of the d and q reference frame for storage 
local bus 

The linearized state space model of storage control is expressed as  

v GBS vBS sBS u

cBS cBS cBS GBS GBS GBS GBS GBSx A x C x C v C v B u


            
(5.52) 

Where,  

' ' '

' ' '
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T
GBS GBS

GBS q dx i i      

T
GBS GBS GBS

q dv v v       

T
sBS sBS sBS

q dv v v       

T

GBS refBS refBSu V V       

Expanded form of coefficients     ,     ,     
 ,      and     

  from (5.52) are 

shown in Appendix A.1. Considering linearized equations (5.38), (5.42), (5.48), 

and (5.49), the voltage vector before the converter output can be described as 

(5.53) 

'BS v v

cBS cBS uBS GBSv E x E u      (5.53) 
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GBS refBS refBSu V V       

The expanded form of coefficients of (5.53) is shown in Appendix A.1. The dq 

vector of the converter output voltages are expressed as  

' ' 'sBS GBS BS s

cBS GBSv v v E i        (5.54) 

Where  

T
sPV s s

qBS dBSv v v       
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'

' '
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 0 0 0 0 0 0 0 0 0 0 1sBS cBS cBS cBSE x x      

The state space representation of the energy storage control system is 

implemented based on its local dq reference frame. In order to be consistent 

with the state equations of the rest of the system, the voltage vector GBSv and 

state vector of the converter GBSx have to transfer to the global reference frame. 

Therefore,  

1 g oGBS

GBS BS GBS BSx T x i       (5.55) 
1GBS GBS oGBS

BS qd BSv T v v       (5.56) 

Where the term from (5.55) and (5.56) are expressed as below,   

T
GBS GBS GBS

q dv v v       
T

GBS GBS

GBS q dx i i      
T

oGBS oGBS oGBS

d qi i i
     

T
oGBS oGBS oGBS

d qv v v
     GBS GBS

BS qBS q dBS dm v m v      

According to equations (5.55) and (5.56), the state space representation of 

storage control system is transformed to (5.57),  

x g g GBS vBS sBS u

cBS cBS cBS GBS GBS GBS qd GBS GBSx A x C x C v C v B u


            
(5.57) 

Where: 1x

GBS GBS BSC C T  , 1g v oGBS v oGBS

GBS GBS BS GBS qdBS GBS qdBSC C T C i M C v M 

     

' 'sBS v GBS BS s

GBS cBS GBSv E v v E i        (5.58) 

Where: 1v oGBS

GBS BS qdBSE T v M

    

4.2 State space model of the PV generator  

Constructing of state space model of the PV generator is similar to the storage 

as previous discussed. As such, the converter model of PV generator is 

expressed as below 

'

GPV GPV GPV GPV PVx A x E v   (5.59) 
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' 'g g g v PV v GPV

GPV GPV GPV GPV GPV GPV SPVx A x B v B v B 


          
(5.60) 

Where  

g

GPVA = 1

PV GPV PVT A T  , 'v

GPV PV GPVB T E , v o

GPV PV GPV PV qdPVB T A i M , o

GPV PV PVB T i

   (5.61) 

Expanded form of coefficients from (5.59) and (5.60) is presented in Appendix 

A.1 

The control system of PV generator is expressed as  

v GPV vPV sPV u

cPV cPV cPV GPV GPV GPV GPV GPVx A x C x C v C v B u


            
(5.62) 

Where 

' ' '

' ' '

..............
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GPV GPV s

q d qPV T

cPV s GPV GPV

dPV iqPV idPV q d iqPV idPV SPV

v v v
x

v i i i i v v 

  
 

       
 

T
GPV GPV

GPV q dx i i      

T
GPV GPV GPV

q dv v v       

T
sPV sPV sPV

q dv v v       

 
T

GPV PV PVu P Q     

The d axis of the PV generator is considered as an active power controller, and 

the reactive power input from PV generator is assumed as 0.PVQ  The 

expanded form of coefficients from state space equation (5.62) is expressed in 

Appendix A.1. Similarly, the voltage vector before the PV converter output can 

be described as  

'PV v v

cPV cPV uPV GPVv E x E u      (5.63) 

Where  

'

'

'

PV qPV

dPV

v
v

v
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GPV GPV s

q d qPV T

cPV s GPV GPV

dPV iqPV idPV q d iqPV idPV SPV

v v v
x

v i i i i v v 

  
 

       
 

T

GPV ref refu P Q       

The expanded form of coefficients of (5.63) is shown in Appendix A.1, and the 

dq vector of the converter output voltages are expressed as  

' ' 'sPV GPV PV s

cPV GPVv v v E i        (5.64) 
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The expanded form of (5.64) is  

T
sPV s s

qPV dPVv v v       

'

' '

T
GPV GPV GPV

q dv v v       

'

'

'

PV qPV
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v

 
   

 

 

0

0

e sPV
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X
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X
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iq

GPV cPV cPV cPVGPV

d

i
i E x x

i

   
        

   

 

 0 0 0 0 0 0 0 0 0 0 1sPV cPV cPV cPVE x x      

Again, equations (5.62) and (5.64) at global reference frame is described as  

x g g GPV vPV sPV u

cPV cPV cPV GPV GPV GPV qd GPV GBSx A x C x C v C v B u


            
(5.65) 

Where: 1x

GPV GPV PVC C T  , 1g v oGPV v oGPV

GPV GPV PV GPV qdPV GPV qdPVC C T C i M C v M 

     

' 'sPV v GPV PV s

GPV cPV GPVv E v v E i        (5.66) 

Where: 1v oGPV

GPV PV qdPVE T v M

    

4.3 Small Signal Dynamic Model of Case Study Network  

 

Figure 5-8: Equivalent case study network  

The case study network is represented as a dynamic system. Therefore, it is 

modelled by differential equations rather than algebraic equations [157]. 

According to Figure 5-8, the linearized network differential equations without the 

PV and storage can be described as  

N N N Nx A x B u


      
(5.67) 

Where   
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1 1 2 2 3 3 4 4
T

L L L L L L L L

N q d q d q d q dx i i i i i i i i             

2 2

1 1 2 2 0 0
T

G G

sq sq q d q du v v v v v v           

Expanded form of coefficients of    and    are introduced in Appendix A.1. The 

bus voltage    is represented based on KCL and KVL  

4 2L L GBS GPVi i i i    (5.68) 

2

4 2 4 2( ) ( )G

L GBS GPV L GBS GPV

d
v R i i i L i i i

dt
       

(5.69) 

Where both currents      and      are from the storage system and the PV 

generator. It is noted that the storage bus voltage       is equal to the PV bus 

voltage       and equal to the bus voltage      . To be consistent with the 

control and power converter equations discussed above, the bus2 voltage is 

replaced with 2 2 2

2 2

T
G G G

q dv v v       . Therefore, equation (5.67) is rewritten as 

equation (5.70). 

1 2 2v G

N N N N N Nx A x B u B v        (5.70) 

where expanded form of coefficients from (5.70) are shown in Appendix A.1.  

The linearized form of equation (5.68) after transforming to dq reference frame 

is shown in (5.71) and (5.72) 

2 2 2 2

4 4 4 4

4 4 4 4 4

G L L L GBS

q q q e d q

GBS GBS GPV GPV GPV

q e d q q e d

v R i L i L i R i

L i L i R i L i L i



 



 

        

         

 

(5.71) 

2 2 2 2

4 4 4 4

4 4 4 4 4

G L L L GBS

d d d e q d

GBS GBS GPV GPV GPV

d e q d d e q

v R i L i L i R i

L i L i R i L i L i



 



 

        

         

 

(5.72) 

Observing equation (5.71) and (5.72) both terms 
2 2

T
L L

q di i    and 

2 2

T

L L

q di i
  

  
 

are contained in equation (5.69) and both terms 
T

GBS GBS

q di i   

and 
T

GBS GBS

q di i
  

  
 

are included in equation (5.20). In addition, both vectors 
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T
GPV GPV

q di i    and 
T

GPV GPV

q di i
  

  
 

are in equation (5.59). Therefore, equation 

(5.71) and (5.72) can be revised as  

2

21 22 21 22 21 22

G N N NBS NBS NPV NPV

N N GBS GBS GPV GPVv E x E x D x D x D x D x
  

              
(5.73) 

where the expanded form of above equation (5.73) is shown in Appendix A.1.  

4.4 Steady space model of the overall system  

Once the case study network with its impedances and loads, the energy storage, 

and the PV generator are modelled, the completed state space of the overall 

system can be constructed. The state space representation of the system and 

the corresponding input/output vectors are summarised as follow 

Energy storage 

' 'g g g v BS v GBS

GBS GBS GBS GBS GBS GBS SBSx A x B v B v B 


          
(5.28) 

Where: 1g

GBS BS GBS BSA T A T  , 'v

GBS BS GBSB T E , v o

GBS BS GBS BS qdBSB T A i M , 
o

GBS BS BSB T i

   

 

x g g GBS vBS sBS u

cBS cBS cBS GBS GBS GBS qd GBS GBSx A x C x C v C v B u


            
(5.57) 

Where: 1x

GBS GBS BSC C T  , 1g v oGBS v oGBS

GBS GBS BS GBS qdBS GBS qdBSC C T C i M C v M 

     

Vectors of the energy storage output voltage 
'BS v v

cBS cBS uBS GBSv E x E u      (5.53) 
' 'sBS v GBS BS s

GBS cBS GBSv E v v E i        (5.58) 

Where: 1v oGBS

GBS BS qdBSE T v M

    

Supplementary vectors of energy storage  
' i

GBS cBS cBSi E x   sBS cBS cBSE x     

PV generator 

' 'g g g v PV v GPV

GPV GPV GPV GPV GPV GPV SPVx A x B v B v B 


          
(5.60) 

g

GPVA = 1

PV GPV PVT A T  , 'v

GPV PV GPVB T E , v o

GPV PV GPV PV qdPVB T A i M , 
o

GPV PV PVB T i

   

(5.61) 

x g g GPV vPV sPV u

cPV cPV cPV GPV GPV GPV qd GPV GPVx A x C x C v C v B u


            
(5.65) 

Where: 1x

GPV GPV PVC C T  , 1g v oGPV v oGPV

GPV GPV PV GPV qdPV GPV qdPVC C T C i M C v M 

     

Vectors of PV generator output voltage 
'PV v v

cPV cPV uPV GPVv E x E u      (5.63) 
' 'sPV v GPV PV s

GPV cPV GPVv E v v E i        (5.66) 
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Where 1v oGPV

GPV PV qdPVE T v M

    

Supplementary vectors of PV generator  

' i

GPV cPV cPVi E x   , 
sPV cPV cPVE x     

Network  

1 2 2v G

N N N N N Nx A x B u B v        (5.70) 

2

21 22 21 22 21 22

G N N NBS NBS NPV NPV

N N GBS GBS GPV GPVv E x E x D x D x D x D x
  

              
(5.73) 

The total model of the overall system is described based on state space 

equations (5.74) 

g g
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GBScBS cBS

NN N

g g
GPVGPV GPV

cPV cPV

x x

ux x

ux x

ux x

x x



    
   

      
            
       

       

sys sysA B  

(5.74) 

Where the  sys is a 34 34 order matrix and is given by equation (5.75). It is 

important for system small signal stability analysis. The eigenvalues of system 

state matrix  sys are the system transfer function‘s poles. These poles are used 

to determine the system is asymptotically stable or marginally stable.  
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to determine the system is asymptotically stable or marginally stable. 

