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Abbreviations 
 

ANSWER Active network simulator with energy resources. 

AIR Array-to-inverter ratio. 

BESS Battery energy storage system. 

EEPS Excess electricity purchasing scheme. 

FIT Feed-in tariff. 

LSPV Large-scale photovoltaic. 

LDC Line drop compensator. 

LNG Liquefied natural gas. 

LiB Lithium-ion battery. 

LFC Load frequency control. 

MCP Multipurpose control and planning. 

OLTC On-load tap changer. 

PV Photovoltaics. 

PVPR Photovoltaics penetration rate. 

PI Proportional–integral. 

PSP Pumped storage power. 

RFB Redox flow battery. 

RES Renewable energy source. 

RPS Renewable portfolio standard. 

RPF Reverse power flow. 

SoC State of charge. 

STATCOM Static synchronous compensator. 

SVC Static VAR compensator. 

SVR Step voltage regulator. 

SPL Substation power leveling. 

SDB Supply-demand balance. 

SDI Supply-demand imbalance. 

 
Symbols 
 

𝛼 
𝑘-th primitive priority factor. With respect to 𝛼  and 𝛼  (𝑖 ൏ 𝑗), 𝑛𝛼 ൏ 𝛼  holds for all natural 
numbers 𝑛. 

𝑑 Ordinal number of simulation date. 

𝐷 Amount of voltage violation. 

𝓓 ൌ ൛1, … , 𝑁ୢୟ୲ୣൟ. Set of simulation days. 

Δ𝑃 Fluctuation value of active power from BESS. 

Δ𝑉  Fluctuation value of inverter terminal voltage. 

𝜀  Target value of power smoothing. 

ℰ The BESS energy. 
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𝐹  Evaluation value of control performance. 

𝜸େ Control parameter set for voltage control by OLTC. 

𝜸ୱୣ୲ Control parameter set. 

𝜸ୗ Control parameter set for SPL by BESS. 

𝜸ୗେ Control parameter set for voltage control by SVC. 

𝐼ሶ Complex vector of secondary current of target tap controller. 

j  ൌ √െ1. Imaginary unit. 

𝐾 Gain of PI control. 

𝑛 Ordinal number of node. 

𝑁 Number of simulation days/nodes/inverters. 

𝑃 Value of active power. 

𝑃, 𝑃  Lower/Upper limit of active power; e.g., 𝑃
ୈాు

 indicates the upper limit of SPL. 

𝒫 BESS power. 

𝑝𝑓 Power factor limit. 

𝑄 Value of reactive power. 

𝜃 Power factor angle. 

𝑅, 𝑅  Rate limit of ramp down/ramp up for active/reactive power output. 

ℛ Power-to-energy ratio of BESS. 

𝑆𝑜𝐶 State of charge. 

𝑇 Number of simulation steps. 

𝓣 ൌ ሼ1, … , 𝑇ሽ. Set of simulation steps. 

𝑇𝐴𝑃 Tap position of voltage regulator. 

𝑉 Voltage magnitude. 

𝑉ሶ  Complex vector of secondary voltage of target transformer. 

𝓿 ൌ ൛𝑉, 𝑉ൟ. Lower/upper limit of voltage value; e.g., 𝑉
ୟ୪୪୵

 indicates the upper limit of allowable 
range for voltage control. 

𝑉୴୧୭ሺ𝜸ሻ Voltage violation under parameter 𝜸. 

𝒘𝒕 ൌ ቄ𝑤௧, 𝑤
௧
ቅ. Target range of power smoothing control by BESS at time slice 𝑡. 

𝔃 ൌ ሼ𝑅, 𝑋ሽ. Simulated line resistance 𝑅 and reactance 𝑋 of LDC control. 

 

Subscripts and superscripts 
 
a∙  Of attenuation gain of PI control. 

allw∙  Of allowable range. 

avail∙  Of available capacity. 

BESS∙  Of BESS. 

cmd∙  Of command value. 

𝑑∙  Of the 𝑑-th simulation day. 

date∙  Of simulation days. 

down∙   Of tap-down operation. 

DBୡୣ୬∙  Of dead band of the centralized control. 
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DB୧୬୴∙  Of dead band of voltage control by an inverter. 

DBୈେ∙  Of dead band of the LDC control. 

DBୗ∙  Of dead band of SPL by BESS. 

DBୗେ∙  Of dead band of voltage control by an SVC. 

flu∙   Of target value of BESS output/distribution voltage fluctuation. 

i∙  Of integral gain of PI control. 

inv∙  Of inverter output. 

LiB∙   Of LiB. 

LiB୰ୣ୯ୢ∙   Of the required capacity of LiB. 

LiB୳୬୧୲∙   Of the unit capacity of LiB. 

lim୮∙   Of limitation value of active power for power factor restriction. 

limୗ୭େ∙  Of limitation value of active power for SoC adjustment. 