5 Eigenvalue analysis of the overall system  

In order to assess the small signal stability dynamic performance of the case 

study network, the Matlab software is used to construct system state matrix  sys 

to obtain the system eigenvalues, and the system operating condition is 

attained by using the power flow analysis. The system is evaluated based on 

parameters listed in Table 5-1, and it is assumed to be operating in the nominal  

 

Table 5-1: System operating parameters  

Name Values 

System frequency 50Hz 

LV network voltage (rms L-L) 0.4kV 

Line impedance 1   = 0.164   

    0.00014536 H 

Line impedance 2   = 0.0443   

    0.000057080 H 

Load 1 30kW/6kVAr 

Load 2 10kW/2.5kVAr 

Energy storage filer    = 0.01   

      5e-3 H 

Voltage controller of the storage  p  S= 0.2 

    S= 1050 

 p  S= 0.2 

  q S= 1050 

Current controller of the storage  p   S= 1.86 

     S= 1087.24 

 p   S= 1.86 

   q S= 1087.24 

Power controller of the PV  p PV   0.35 

   PV   190 

 pqPV   0.35 

  qPV   190 

Current controller of the PV  p  PV   1.95 

    PV   807.24 

 p qPV   1.95 

   qPV   807.24 

PLL   pw   5.0 

  w   0.001  
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condition. At the designated operating point, the PV generator operates at 

200kW. The energy storage is operated by using both dq axis voltage regulation 

controllers, and the PCC voltage is regulated as the threshold value of 

1.085p.u. in the case study network. This value has been selected and tuned by 

considering secure of regulated PCC voltage that is consistently below the limit 

of 1.10. 

5.1 Eigenvalue analysis  

Compete eigenvalues of the studied overall system are illustrated in Table 5-2, 

and the dominant cluster of eigenvalues based on their real component (system 

damping) is seen by Figure 5-9. Eigenvalues of the overall system derived from 

the linearized matrix as seen by equation (5.75). There are total 34 eigenvalues 

with all of the real parts being negative. The system eigenvalues are highly 

damped for the designated operating condition and system parameters given. 

There are 8 pairs of complex conjugate eigenvalues observed, and these 

eigenvalues represent the system oscillatory modes. There are no synchronous 

generators or induction generators considered in the system design, which 

present low electromechanical oscillatory frequency at the range of 0.1 to 2Hz 

[202]. Therefore, no low oscillatory frequencies are introduced in this study.  

The sensitivity analysis of system eigenvalues can be used to investigate the 

small signal stability margin of the case study network. It contains sensitivity 

analysis to the control parameters and sensitivity analysis to the system 

operating points [200]. The sensitivity analysis to the system operating points is 

important to investigate whether energy storage absorbing active/reactive 

power reaches the network small signal stability margin. Therefore, it will be 

presented in Chapter 6. On the other hand, the sensitivity analysis to the control 

parameters is firstly examined in this Chapter. 

As indicated by [200] [159] and [203], controller gains play an important role 

under the small signal disturbance condition. Therefore, the sensitivity of the 

system eigenvalues to variations in the proportional gains of the energy storage 

voltage regulators,  p  S/ p  S, and  pdPV, of the active power controller of the  

PV generator are firstly examined.  Figure 5-10 illustrates the dominant complex 

eigenvalues, (13, 14) and (20, 21), locus with energy storage voltage controller 
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Table 5-2: Eigenvalues of the case study system 

Eigenvalues Real (1/sec) 
1.0e+03 

Imaginary (rad/s) 
1.0e+03 

1 -9.6248  0 

2 -9.6248  0 

3 -9.6248 0 

4 -9.6248  0 

5 -8.9931 0 

6 -9.2049  0 

7 -9.4647  0 

8 -9.4661  0 

9 -9.6248  0 

10 -9.6248  0 

11, 12 -0.3862     0.4517i 

13, 14 -0.4068    0.4329i 

15, 16 -1.7043    0.3142i 

17, 18 -0.1936   0.3143i 

19 -0.0313  0 

20, 21 -0.1605    0.0971i 

22, 23 -0.2611    0.0295i 

24 -0.2371  0 

25, 26 -0.2063     0.3142i 

27, 28  -0.2063    0.3142i 

29 -0.2054  0 

30 -0.2054 0 

31 -0.2000 0 

32 -0.2000 0 

33 -9.6248  0 

34 -9.6248  0 

 

Figure 5-9: Dominant cluster of eigenvalues under designated operating condition 
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Figure 5-10: Eigenvalue locus with energy storage voltage controller gain KpdBS change 

gain,  p  S, change in the range of 0.2 to 25 with the step 0.2. It can be seen 

that dominant complex eigenvalues (20, 21) move from left hand plane to the 

right hand plane when the value of  p  S reaches 22 at the damping ratio equals 

to  0.0064 which is derived based on the equation (5.8). This means that the 

system is unstable. In addition, the complex eigenvalues (13, 14) are moved 

only within the left hand plane. The similar result is observed for changing 

controller gain  p  S of energy storage also in the range of 0.2 to 25 with the 

step 0.2 (see Figure 5-11).  Figure 5-11 indicates that increasing the value of 

the controller proportional gain  p  S  also has significant effect on system 

stability.  Changing the value of  p  S has much less sensitive to the complex 

eigenvalues (20, 21), but it dominates on the eigenvalue (19) that has been 

moved to left hand plane when the value of  p  S  is beyond 18. As the 

eigenvalue (19) is not the complex conjugate eigenvalue, the damping ratio is 

equal  1 when  p  S is beyond 18. Based on the eigenvalue analysis as seen 

in Figure 5-10 and the Figure 5-11, the energy storage voltage controller 

proportional gains  p  S and  p  Sshould be relatively small value.  Figure 5-12 

illustrates loci of complex eigenvalues (20, 21) corresponding to the variation of 

PV generator active power controller proportional gain  pdPV  in the range of 

0.35 to10 with the step 0.2. It can be seen that increasing the value of  pdPV 
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beyond 8.0 leads to the departure of complex eigenvalues (20, 21) from the left 

hand plane to the right hand plane. The damping ratio at the value of  pdPV 

equal to 8.0 becomes  0.0190. As a result, the value of  pdPV  should be 

chosen a relative small value. 

 

Figure 5-11: Eigenvalue locus with energy storage voltage controller gain KqdBS change 

 

Figure 5-12: Eigenvalue locus with PV generator controller gain KpdPV change 
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5.2 Simulation studies  

Simulation studies based on the linearized model of (5.74) are implemented to 

evaluate the dynamic response performance of the energy storage voltage 

regulation controllers corresponding to the suddenly change of PV output 

power. Such simulation studies can provide information on control 

characteristics and design criteria, such as rise time, settling time of the system 

response and overshoot. 

Figure 5-13 illustrates simulation results of energy storage voltage regulation 

controllers‘ dynamic response to the step change in the PV output power. The 

energy storage active/reactive powers are controlled in such a way that reactive 

power voltage controller output is half of active power voltage controller output. 

This assumption is made because the active power is much effective than 

reactive power for voltage support in high R/X ratio LV network. The voltage 

threshold is selected as 1.085 p.u. to avoid any overshoot caused by energy 

storage voltage regulation controller regarding suddenly change of the PV 

output. PV power is simulated as the step change with 20kW in one second 

started from 120kW to 200kW (see Figure 5-13 (a)). The PCC voltage increase 

due to the increasing of PV output requires that both active/reactive power 

voltage controllers from the energy storage absorb both active/reactive powers 

from the grid to maintain the PCC voltage within the legal limit. As illustrated in 

Figure 5-13 (a) and (b), when the PV output increases sharply at each second, 

the energy storage absorbing active/reactive power from the grid also increases 

sharply. The dq axis component of the energy storage current,    S and  q S, 

firstly change to accommodate variation of the reference signal for the dq axis 

current. This increases absorbing the active/reactive power of the energy 

storage from the grid for voltage support as illustrated in Figure 5-13 (d). As 

depicted in Figure 5-13 (c), the properly tuned voltage regulation controllers 

have fast response with overshoot less than 1%, and can reach the steady state 

less than 2 cycles.  This meets the design criteria. Accordingly, the PCC voltage 

controlled by the energy storage has the overshoot less than 0.55% with the 

sharply change of PV output (see Figure 5-13 (e)).   
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Figure 5-13: Energy storage voltage controller response to step changes in the PV generator (a) 
Solar PV outputs (b) Energy storage active/reactive power corresponding with changes in PV 

generator (c) Close look of dynamic response of energy storage at 2 seconds (d) Current IdBS and 
IqBS (e) PCC voltage after controlled by energy storage   
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Figure 5-14 shows time domain simulation results of energy storage voltage 

controllers‘ response to the change of the real solar irradiation profile. The real 

high resolution (6 seconds) solar irradiation profile is selected as the time period 

between 11:00 and 11:10 in summer day 06-Jun according to Figure 1-5 (b). 

However, this profile is simulated as 0.5 seconds a data change rather than 6 

seconds. By doing so, the simulation time is compressed for 47 seconds. Both 

active/reactive voltage regulation controllers can also be tested whether 

controllers‘ performances are satisfied under the real solar irradiation profile. 

This irradiance profile contains high fluctuated characteristic as seen by Figure 

5-14 (a). Such fluctuation is classed as power quality issue and it caused by 

changes in the PV output by clouds or shading. In addition, the average three 

phase load data between 11:00 and 11:10 is selected and applied in the work 

as described in Figure 1-5 (a).   

In this case study, the energy storage active/reactive powers are also 

implemented in such way that reactive power voltage controller output is half of 

active power voltage controller output.  The PV output sharply increasing 

happens at the time 11 seconds when the solar irradiance is at the end of the 

cloud passing, the energy storage charging power also increases sharply to 

mitigate the sudden increase in PCC voltage (see Figure 5-14 (b) and (c)). As 

illustrated in Figure 5-14 (c), the baseline PCC voltage (red line) at the time 11 

seconds suddenly increase to 1.18p.u.. However, the PCC voltage controlled by 

the energy storage (green line) is maintained at the threshold 1.085 p.u.. 

Following the PV power sharply decreasing happens at the time 20 seconds 

and 43 seconds. This requires the energy storage charging power suddenly 

decrease to preserve the energy usage. The simulation results show that the 

energy storage voltage regulation controllers with their properly tuned control 

parameters have good performance for voltage support. This means that the 

designed voltage regulation controllers can meet the requirement for voltage 

support under real solar irradiance condition. As seen by Figure 5-14 (c), the 

PCC voltage controlled by the energy storage is always regulated at its 

threshold value 1.085 p.u.. Accordingly, the fluctuated PCC voltage has been 

mitigated.  
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6 Discussion  

A linearized state space model of a LV distribution network is presented in this 

chapter including the PV generator, the energy storage, network line 

impedances and static loads. The energy storage, PV generator, and the LV 

network are modelled in each subsystem and then combined based on global 

reference rotating frame. The detailed control systems of the energy storage 

and the PV generator are introduced and the linearized models are developed. 

The voltage regulation control strategy is introduced to put forward to control the 

VSC of the energy storage in the averaged representation. However, 

characteristics of the storage system itself, such as battery dynamics, are not 

considered in this thesis. As indicated in [92], this assumption is practical to 

investigate the small signal stability of the energy storage control parameters 

and its exchanging active/reactive power with the grid. According to [65], the 

simpler PV generator model has been recommended for small signal stability 

analysis. Therefore, the PV generator has modelled as a power generator with 

its active power controller regardless of dynamic characteristic of the PV cell.  

There are no synchronous generators and induction motors considering in the 

system design, which present low electromechanical oscillatory frequency at the 

range of 0.1 to 2Hz [192] [204]. As such, no low oscillatory frequency modes 

are observed in this work. However, there is a greater potential for the model 

presented in this work to comprise any synchronous generators and induction 

motors for future study.  

In addition, the sensitivity analysis of the system eigenvalues to energy storage 

control parameters is carried out in this chapter. It shows that high proportional 

gains applied in energy storage voltage regulation controllers can result in 

system stability. In addition, time domain simulation is implemented based on 

MATLAB/Simpower environment to test and verify voltage regulation controllers 

for voltage support. Simulation results under step change of solar output and 

real solar irradiation conditions reveal that both active/reactive voltage 

controllers with appropriately tuned parameters have good performances with 

fast response and less overshoot for voltage support.  

However, the sensitivity analysis of the system eigenvalues to system operating  
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Figure 5-14: Energy storage voltage controller response to the change of the real solar irradiance 

points is not implemented in this chapter. This is because such study is 

imperative to explore whether energy storage its exchanging active/reactive 

power with the grid can reach the network small signal stability margin. This will 

be introduced in Chapter 6 to investigate active/reactive power setting of energy 

storage system under small disturbance. 

The energy storage active/reactive powers introduced in this chapter for 

simulation studies are based on the assumption that reactive power voltage 

controller output is half of active power voltage controller output. This is not an 

effective approach to utilise the energy storage active/reactive powers. 

However, the main focus of this chapter is to represent a systematic state space 

model based on a set of differential equations for determining the stability 

margin for control parameters of the energy storage. As a result, a new energy 
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storage active/reactive power control method for voltage support is developed 

and is introduced in Chapter 6. 

7 Summary and conclusion  

In this chapter, a systematic model of the LV distribution network that includes 

one PV generator and the energy storage are developed. The model developed 

is valid and can be extended to contain any types of generators and loads. The 

model is utilised for eigenvalue analysis around a designated operating 

condition. This can be used to  

 Reveal the dynamic performance of energy storage voltage regulation 

controllers.  Based on the eigenvalue sensitivity analysis to energy 

storage control parameters, the proper control parameters can be 

selected for voltage regulation controllers without causing small signal 

stability issues.  

 Investigate the sensitivity analysis of the system eigenvalues to system 

operating points. This can be used to examine energy storage 

active/reactive power exchanging with the power grid under small 

disturbance, and identify reliable operating points of energy storage for 

voltage support. This will be presented in Chapter 6.  

Simulation studies are implemented under PV step change output and real solar 

irradiance conditions to validate the results from the eigenvalue analysis. It 

shows that active/reactive voltage controllers with appropriately tuned 

parameters have good performances with fast response and less overshoot for 

voltage support. 
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Chapter 6: Active and reactive power control strategy of the 

energy storage for voltage support in LV distribution 

network in respect to small signal stability 

1.1 Introduction 

A storage device, whether installed at the secondary substation or distributed 

along the feeders, can be used for providing voltage support with large 

quantities of PV generators connected in an LV distribution network [133], [96], 

[178] and [205]. Authors in [133] propose a decentralised storage strategy to 

support voltage control in a LV distribution network. The proposed method is 

capable of solving voltage excursions through considering voltage violation 

events during high output from the PV generator [133].  In [178], a detailed 

control strategy for a storage device integrated with the PV generator is 

proposed. The proposed method is based on the battery storage 

charging/discharging rate and can efficiently provide voltage support and 

reduce voltage fluctuation during peak PV generation in an LV distribution 

network. A hybrid system, including several generators and an energy storage 

system is presented for dynamic response analysis under time domain 

simulations in [124]. It shows that the energy storage is seen as a way for 

voltage support if solar irradiance or wind speed suddenly increase or decrease 

[124].  

However, this research work solely considers active power for voltage 

regulation. As indicated in [89] and [206], reactive power is available from the 

converter allowing the active power rating to be reduced. Reactive power can 

provide the effort in regulating the voltage, although the reactive power is 

generally considered to be not sufficient without active power for voltage 

support in the LV distribution network where the R/X ratio is large. However, 

using the functionality of reactive power for voltage support, the battery cost can 

be reduced as the reactive power does not use stored battery energy [205]. The 

authors in [89] investigate a voltage support strategy for energy storage in the 

distribution network. The proposed strategy allows the energy storage to import 

or export both active/reactive power (with reactive power priority) for supporting 

voltage control. The active and reactive power charged from the energy storage 
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system is determined based upon the ratio of voltage sensitivities of active and 

reactive power export [89]. This can minimize the storage device size. A similar 

control approach is found in [205]. The authors in [205] present a coordinated 

control strategy for multiple energy storage systems based on voltage sensitivity 

analysis and battery aging model in the LV distribution network (the primary 

author of the paper being the author of this thesis). The decentralised controller 

used in [205] is designed to control its charging/discharging function with 

reactive power priority to preserve the energy usage of the battery.  

In this chapter, an investigation of active and reactive power control from the 

energy storage for voltage support in the LV distribution network is presented.  

Firstly, the initial investigation of active/reactive power setting of the energy 

storage for voltage improvement is carried out. In addition, a sensitivity analysis 

of small signal stability to the system operating points is implemented to 

investigate whether the energy storage absorbing active/reactive power reaches 

the network small signal stability margin. Lastly, the active and reactive power 

operation control strategy of the energy storage for voltage support is proposed. 

Two case studies based on the step changed and real solar irradiances are 

performed to validate and justify the proposed control strategy.  

This chapter will demonstrate that proportionally using active and reactive 

power of the energy storage unit for voltage support can efficiently reduce 

active power requirement for the energy storage device according to proposed 

active and reactive power control strategy. This method is able to maximise the 

usage of the reactive power from the energy storage converter, and minimise 

the required active power for voltage. This is also design to avert the stability 

issues which could arise from using active and reactive power from the energy 

storage. So in this sense, the system stability is to be examined based on 

system eigenvalue sensitivity analysis.  

2 Theory of active and reactive power operation of the energy storage  

Although energy storage with active power functionality can efficiently eliminate 

voltage excursions in an LV distribution network, reactive power functionality 

can also be included to allow voltage deviation to be tackled. As a result, battery 

size can be reduced for purpose of the voltage support. Figure 6-1 illustrates 
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rated active power reduction of the energy storage corresponding to the 

increased reactive power capability. As shown in Figure 6-1, by reducing the 

rated active power 10% for a given energy storage converter size, the reactive 

power capability can be significantly increased. 

 

Figure 6-1: Rated active power reduction corresponding to the capability of reactive power 
increasing 

The percentage of increased reactive power capability at rated active power 

percentage reduction can be determined by using equation (6.1),  

     √      (6.1) 

Where    
 n 
  r t   is the ratio of the percentage of the reactive power capability 

increase with respect to the rated active power,  r t  
 S , of the energy storage 

apparent power. In addition,    -  n w  r t  
  is the ratio of the percentage of the 

rated active power,  r t  
 S , reduction.  Figure 6-2 shows a plot of equation (6.1). 