LSPV∙  Of LSPV. 

max∙  Of the maximum. 

maxୗ୭େ∙  Of the maximum value of active power for SoC adjustment. 

min∙  Of the minimum. 

𝑛∙  Of the 𝑛-th node. 

node∙  Of the number of nodes. 

OLTC∙   Of the OLTC. 

p∙  Of proportional gain of PI control. 

P∙   Of active power. 

pt∙  Of the voltage change per tap of OLTC/SVR. 

Q∙   Of reactive power. 

ref∙   Of the reference value. 

RFB∙   Of RFB. 

RPF∙   Of BESS output of RPF prevention. 

RPFୡ୫ୢ∙   Of the command value of RPF prevention. 

RFB୰ୣ୯ୢ∙   Of the required capacity of RFB. 

RFB୳୬୧୲∙   Of the unit capacity of RFB. 

sec∙  Of the secondary side of tap controller. 

smo∙  Of the power smoothing control. 

SoC∙   Of BESS output of SoC adjustment. 

SoCୡ୫ୢ∙  Of the command value of SoC adjustment. 

SPL∙  Of the SPL. 

SPL୭୮୲∙  Of the optimal parameter of SPL. 

sub∙  Of the substation. 

SVC∙   Of the SVC. 

SVR∙   Of the SVR. 

𝑡∙  At time slice 𝑡. 

term∙  Of the inverter terminal; 𝑉௧
୲ୣ୰୫ indicates the inverter terminal voltage at time slice 𝑡. 

tgt∙  Of target value. 
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up∙  Of tap-up operation. 

VC∙  Of the voltage control. 

vioୟ୪୪୵∙  Of the violation from the allowable range. 

vioୈ∙  Of the violation from the dead band. 

VVୡ୫ୢ∙  Of the command value of volt-VAR function: e.g., 𝑄௧
ౙౣౚ indicates the command value of reactive 

power output by volt-VAR function at time slice 𝑡. 

vv∙  Of control parameter of volt-VAR function. 𝑘 ൌ ሼ1, … ,4ሽ. 

VWୡ୫ୢ∙  Of the command value of PV curtailment calculated by volt-watt function. 

vw∙  Of control parameter of volt-watt function. 𝑘 ൌ ሼ1, 2ሽ. 
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Chapter 1 Introduction 

1.1 Research background 

1.1.1 Trend of renewable energy installation 

Exploiting renewable energy sources (RESs), such as photovoltaic (PV) energy, wind power, 

geothermal power, hydroelectric power, and biomass energy, can enable a country to reduce its carbon 

footprint and improve its self-sufficiency ratio. In Japan, several programs for promoting RESs have 

been implemented as follows: the Renewable Portfolio Standard (RPS) from June 2002 to July 2012 

[1-1], the Excess Electricity Purchasing Scheme (EEPS) from November 2009 to July 2012 [1-2], and 

the Feed-in Tariff (FIT) from July 2012 [1-3]. In particular, the FIT program has contributed toward 

increased use of RESs because the electric power companies are obliged to purchase electricity 

generated from RESs at a higher price compared to the electricity sales price. Excluding large-scale 

hydroelectric power generation, the average annual growth rate of the RES capacity was 14% under the 

RPS and EEPS programs from 2003 to 2012, while it increased to 26% under the FIT program from 

2012 to 2017 [1-3]. The operating capacity of RESs at the end of March 2017 is shown in Fig. 1.1; the 

figure indicates that most of the RES installation is PV. 

 

Fig. 1.1  RES installation at the end of March 2017 
(Created based on [1-4]). 

 

Regarding the operating PV capacity, the Ministry of Economy, Trade and Industry published 

statistical data, as shown in Fig. 1.2. From November 2012 to March 2014, the total capacity of operated 

PV is provided, and from April 2014 to March 2017, the operating capacity of different sizes of PVs is 

provided. The operating capacity of PVs less than 2 MW accounts for the majority of the total PV 

installation, as shown in the figure. The voltage classes of PV connections are listed in Table 1.1, which 
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shows that PVs with less than 2 MW are installed in distribution networks. Figure 1.2 and Table 1.1 

indicates that most of the PVs are assumed to be installed in distribution networks. Rooftop PVs for 

households are generally connected to low-voltage distribution networks, and large-scale PVs (LSPVs) 

with megawatt-scale generation are connected to middle-voltage distribution networks. 

 

Fig. 1.2  Operated PV capacity 
 (Based on [1-4]). 

 

 

Table 1.1  Voltage class and PV rated capacity 
 (Based on [1-5]). 