A reduction of 10% of in the rated active power,  r t  
 S , can increase the reactive 

power capability from zero to 43.59% corresponding to the rated active power 

 r t  
 S . However, the plot also illustrates that the relationship between 

percentages of the rated active power reduction,  , and the percentage of the 

reactive power capability increasing,  , initially tends to be steep if percentage 

reduction of rated active power,  , is less or equal than 40% (  is increased to 
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80% when   equal to 40%). This implies that by decreasing the rated active 

power,  r t  
 S , less or equal than 40% can increase amounts of the reactive 

power capability up to 80%.  

However, if the percentage reduction of rated active power,  , is greater than 

40%, the increase in reactive power is lower per unit decrease in active power. 

This indicated that by reducing the rated active power,  r t  
 S , more than 40%, 

the reactive power capability,   , does not increase greatly.  This can be 

concluded that since the active power is much more effective than the reactive 

power for the voltage improvement in the LV distribution network, the increased 

reactive power capability,  , for voltage support at a given energy storage 

converter size is better less or equal than 80% which is the 40% reduction of 

the rated active power  r t  
 S .   

 

Figure 6-2: Percentage of increased reactive power related to percentage of rated active power 
reduction  

3 Method to implement active/reactive power control of the energy 

storage for voltage support in the LV distribution network in respect 

to small signal stability  

Figure 6-3 illustrates three procedures that are carried out to investigate active 

and reactive power control of energy storage for voltage support. The main 
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power from the energy storage for voltage regulation in the LV distribution 

network. These procedures provide visibility for the storage operator to 

understand the dynamic performance of units power exchange with the LV 

distribution network. These procedures are explained as following.   

 

Figure 6-3: Flow chart illustrating procedures used in this thesis investigating the active/reactive 
power control of energy storage for voltage support in the LV distribution network   

As illustrated in Figure 6-3, the Part I is an initial investigation into the active and 

reactive power setting of energy storage for voltage support based on equation 

(6.1) and Figure 6-2 to analyse and define the level of energy storage rated 
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active power percentage reduction,  , with its increased reactive power 

capability,  , for regulating the PCC voltage in the LV distribution network. This 

procedure contains three steps.  

 The first is to determine the possible ratio for increased reactive power 

capability,  , corresponding to the rated active power percentage 

reduction,   . This step is to calculate the increased reactive power 

capability in regard with reduced different percentage of the rated active 

power capability at a predefined storage unit rating.  

 The second is to examine the level of rated active power reduction with 

the increased reactive power capability whether it is sufficient for voltage 

support. For example, although the reactive power capability can be 

increased if the rated active power capability is reduced, this may not be 

desirable for voltage regulation in the LV distribution network as a result 

of high R/X ratio. In such case, the higher required active power,  req
BS

, is 

needed, and this may violate the reduced rated active power rating, 

 rated
BS

, of the energy storage.  

 The third is to predict a desirable level of the rated active power 

percentage reduction,  , for voltage support. This provides visibility of 

different reduction levels of rated active power with increased reactive 

power capability for solving the voltage excursion.  

Part II presents small signal stability analysis of energy storage active and 

reactive power at different operating conditions.  

According to a recognised desirable level (defined by part I) of active power 

reduction,  , with its increased reactive power capability,  , a system sensitivity 

analysis is carried out based on eigenvalue analysis at different system 

operating points. This can be used to identify the level of active and reactive 

power exchange of the energy storage with the LV distribution network for 

voltage support without causing the instability issue.  

Part III proposes a control strategy for energy storage for voltage support. 

According to eigenvalue sensitivity analysis to different system operating 

conditions from part II, the level of the rated active power reduction,  , can be 

defined without reaching a stability margin. As such, a novel active/reactive 
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power operation control method of the energy storage for voltage regulation is 

proposed based on predetermined level of active power reduction,   . The 

proposed method contains two stages to perform the active and reactive power 

control of energy storage for voltage support.  

The first stage uses the reactive power from the storage units for voltage 

support. If the reactive power capability is not sufficient to solve the voltage 

excursion, the active power functionality from the second stage will be applied 

while the reactive power continues at its maximum rated power  rated
BS

. In 

addition, step changes in solar irradiance (see Figure 6-8) are used to evaluate 

the effectiveness of the proposed control strategy, such as dynamic response of 

the controllers to dramatically changed PV output. Finally, a real solar irradiance 

profile is used to investigate the effectiveness of the proposed controller under 

real word conditions.  

The following subsections are based on the case study to present for the 

proposed method as discussed above.  

3.1 Preliminary evaluation of active and reactive power setting of the 

energy storage for voltage support in the case study network  

A preliminary investigation is conducted to evaluate the increased reactive 

power capability for voltage support corresponding to the percentage of the 

storage rated active power reduction in the case study network (see Figure 5-1).  

The evaluation is performed based upon active and reactive power charging of 

the energy storage with different amounts of PV in an LV distribution network. 

The PV output rating is incrementally increased from 150kW to 300kW with a 

50kW step. The rated active power of the energy storage is considered as 

100kW, 150kW, 200kW, 250kW depending on the amount of PV. Figure 6-4 

illustrates the storage rated active power after reduction,  , corresponding to the 

increased reactive power capability,   , for voltage support at various PV 

generator outputs. 

As seen by Figure 6-4 (a-d), rated active power,  r t  
 S , at both 10% and 20% 

reduction are much higher than the required active power,  r q
 S. This means that 

the required active power,  r q
 S, with increased reactive power capability,  

 ns 

 S , of 
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the storage at 10% and 20% reduction are enough to solve voltage excursions 

at different PV outputs. However, it would not be desirable to use such 

proportion of active and reactive power from the energy storage for voltage 

support. This is because there is a big difference between the rated active 

power,  r t  
 S , and required active power,  r q

 S , at 10% or 20% reduction (see 

Figure 6-4(a-d)). The rated active power,  r t  
 S , at 30% reduction incorporated 

with the increased reactive power for voltage regulation would be appropriated 

in comparison with 10% or 20% reduction. As stated in Figure 6-4, the 30% 

reduction of the rated active power,  r t  
 S , at different PV outputs is slightly 

higher than the required active power,  r q
 S, and the increased reactive power, 

 
 ns 

 S , is nearly at the same level of the rated active power,  r t  
 S , at different PV 

outputs.  

 

Figure 6-4: Storage rated active power reduction corresponding to the increased reactive power 
capability for voltage support (a) active/reactive charging from the storage at PV output 150kW (b) 
active/reactive charging from the storage at PV output 200kW (c) active/reactive charging from the 

storage at PV output 250kW (d) active/reactive charging from the storage at PV output 300kW 
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However, if the reduction of the rated active power,  r t  
 S , reaches at 40%, the 

required active power,  r q
 S, violates the storage rated active power rating,  r t  

 S , 

after reduction 40% as illustrated in both Figure 6-4 and Figure 6-5. As such, 

the voltage problem is not able to be solved although the increased reactive 

power,  
 ns 

 S , is much higher than the required active power,  r q
 S.  

Figure 6-5 summarises active power redundancy with different reduction 

percentage of the rated active power from the energy storage corresponding to 

different PV outputs. As indicated in Figure 6-5 both 10% and 20% reduction at 

different levels of the PV outputs allows the energy storage to have more active 

power redundancy. This is not the best proportion to utilise the active/reactive 

power from the energy storage. However, 30% reduction is a good choice to 

apply the active and reactive power of the energy storage for voltage support. 

This can effectively reduce the active power requirement for voltage regulation 

so that the storage device capacity, such as the battery, can be minimised. 

Therefore, 30% reduction of the rated active power, r t  
 S , is selected in this work 

for proportional using the active/reactive power of the energy storage for voltage 

regulation.   

 

Figure 6-5: Active power redundancy with different reduction percentage of the rated active power 
of the storage corresponding to different PV output 
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3.2 Small signal stability analysis of energy storage active/reactive 

power at different operating conditions 

A sensitivity analysis of the system eigenvalues to system operating points is 

implemented to explore whether exchanging active and reactive power of 

energy storage with the studied LV distribution network can cause system 

instability. A 30% reduction of the storage rated active power,  r t  
 S , 

corresponds to 71.41% increased reactive power,  
 ns 

 S . This ratio is selected in 

this work for voltage support with system operating points are performed as 

listed in Table 6-1 considering different level of PV outputs. The active power 

control only is implemented from the storage device for voltage support  

in comparison with the scenario of 30% reduction of the storage rated active 

power. In addition, the consumption of the first load is considered as 

20kW/5kVAr, and the consumption of the second load is assumed as 

10kW/2kVAr for all scenarios. This is performed using network shown in Figure 

5-1. 

Table 6-1: System operating points corresponding to sensitivity analysis of the system eigenvalues 

PV 
Output 

(kW) 

Energy 
Storage 
Rated 
Power 
(kW) 

Energy Storage  (30% Reduction) Energy 
Storage(Active 

Power Only) 

Rated Active 
Power after 
reduction 

(kW) 

Active 
Power 

Required 
(kW) 

Reactive 
Power 

Increased 
(kVAr) 

Active Power 
(kW) 

150 100 70 63.34 71.41 83.57 

200 150 105 100.59 107.12 133.57 

250 200 140 135.97 142.82 183.57 

300 250 175 169.36 178.53 233.57 

Figure 6-6 illustrates the locus of eigenvalues oscillatory mode variation 

considering exchanging active/reactive power for voltage support at different PV 

outputs. The red crosses represent the case for 30% reduction of the rated 

active power with increased reactive power capability, whereas the blue crosses 

represent using only active power control only for voltage support. There are no 

badly damped oscillatory modes if the active and reactive power of the energy 

storage is exchanged with the grid for voltage regulation. In addition, increased 

charging active and reactive power of the energy storage does not have a  
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Figure 6-6: Locus of eigenvalues variation with exchanging power of the energy storage for voltage 
support at different PV outputs (red cross represented for 30% reduction of the rated active power, 
incorporated with the increased reactive power, blue cross represented for using active power only  
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significant impact on system oscillatory modes changing. The reasons for this 

are now explained.  

According to Figure 6-6, increasing the level of active and reactive power of the 

energy storage for voltage support can result in eigenvalues migrating to left 

hand plane. As can be seen from Figure 6-6(a), eigenvalues (20, 21) and (19), 

move to the right hand plane when importing the active and reactive power from 

63.34kW/71.41kVAr to  169.36kW/178.53kVAr corresponding to increased PV 

output from 150kW to 300kW. In addition, conjugate pairs of eigenvalues (13, 

14) and (17, 18) also move from left hand plane to right hand plane (see Figure 

6-6(b)). This result in the damping decrease of the mode and system stability 

deterioration. Although these conjugate pairs of eigenvalues move towards to 

right hand plane, these never cross it. It can therefore be concluded that 

increasing the level of the active/reactive power exchanging with the grid for 

voltage support in this case study does not cause the stability issue. On the 

other hand, Figure 6-6(c) depicts that eigenvalues (22, 23) moves to left hand 

plane with the increasing charging the active and reactive power from the 

energy storage for regulating voltage. This means the system stability is 

improved and mode damping is enhanced.  

It is worth mentioning that effects of both active power control only and the 

scenario of 30% reduction of the storage rated active power on eigenvalues 

movement are similar. Furthermore, as it can be seen from the eigenvalue 

analysis, applying the active and reactive power from the energy storage for 

voltage support is not by itself the major important factor influencing the small 

signal stability of the LV distribution network, but the control parameters from 

the voltage regulation controller are important as discussed in Chapter 5.  

3.3 Proposed active/reactive power operation control strategy of the 

energy storage for voltage support  

The proposed active and reactive power operation control strategy of the 

energy storage for voltage support considering 30% reduction of the rated 

active power,  r t  
 S , is illustrated in Figure 6-7.  It contains two stages to perform 

the active and reactive power control from the energy storage for voltage 

support in the proposed strategy.  
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If the measured PCC voltage,  m   
P  , is greater than the voltage threshold,  t r  

P  , 

this will command the reactive power controller for reactive power 

compensation first (see stage one from Figure 6-7) as this does not use stored 

energy from the energy storage. However, if the required reactive power,  
r q

 S, 

reaches its maximum rated power limit  
r t  

 S , and it is inadequate to regulate the 

PCC voltage at the threshold,  t r  
P  . The controller will switch from stage one to 

stage two so that the active power is applied for the voltage compensation. Note 

that the maximum rated reactive power,  
r t  

 S , is equal to the increased reactive 

power capability,   
 ns 

 S , at the rated active power reduction (30% as determined 

in previous section). It is worth remembering that although the required active 

power,  r q
 S, is implemented; the reactive power continues applying it‘s the rated 

maximum value to preserve the energy storage SoC.  

 

Figure 6-7: Flowchart of the energy storage active/reactive power control strategy for voltage 
regulation  
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In addition, active and reactive power threshold values,  t r  
 S  and  

t r  

 S , are set 

up in the proposed controller, in order to stop the operation of the controller if 

the PV output sharply reduces at the beginning of the cloud passing period. 

This can prevent the energy storage voltage regulation controllers charging the 

active/reactive power if the measured PCC voltage,  m   
P  , is below the defined 

threshold value,  t r  
P  , or prevent the operation of the active power from the 

storage device if the reactive power compensation,   
r q

 S, is sufficient for voltage 

support. Therefore, if  r q
 S is less than  t r  

 S , the active power controller will stop 

its operation and this action also forces controller from stage II back to stage I 

starting the reactive power compensation by using  
r q

 S. However, when the PV 

output decreasing happens during a sudden fluctuation in PV output (e.g. due to 

passing cloud), the voltage controller identifies that,  
r q

 S, is less than  
t r  

 S , and 

will commend a signal to stop the operation of the voltage regulation controllers.  

Table 6.1 shows threshold values selected for the active and reactive power 

voltage regulation controllers in the test network. These values are selected and 

tuned based on experimentation. Firstly, the voltage threshold value,  t r  
P  , is 

selected to avoid any overshoot caused by energy storage voltage regulation 

controller in regard with suddenly changing PV output. Secondly, both active 

power and reactive power threshold values,  t r  
 S  and  

t r  

 S , are selected as 2 

kW/kVAr, this is because such values are relatively small for voltage 

compensation and the regulated PCC voltage are not to be violated if stop using 

the energy storage for voltage regulation.    

Table 6.1: Threshold values selected in this work  

Parameters Value 

Voltage Threshold  m   
P   1.085 p.u. 

Reactive Power Threshold for Stopping Reactive 

Power Controller  t r  
 S  

2 kVAr 

Active Power Threshold for Stopping Active 

Power Controller  
t r  

 S  

2 kW 

4 Description of case study and simulation results  

To evaluate the effectiveness of the proposed active and reactive power control 

strategy for voltage support, two case studies are performed based on an 
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emulated step changing solar irradiance and measured real solar irradiance. 

The case study LV distribution network is described in Chapter 5 and illustrated 

in Figure 5-2. This network is simplified from the real radial residential 

distribution network as shown in Figure 4-5.  

To present the worst scenario of voltage excursion, it is assumed that the step 

changed PV profile is applied for the first case study as illustrated in Figure 6-8, 

and the load profile is a constant power load of 30kW/5kVAr. The step changed 

PV profile is sufficient for initial investigation of the effectiveness of the control 

strategy, including transition from reactive power control (step I) to active power 

control (step II) as shown in Figure 6-7, and the dynamic response of the 

proposed controller.  

To implement the proposed control strategy under a real situation, measured 

real solar irradiance between time periods 11:00 and 11:30 from 06 June 2011 

is selected (see Figure 1-5 (b)) and applied in the second case study. The 

profile is simulated with a 0.5 seconds time step instead of 6 seconds a date 

change from the original data profile. This compresses the simulation time as 

152 seconds and reduces of the computer memory overhead. This also has the 

benefit of making the solar generation more variable to further test of the 

controller. It is assumed that there are 106 domestic loads of which 80 have PV 

generators. The real solar profile selected has a highly fluctuating output (see 

Figure 6-9) which is used here to understand the effectiveness of the proposed 

controller for mitigating voltage fluctuation and voltage support under real 

extreme conditions.  As shown in Figure 6-9, the peak solar irradiance with a 

fluctuating generation characteristic happens between the time period 60s and  

 

Figure 6-8: Step changed PV profile applied for first case study [note that the time axis has been 
compressed to the time represented in the simulation] 
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Figure 6-9: Real solar irradiance PV profile applied for second case study [note that the time axis 
has been compressed to the time represented in the simulation 

 

110s of the simulation. Overvoltage and voltage fluctuation are likely to occur 

during this time period.  In addition, the average load profile is selected from the 

period 11:00-11:30 as shown in Figure 1-5 (a). The load profile is simulated as 

10s a data change instead of 2 minutes a date change from the original load 

profile.   

Furthermore, a design decision is taken to make the energy storage rated active 

power,  r t  
 S , 150kW for using active power only for voltage support. As 

previously discussed, if the reactive power is applied for voltage support, the 

converter apparent power rating with a 30% reduction of rated active power is a 

good choice for voltage support in the case study LV distribution network. The 

increased reactive power capability is 71.41% of the rated active power at 

150kW for 30% reduction.  Therefore, the  
r q

 S is equal to 107.12 kVAr and  r t  
 S  

is equal to 105kW.  

4.1 Case study 1: Step changed solar irradiation  

Under step changed solar irradiance, the power exchange of proposed control 

strategy and active power control only for voltage support is illustrated in Figure 

6-10. The time sequence of power exchange with the proposed control method 

and active power control only is summarised as follows.    

1. During time interval T1, there is no measured PCC voltage,  m   
P  , which 

violates the predefined voltage threshold,  t r  
P  , (1.085p.u.). Therefore, no 

command is needed to operate the controller for voltage support.   
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2. During time interval T2, the controller detects the measured PCC 

voltage,  m   
P  , is over the voltage threshold,  t r  

P  .  

 The proposed active and reactive power controller firstly operates 

reactive power control mode from stage I to bring the PCC voltage 

at threshold.  As indicated in Figure 6-10 (c), the reactive power is 

gradually increased to 63kVAr because of increased PV output.  

In comparison, applying active power control only consumes much 

less required active power than the required reactive power (see 

Figure 6-10 (b-c). This shows that active power is much sufficient 

 

Figure 6-10: Simulation results of proposed voltage regulation controller for voltage support under 
step changed solar irradiance (a) Voltage controlled by voltage regulation controller compared with 
baseline voltage (b) Voltage regulation by using active power solely imported to the energy storage 

(c) Proposed active/reactive power control strategy for voltage regulation 
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than the reactive power for voltage support in LV distribution network. In 

addition, the impact of the reactive power mode from the proposed 

control strategy and active power control only on the PCC voltage is the 

same (see Figure 6-10 (a)) 

3. During time interval T3, since the PV output sharply increases to 110kW, 

the capability of required reactive power,  
r q

 S, is insufficient for voltage 

support.  

 The proposed controller switches the control mode from reactive 

power control at stage I to active power control at stage II, while 

the reactive power continues operating at its rated maximum 

value  
r t  

 S as illustrated in Figure 6-10 (c).  

 According to Figure 6-10 (b) and (c), the active power control only 

is consumed more required active power (up to nearly 140kW) for 

voltage support compared with the proposed control method (up 

to 100kW). This implies that the capability of active power from the 

storage can be reduced with the same converter size for voltage 

regulation in proposed strategy.  

4.2 Case study 2: Real solar irradiations 

The effect of the control strategy for voltage support under a real solar 

irradiance profile is evaluated in case study 2. Simulation of the proposed 

control method compared with active power control only for voltage support for 

this case study is illustrated in Figure 6-11. The energy storage power 

exchange is summarised as follows.    

1. During time interval T1, the PCC voltage,  m   
P  , is below the predefined 

threshold value,  t r  
P  . As a result, there is no command to start operation 

of the storage device.  

2. During time interval T2, the PCC voltage,   m   
P  , is slightly violated the 

predefined threshold.  

 The proposed controller operates its reactive power functionality 

from stage I to allow the minor voltage excursion to be solved 

without using the limited energy store.  
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 A small proportion of required active power,  r q
 S , is imported to 

tackle the voltage excursion by for the active power only control 

(see Figure 6-11 (c)). This affects the usage of the limited energy 

store as seen by Figure 6-12.  The SoC for the active power 

control only is increased to 20.2%. In addition, the proposed 

controller detects,  
r q

 S, is less than  
t r  

 S , at 13s, and the energy 

storage therefore stops operation as indicated in Figure 6-11 (e).   

3. During time interval T3, there is no PCC voltage,   m   
P  , violation. 

Therefore, no command signals are sent to operate the energy storage 

for voltage support.  

4. During time interval T4, there is voltage fluctuation due to fluctuation PV 

characteristic as seen by Figure 6-11 (a). The fluctuating voltage sharply 

increases and decreases happen at 63s and 95s respectively.  

 The proposed active and reactive power controller detects that the 

PCC voltage,  m   
P  , is beyond the voltage threshold at 49s. 

Therefore, the reactive power control mode is operated first to 

import the required,  
r q

 S , to maintain the PCC voltage at the 

threshold value (1.085p.u.). However, the required reactive power, 

 
r q

 S, is greater than the rated reactive power,  
r t  

 S , at time 51s. 

This means that the reactive power functionality is not sufficient 

for voltage support. The controller therefore makes a transition 

from stage I to stage II to apply the active power control 

functionality for regulating the PCC voltage, while the reactive 

power continues at its maximum rated power,  
r t  

 S   The proper 

tuned control parameters for the active/reactive power controller 

have fast response with overshoot less 0.55%. As such, the 

voltage fluctuation and voltage rise are reduced and the PCC 

voltage,  m   
P  , is maintained at 1.085p.u. as illustrated in Figure 

6-11 (b).  

 The impact of the proposed controller and active power control 

only on the PCC voltage is similar (see red line and green line 

from Figure 6-11 (b)). Please note that there is a sharply decrease  
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Figure 6-11: Simulation results of proposed voltage regulation controller for voltage support under 
real solar irradiance (a) Baseline voltage (b) PCC voltage profiles with active power control only 
and with proposed active/reactive power control strategy (c) Voltage regulation by using active 

power solely (d) Proposed active/reactive power control strategy for voltage regulation (e) Close 
look of reactive power performance at time period T2 (f) Close look of reactive power performance 

at time period T4 (g) Close look of reactive power performance at time period T5 
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Figure 6-12: Comparison with SoC under active power control only and proposed active/reactive 
power control   

and increase of the PV output at time 94s and 95. This requests 

the controller to suddenly make a transition from stage II to stage I 

to use reactive power functionality (see Figure 6-11 (f)).   

The controller detects the required active power,  r q
 S , is less than the active 

power threshold,  t r  
 S , at time 104s from T5.  Accordingly, the active power 

controller stops operation and the reactive power controller starts operation for 

voltage support as seen by Figure 6-11 (g). However, the controller identifies 

that the reactive power functionality is insufficient to maintain the PCC voltage 

at the threshold value at time 113s. As a result, the active power is commanded 

from the controller as shown in time interval T6.  

4.3 Energy storage state of charge  

Figure 6-12 illustrates state of charge (SoC) under both the active power control 

only and proposed control strategy. It can be seen that the proposed control 

method reduces energy usage compared to the active power control only. This 

control can therefore be concluded to reduce the cost of the energy store. Due 

to the high charging rate, the size of the energy storage device would be 

designed to be bigger based on the active power control only. As illustrated in 

Figure 6-12, active power control requires 140kWh capacity to have similar 
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performance as the proposed control method with capacity 100kWh. This is a 

40kWh capacity saving (28.57% saving) for the energy storage used in this 

case study. It can be concluded that by reduction 30% of rated active power 

 r t  
 S , the low charging rate can be applied for the use of the energy storage 

with the proposed control strategy. The energy storage device size is reduced 

significantly, while the size of the energy storage converter is maintained the 

same. As a result, this can reduce operating and replacement costs for the 

energy storage owner, but provide the same performance for voltage support.  

5 Discussion of Results  

An investigation of how to implement active and reactive power of energy 

storage for voltage support in regard with small signal stability analysis is 

presented. It is found that sharing the converter apparent power rating with a 

30% reduction of rated active power  r t  
 S  and corresponding increased reactive 

power capability  
r t  

 S for is a good choice for voltage support in the case study 

LV distribution network. A sensitivity analysis of system stability shows that 

using active and reactive power of energy storage for voltage support is not a 

major factor affecting system stability. The model of induction motors is not 

considered and is included to the system model. This might be useful to 

consider with large amounts of inductive loads in LV networks (fridges, heat 

pumps etc.) or commercial/industrial networks with rotating machines. 

Therefore, low electromechanical oscillatory frequency is not presented in the 

eigenvalue analysis. However, the system model has great potential to 

comprise any induction motors for future study. 

An active and reactive power control method of the energy storage unit for 

voltage support is proposed. This is shown to effectively reduce the usage of 

the active power from the energy storage, which can reduce operating and 

replacement costs for the energy storage owner whilst still providing the same 

performance benefit. In addition, this method greatly improves the performance 

of decentralised controller presented in Chapter 4 by minimising the active 

power requirement for voltage support and smoothing the variation voltage 

caused by fluctuated PV generator. This method has a great potential to be 

adapted to the coordination control method presented in Chapter 4.  
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6 Summary and Conclusion  

This chapter presents a method to implement active and reactive power of 

storage units for voltage support. An evaluation of active and reactive power 

setting of energy storage for voltage support is presented. Therefore, a 30% 

ratio of rated active power reduction is selected. A small signal stability analysis 

based on 30% of rated active power reduction is carried out. It is stated that 

using active and reactive power of the energy storage for voltage support is not 

the main factor to cause system stability issues. Finally, a method based on the 

ratio selected is proposed to control active and reactive power of energy 

storage for voltage support with reactive power priority. This method can 

efficiently reduce the requirement of active power for voltage support.  The 

energy storage device size is reduced, while the size of the energy storage 

converter is maintained the same. As such, the cost of the energy storage can 

be reduced. 
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Chapter 7: Discussion, Conclusions and Further Research 

1 Discussion 

This dissertation has considered how to operate energy storage for voltage 

support in a future LV distribution network with large amounts of low carbon 

technologies, such as PV. This has been carried out by evaluating different 

control methodologies for the energy storage for voltage support in both steady 

state and dynamic analysis. The primary aim of these control methodologies is 

to provide a detailed assessment of regulating voltage with single or multiple 

energy storage installed in the LV distribution network.  A model of a real LV 

distribution network provided by Electricity North West Limited is used in this 

work to evaluate different proposed control methodologies. By applying to real 

networks, it is aimed to be of more practical and theoretical benefit to DNOs.  

The discussion that follows describes this work contribution to high and low 

level control, modelling and analysis, and the tools needed for this study of 

energy storage for voltage support. The combination of these enables 

conclusions to be formed.   

1.1 Control  

There are two control levels, namely high level control and low level control, 

considered in this work.  

 High level control refers to coordinated and non-coordinated control 

strategies of storage units for addressing the voltage problem.  

 Low level control is associated with the detailed design of energy storage 

controllers. This is composed of external voltage regulation controllers, 

inner current decoupling controllers, and voltage feedforward controllers.  

These two control levels are both important factors for the performance of 

addressing overvoltage and energy storage itself aging degradation condition. 

These two control levels are now discussed.  

1.1.1 High level energy storage control  

High level control for the single or multiple energy storage units has presented 

in Chapter 2 and 3. This comprised using energy storage in a smart grid 
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laboratory to provide voltage support, presenting coordinated control of the 

single storage unit with the OLTC of the transformer for voltage support, and 

developing a novel coordinated control of multiple energy storage units in the 

LV distribution network. These works have published in conference and IEEE 

transaction on smart grid.  

1.1.2 Single energy storage control  

Single energy storage control can be either one energy storage unit using its 

local measurement to control its charging and discharging function or the 

storage unit is operated cooperatively with other technologies, such as OLTC.  

Using the energy storage from the smart grid laboratory for voltage support is 

examined and presented in Chapter 3. This case study is based on real time 

power hardware in the loop system to investigate the characteristics of the 

energy storage for regulating voltage. The use of high resolution generation and 

demand data in real time allowed a detailed study of the condition of the 

network and the storage unit. This has been used for evaluating the feasibility of 

interventions in real networks provided by DNOs. The use of energy storage 

from the smart grid laboratory can bring the magnitude of the voltage within 

statutory limits, and enables fluctuated voltage to be smoothed (The voltage 

stand deviation is mitigated by 84%). In addition, the voltage unbalanced factor 

has been reduced to legally acceptable levels (less than 1.3%).  

There are several practical limitations need to be considered with this study. 

Real time power hardware in the loop simulation studies can provide high level 

of detail. However, stable operation and accurate results are an important 

concern and challenge when performing the power hardware in the loop 

simulation [207]. These are dependent on the simulation step size and 

interfacing algorithm [207]. Therefore, future work could consider developing 

stabilisation methods, such as hardware inductance addition and feedback 

current filtering for stabilising the unstable interface [207][208]. Doing this is 

complex because these methods are less developed and these may be suitable 

for certain smart grid laboratory operating conditions. However, this may be 

meaningful as the accurate power hardware in the loop systems can provide a 

thorough recognition of the performance of energy storage in real time. This 
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also provides the capability for scholars and energy storage manufacturers to 

simulate large systems where components cannot be suitably modelled to be 

included as hardware.  

The power available from the smart grid laboratory is limited. This is because 

the size of the inverter and power amplifier. As such, the storage model built 

from the RTDS simulation platform may also needed. This may alleviate the 

effects from the power hardware in the loop simulation.  

The DNO in the northeast England had specified a preference to locate energy 

storage unit at the substation. Therefore, a collaborative work was performed to 

develop a coordinated control of the energy storage with OLTC of the 

secondary transformer for voltage support and reverse power flow reduction for 

the future distribution network where large LCT loads and high connection of PV 

generators are included. This method can help the DNO to effectively relieve 

transformer overload and mitigate voltage excursions (see Figure 3-14 to Figure 

3-18). In the future, multiple energy storage could be installed with network as 

the cost of storage may be reduced. Therefore, the method for multiple storage 

devices implementation cooperatively with the OLTC or other technologies, 

such as DSR are needed to be included the future. This is evidenced by the 

energy storage trials summarised in Table 2-2.  

1.1.3 Multiple energy storage control   

Building on the premise that multiple energy storage units might be located 

within a network, a control strategy for coordination of multiple energy storage 

for voltage support in an LV distribution network is investigated and presented 

in Chapter 4. This method is novel in that the control methodology is based on 

the voltage sensitivity factor and a battery aging model to coordinate the use of 

multiple energy storage for voltage support. The proposed controller gives 

parameters that influence which storage devices are selected to provide strict 

maintenance of voltage limits. Therefore, battery aging analysis is included to 

modify the system‘s selection behaviour in response to battery degradation 

while consistently maintaining voltage limits. In this work, the coordinated and 

non-coordinated control methods are implemented to evaluate their 

effectiveness for preventing overvoltage. This shows that the coordinated 
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control requires smaller power rating (25kW) and energy rating (50kWh) for the 

energy storage at the network location with the most severe voltage deviations.  

This control method provides DNOs with understanding of how to control 

multiple storage units for voltage regulation in their LV distribution networks if 

several storage devices are installed in the future.  

This control method also allows voltage support to continue if one of the storage 

units fails. This is due to the fact that other storage units can be automatically 

called to solve the voltage excursion at the location of the failed unit.  

In addition, the location of storage units has significant effects on the ability of 

units to support each other. If the DNO can install energy storage units closer to 

the position of worst voltage constraint, the greater the ability to support. 

However, since the space constraints or the need to provide support to different 

parts of the LV distribution network, it is seen that the DNO locating storage 

units closer may not always be feasible.  

As further PV systems are added to the network, the voltage deviation location 

and severity may vary. The system may have greater potential to adapt to the 

changes in location of extra PV generators by using such control methodology.  

The undervoltage problem is not presented in this work for coordinated control 

of multiple energy storage units, since the LV secondary transformer fixed tap 

position was set to prevent undervoltage. However, the method can be adapted 

to achieve solving undervoltage excursions if the peak demand, such as 

installation of EV or HP, is increased in the future.  This can be achieved by 

mirroring the overvoltage control with thresholds for undervoltage and by 

discharging rather than charging the energy storage units. 

Control of multiple energy storage is detailed in [205] and also in Chapter 4, in 

which three phase DNO owned storage is studied in LV networks. The method 

is equally applicable for single phase energy storage in residential homes- 

however the regulations surrounding the DNO relationship with consumers 

might make this difficult in the UK. 
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1.2 Low level control  

Low level control in this work has considered designing detailed controllers 

which are used for charging and discharging of energy storage for voltage 

support. Simulations have been completed in the time domain.   

1.2.1 Voltage sensitivity factor  

Voltage sensitivity factor is employed for designing active and reactive power 

voltage regulation controllers as shown in Figure 4-2 and described in 

Chapter 4. The voltage sensitivity factor based voltage regulation controllers are 

governed by voltage threshold values. These threshold values are determined 

based on DNOs‘ over and under-voltage tolerance and the ramp rate of 

changes in solar irradiance. The work presented in Chapter 4 uses conservative 

parameters for voltage upper, middle and lower thresholds. However, these 

values could be tuned to reduce the energy storage import and export of both 

active and reactive power. As the threshold values are narrowed there is a 

trade-off between the power and energy requirement and the risk of 

overvoltage. Using such voltage sensitivity factors for voltage regulation 

controllers is positive for steady state analysis based real time simulation.  

However, it may be negative for the network during small/large disturbance as 

the network operating condition changes [162]. Under such conditions, the 

Jacobian matrix has to be recalculated so that the new voltage sensitivity factor 

can be obtained. On the other hand, online recalculation of the voltage 

sensitivity factor matrix is problematic in distribution networks, where the level of 

on-line information available is much less than that at the transmission level 

[162]. 

To obtain a better performance of energy storage charging/discharging 

functions for voltage support and minimise the usage of energy storage power 

and energy requirement, a PI controller has been investigated for voltage 

regulation controllers. 

1.2.2 PI regulator  

A PI controller is a process of feedback control [209], and it is able to make 

better adjustments for voltage support according to appropriately turned control 

parameters.  However, the parameters of the PI controller should be properly 
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designed and turned with fast response time and without causing system 

instability based on system transfer function. Therefore, the linearized 

mathematical state space model is introduced in Chapter 5 to select the proper 

control parameters for voltage regulation controllers without causing stability 

issues according to eigenvalue analysis.  

1.3 Modelling and Analysis  

The steady state model and dynamic model are used and applied for different 

purposes in this thesis.  

The steady state model is used to evaluate the performance of proposed high 

level controller without considering the system dynamics introduced by energy 

storage controller or PV generators.  

A dynamic model of the system is constructed based on ordinary differential 

equations to determine the range of energy storage voltage regulation control 

parameters without causing a system stability issue, and to evaluate whether 

implementation of energy storage unit for voltage support can reach the system 

stability margin.    

1.4 Steady state modelling and analysis  

At the beginning of this research project, steady state modelling was 

constructed to assess and verify the performance of the high level controllers. 

This is because high level controllers are required to perform simulations of a 

network under many hours of real world operation. As stated in Chapter 3 and 

4, energy storage and PV based on classical DQ decoupling control are needed 

to construct inner current decoupling controllers although voltage regulator 

based on PI regulator are not introduced at this stage. In addition, a phase 

locked loop is required to recognise the locked frequency of the energy storage 

and PV generator to that of the utility system to ensure precise synchronisation. 

Such a model is operated without considering outer loop controller dynamics, 

and it is suitable for long time simulation. This type of model is used in Chapter 

3 and Chapter 4 to evaluate the dynamic performance of the proposed high 

level controllers over one day of real word application. This work is performed in 

a real time digital simulator and built in RSCAD. In addition, collaborative and 

comparative work was performed using a MATLAB/OpenDSS model to 
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investigate the benefits of the aging model over a ten year period as shown in 

Chapter 4. These steady state models are not able to provide any information 

for system dynamic stability analysis. Therefore, the dynamic model of the 

system has to be constructed.  

1.5 Dynamic modelling and analysis 

Because of a significant presence of PV generators and energy storage in the 

near future, the LV distribution network cannot be considered as passive. The 

large increase in connection of PV generation or energy storage has a large 

influence on power system dynamics. Therefore, system stability issues in the 

future may be an important concern of DNOs. A systematic linearized state 

space model of a LV distribution network that includes the PV generator, energy 

storage unit, network line impedances and static load is introduced and 

constructed in Chapter 5. This model is used to perform eigenvalue sensitivity 

analysis to define the range of energy storage voltage regulation controllers‘ 

parameters, and to explore whether an energy storage system exchanging 

active and reactive power with the grid for voltage support can reach the system 

stability margin which is presented as Chapter 6. There are no synchronous 

generators and induction motors considered in the system design, which 

present low electromechanical oscillatory frequency at the range of 0.1 to 2Hz 

[202][159] and [204]. As such, no low oscillatory frequency modes are observed 

in this work. However, it is possible for the model presented in this work to 

comprise any synchronous generators and induction motors for future study.  

In addition, characteristics of the storage system itself, such as battery 

modelling and its dynamics, are not considered in this part of the thesis. This is 

because this work mainly focuses on the impact of the stability margin of energy 

storage power exchange with the grid, and energy storage control parameters. 

In the future, the state space model produced by this work can be 

supplemented with dynamic modelling of the battery itself for comparing 

different energy storage designs on the system stability margin.   

An investigation of how to implement active and reactive power from the energy 

storage in regard with small signal stability is presented in Chapter 6. It 

illustrated that sharing the converter apparent power rating with a 30% 
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reduction of rated active power and corresponding increased reactive power 

capability for is a good choice for voltage support in the case study LV 

distribution network 

The eigenvalue sensitivity analysis concluded that applying active and reactive 

power from energy storage for voltage support is not a major important factor 

influencing the small signal stability of the LV distribution network. Further, a 

novel active and reactive power control strategy for voltage support is proposed. 

This control method can reduce the energy storage active power requirement 

by using an increased proportion of reactive power for voltage support. Thus, 

the energy storage capacity can be reduced to 28.57%. In addition, this method 

has significantly improved the performance of decentralised control strategy 

presented in Chapter 4 by minimising the usage of energy storage power and 

energy requirement, and smoothing the voltage fluctuation caused by the 

sudden change of PV generation.  

There are additional factors, such as power loss and harmonic injection, which 

may affect the proposed operation control strategy for voltage support. In 

addition, the detailed mathematical model of induction motors can be included 

in future work investigating the system stability margin. This is because such 

induction motors are a source presenting low electromechanical oscillatory 

frequency [204]. The eigenvalues may be sensitive to motor dynamics which 

may have an effect on defining the use of active and reactive power from the 

energy storage. For example, absorbing active and reactive power from the 

energy storage would result in dominant eigenvalue migrating to right hand 

plane when motors are introduced in the study: potentially resulting in the 

system instability. In which case, more system damping would need to be 

included within the energy storage controller design. 

In addition, multiple energy storage devices and PV generators can be included 

in forming the state space model in the future. This requires modelling reduction 

techniques to reduce the system complexity as stated in [198]. This is due to 

the fact that the system order with one storage unit and one PV generator in the 

LV distribution network presented in Chapter 5 has reached to 34 orders. It 

would be complex to derive the state space model that contains several storage 

units and PV generators. 
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1.6 Tools  

1.6.1 RTDS 

RTDS is a real time digital simulator and can provide capability for continuous 

real time simulation [164]. This enables users to be productive by completing 

many power system studies efficiently [210]. The RTDS contains many types of 

processor cards, communication modules and signal channels [210]. An 

Ethernet is applied to provide the link between the hardware and RSCAD which 

is an interface for RTDS simulator hardware [207]. RTDS allows implementation 

of the close loop testing of the physical equipment, such as energy storage. In 

addition, the processor card of RTDS in a smart grid laboratory which contains 

90 nodes for single phase and allows network solution to be solved in one rack 

[169]. Another processor is required for solving power system components, 

such as transformers, generators, voltage source converters when performing a 

power system simulation. The RTDS used in the smart grid laboratory includes 

two racks with six PB5 processor cards. This means that it is not possible to 

simulate anything other than simple LV network. Therefore, a simplified LV 

distribution network model was used for case studies in Chapter 3 and 

Chapter 4.  

To realise the proposed coordination controller in a real word application, power 

hardware in the loop simulation can be used in conjunction with the modelled 

network. To do so, the proposed controller can be constructed in RSCAD and 

several energy storage units can be installed in smart grid laboratory. As 

discussed in section 1.1.1 Chapter 7, stabilisation algorithms have to be 

developed to obtain accurate results and stable operation when performing the 

power hardware in the loop simulation.  

1.6.2 MATLAB/Simpower  

MATLAB/Simpower provides a capability for simulating power system, and 

modelling power system components for both steady state and dynamic 

analysis [211]. The state space equation (see equation 5.73) derived in Chapter 

5 was constructed in MATLAB, and Simpower to provide operating points for 

eigenvalue analysis using load flow. Simpower with the MATLAB control toolbox 

is able to provide capability for power system controller design under frequency 
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and time domain analysis. This has been done by designing parameters for 

energy storage voltage regulation controllers. The RTDS is not able to provide 

such capability. Although there are no nodes limitation in Simpower simulation 

environment, large detailed power system modelling which contains power 

system components and control system is difficult to implement in Simpower. 

This is because of the computer memory overhead, and long simulation times. 

Future work can consider of how to integrate MATLAB/Simpower and RTDS. 

This can provide feasible solution to simulate the power system by using both 

advantages from RTDS and MATLAB/Simpower, as RTDS performs as real 

time simulation, whereas MATLAB/Simpower can provide capability for 

controller design.  This can be beneficial to both high level and low level 

controller design.  

1.7 Summary of discussion  

The discussion has concentrated on control levels, and modelling and analysis 

for the use of energy storage for voltage support. It presented coordinated 

control strategies for single or multiple energy storage units for voltage support 

in the LV distribution network. High level control strategies can be formulated 

that adapt to changes in PV locations and load growth. This is important for 

DNOs understand how to control and deploy energy storage in their network. 

Low level control strategies are introduced and compared. Voltage sensitivity 

factor is useful for steady state analysis, but it is not desirable for application 

during small disturbances as the network operating condition changes. 

Therefore, a proportional integral regulator can be employed to make better real 

time adjustment for voltage support. On the other hand, the PI controller should 

be properly designed and turned with fast response time and without causing 

system instability.  

A discussion surrounding modelling and analysis was then completed. This 

considers whether steady state model is suitable for evaluation the performance 

of high level controllers without considering the system dynamics. However, 

dynamic model is formulated to determine the range of energy storage voltage 

regulation control parameters, and to evaluate whether power exchange of the 

energy storage with the grid can reach the system stability margin.   
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A discussion between the RTDS and MATLAB/Simpower are finally 

accomplished. This discussed advantages and disadvantages of RTDS and 

MATLAB/Simpower for power system simulation and modelling. The future work 

can be included regarding how to integrate MATLAB/Simpower and RTDS by 

considering their capabilities to power system simulation.  

2 Conclusion  

This dissertation investigated control strategies for single or multiple energy 

storage units for voltage support in the LV distribution network.  

Two functional strategies for use of the single energy storage unit in smart grid 

laboratory for voltage support are introduced. The first strategy examines the 

performance of lab based energy storage for voltage support. It stated that 

using active power from single phase energy storage can effectively bring the 

voltage within regulatory limits, and enable voltage unbalance to be reduced 

within statutory limits. The second strategy is proposed for coordinating the 

energy storage unit with an OLTC for voltage excursion management and to 

reduce reverse power flow. This method is an alternative to upgrading network 

infrastructure. These works have published in conference as [212] and [213].  

A method for controlling multiple energy storage units for voltage support in the 

LV distribution network is proposed. By considering voltage sensitivity factor 

and a battery aging model, an operational matrix is formed to select the 

preference order of energy storage units to provide strict maintenance of 

voltage limits. It has shown that voltage problems can be solved by sharing 

power and energy between storage units, while voltage excursions cannot be 

regulated within the statutory limit by using the non-coordinated control strategy. 

The rated power and energy of the storage unit can be reduced by using the 

proposed method. The scheme uses storage units more evenly and therefore 

reduces the costs of battery replacement to the storage operator in terms of 

both number of batteries and maintenance visits. This is a novel finding 

available in published work by the author [205].  

A systematic linearized state space model is then introduced and constructed. 

This model is used to perform eigenvalue sensitivity analysis to define the range 

of energy storage voltage regulation controllers‘ parameters, and to investigate 
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whether energy storage exchanging active and reactive power with the grid for 

voltage support can reach the system stability margin. This considers practical 

application for the use of energy storage, and it demonstrates that control 

parameters of PI regulator are necessary to maintain dynamic performance of 

energy storage. 

In addition, a study for utilising active and reactive power of the energy storage 

for voltage support is presented. It indicated that sharing the converter apparent 

power rating with a 30% reduction of rated active power and corresponding 

increased reactive power capability for is a good choice for voltage support in 

the case study LV distribution network. Performing eigenvalue sensitivity 

analysis found that applying active and reactive power from energy storage for 

voltage support is not a major factor influencing the small signal stability of the 

LV distribution network. Using the proposed active and reactive power control 

strategy for voltage support can significantly reduce the energy storage active 

power requirement to 100kW. Therefore the energy usage can be reduced. 

Such considerations are important to make practical application of the LV 

energy storage more cost effective for practical installation by DNOs. 

3 Further research  

A number of further research directions can be obtained by the contribution of 

this thesis. This section presents the further research that can be carried out. 

This could contribute benefits for future coordinated and non-coordinated 

control of energy storage for voltage support projects. 

 Voltage unbalance has been reduced by single phase energy storage 

unit from smart grid laboratory as discussed in Chapter 3. Voltage 

unbalance compensation can also be achieved by operating three phase 

energy storage unit based on its synchronous (dq) reference frame 

control method for its converter. This can be done by methods described 

as [214][215] that can be included in future work. In [214], a negative 

sequence voltage compensator based on synchronous reference frame 

rotating in the opposite direction against the positive sequence is 

proposed to regulate the negative sequence load current. As such, the 

voltage unbalance from unbalanced load can be reduced [214]. As 
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indicated by [215], DGs are controlled as a negative sequence 

conductance and operated in the synchronous reference frame to 

compensate voltage unbalance in the micro-grid [215]. In addition, the 

negative sequence conductance is generated based on the negative 

sequence reactive power, and it is used to produce the reference current 

for voltage unbalance compensation [215].  

 Multiple energy storage units could be installed with network as the cost 

of storage may be reduced in the future. Therefore, the proposed 

coordinated method for multiple storage devices implementation 

cooperatively with the OLTC or other technologies, such as DSR are 

needed to be included the future. 

 There are no synchronous generators and induction motors are included 

in the system design. Therefore, no low oscillatory frequency modes are 

observed in this work. However, such generators can present low 

electromechanical oscillatory frequency at the range of 0.1 to 

2Hz [159][202] and [204]. As such, the further research can consider 

comprising synchronous generators and induction motors for the model 

presented in this work. 

 This work mainly focuses on the impact of the stability margin of energy 

storage power exchange with the grid, and energy storage control 

parameters, the characteristics of the battery storage system itself (such 

as battery modelling and its dynamics), are not introduced in this part of 

the thesis. The state space model produced by this work can be 

supplemented with dynamic modelling of the battery itself for further 

investigation of energy storage to power system stability. For example, 

in [216], a model was produced which included the battery dynamic 

characteristic and converter equivalent circuit is presented to examine 

the effect of its dynamic behaviour on the power system dynamic stability. 

The eigenvalue analysis is performed and shows the battery storage with 

a designed first order lead-lag controller can significantly improve the 

system damping [216]. This can be as an auxiliary service to power 

system.  

 Although real time power hardware in the loop simulation studies are 

capable of offering high level of detail, stable operation and accurate 
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results are an important concern and are reliant on the simulation step 

size and interfacing algorithm [207]. The future work could consider 

developing stabilisation methods, such as hardware inductance addition 

and feedback current filtering for stabilising the unstable interface 

[207][208]. However, this may be complex as these methods are less 

developed and these may be suitable for certain smart grid laboratory 

operating conditions. This is important for achieving the accurate power 

hardware in the loop systems that can provide a thorough recognition of 

the performance of energy storage in real time. 

 The application of power line communication (PLC) for energy storage 

control can be included in the future research work. The advantage of 

PLC is that it can implement communication tasks over the existing 

electrical infrastructure without a need for the wireless communication 

provided by telecommunication companies [217]. Such technology has 

been applied for communicating between the energy management 

system (EMS) and several battery management systems (BMS) through 

the DC power lines to optimise the battery lifetime and meet the 

requirement of the power grid [218]. In addition, the data (cell voltages 

and battery temperature) is exchanged between the EMS and the BMS 

through the PLC solution can take the advantage of the existing 

controller area network (CAN) protocol [218].  
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Appendix  

A.1 Expanded form of matrices in Chapter 5 
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A.2 dq transformation  

The dq transformation is introduced by [168], and it can transfer three phase 

stationary coordinate system to the dq rotating coordinate system. Therefore, it 

applies in this thesis to enable both active and reactive components of AC output 

power to be independently controlled. The transformation matrix is obtained as [168],   

2 2
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3 3

2 2
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(A.1) 

Where t    is the angle at the time t between the rotating and coordinate 

system.  is the initial phase shift of the signal. Accordingly, the inverse 

transformation from the dq is defined as [168],  
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(A.2) 

The instantaneous active and reactive power at dq space are defined as  

d d q qP V I V I   (A.3) 

q d d qQ V I V I   (A.4) 

In addition, the voltage magnitude and voltage angle can be obtained by  
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