 Low-voltage Middle-voltage High-voltage 
PV rated 
capacity 

Less than 50 kW 50 kW–2000 kW More than 2000 kW 

Voltage class 100 V–200 V 6.6 kV 33k V–66 kV 

Network Distribution network 
Transmission 

network 

Consumer 
Household, 

Small-scale store 

Small-scale factory, 
Building, 

LSPV 
Large-scale factory 

 

1.1.2 Issues in power network resulting from PV expansion 

The popularization of PVs has enabled countries to reduce their carbon footprint and improve their 

self-sufficiency ratio. However, issues, such as (1) voltage rise/fluctuation, (2) reverse power flow 

(RPF) at substations, and (3) supply-demand imbalance (SDB), are causes for concern due to PV 

expansion. Such issues are assumed to emerge, but they do not necessarily occur in the order of (1)–(3) 

because these are independent phenomena. For instance, (3) SDB does not necessarily deteriorate even 

if RPF occurs at substations. In the current situation where the PV generation is less than the network 

demand, the main problem is the local voltage in distribution networks increases by the PV generation. 

Owing to further PV expansion, if the PV generation amount exceeds the network demand, issues such 

as RPF at a substation and supply-demand imbalance (SDI) may occur, as shown in Fig. 1.3. 
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Fig. 1.3  Technical issues in power networks accompanying PV expansion. 

 

 (1) Voltage rise/fluctuation issue (the issue in distribution networks) 

In Japan, the voltage in low-voltage distribution networks is maintained within 101 േ 6 V or 202 േ 

20 V, which is regulated by Electricity Business Act Article 26 and Electricity Business Act 

Enforcement Regulations Article 45. A traditional distribution network is designed and operated 

assuming a forward power flow, which is a unidirectional power flow from a substation to customers 

[1-6]. The surplus power flows into distribution networks during the PV generation, and the power flow 

is directed from customers to a substation, which is called the RPF phenomenon. The RPF locally 

increases the distribution voltage and causes voltage violation from the allowable range, which is 101 

േ 6 V, as shown in Fig. 1.4. Furthermore, the distribution voltage increase may cause PV curtailment. 

Japanese PV inverters are usually operated with a fixed power factor for voltage control, and PV 

generation is curtailed when the terminal voltage of the PV inverter reaches the upper limit [1-7]. In 

addition, the distribution voltage fluctuation due to the PV intermittency promotes many tap operations 

that accelerate the deterioration of the tap controllers. 

PV installation amountPV generation 
Network   
demand

(1) Voltage rise

(2) Reverse power 
flow at a substation

(3) Demand-supply
imbalance

Distribution
network

Transmission
network

Technical 
problems

supply
demand

Balance may  fluctuates
due to PVs
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Fig. 1.4  Voltage rise issue. 
 

(2) RPF at substations (the issue in distribution networks) 

Traditionally, RPF at substations was uniformly prohibited for the following reasons: 1) Techniques 

for preventing islanding operation of distributed PVs during fault conditions in transmission networks 

had not been developed [1-8]. 2) The voltage control at the substation did not correspond to RPF [1-8]. 

The installation of LSPVs with megawatt-scale generation was restricted owing to the prohibition of 

RPF at substations, and demands for deregulation of RPF from LSPV generation producers grew. Thus, 

RPF was allowed for substations with appropriate countermeasures [1-9]. However, RPF at substations 

cannot be unlimited because the coordination of distributed RES and distribution network is a 

prerequisite.  

 
(3) SDB (the issue in entire power networks) 

The SDB is a critical indicator for transmission network operators, because if it deteriorates 

significantly, the frequency of the power networks will violate the allowable range, which may cause a 

blackout over a wide area. The SDB is maintained by adjusting the outputs of hydroelectric/thermal 

power plants according to the dynamic demand change. SDB control is considered to become severe 

along with PV expansion because the difference between supply and demand may change significantly 

depending on the weather conditions. However, hydroelectric/thermal power plants have a limited 

adjustable power range and power change rate, as listed in Tables 1.2 and 1.3, and there is a concern 

about the inability to prevent the SDI of a power network with a large amount of PVs [1-10]. Thus, 

improvement of the supply-demand adjustment capability is required to install a large amount of PVs 

without deteriorating the power quality. 

 

 

 

 

 

OLTC SVR
SVC

OLTC and SVR control

Distance from a substation

V
ol

ta
ge

Substation

SVC control
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Table 1.2  Specification of hydroelectric power plant  

(From [1-11]). 

 
Run–of–river  
power plant 

Pondage type  
power plant 

Reservoir type  
power plant 

Pumped storage hydropower plant 
Power generation  

operation 
Pumping  
operation 

Governor–free  
operation ✕ △ ◯ ◯ ◯ 

Load frequency 
control (LFC) 

ability 
✕ △ ◯ ◯ ◯ 

Power 
adjustment  

ability 
－ ◯ ◯ ◯ ◯ 

Power adjustable 
range 

－ 50%–100%  ◯ 70 %–100 % 

Power change － about 1 minute 

Start/stop time  3–5 minutes / 1–2 minutes 
5–10 minutes / 1–

2 minutes 

Main role 
Base supply 

capacity 
・Peak supply capacity 
・regulated power supply 

・Peak supply capacity 
・regulated power supply 

・ reserved capacity 

・Pumping power 
・regulated power 

supply 

◯：Very suitable / △： Suitable / ✕：Not suitable 

 
Table 1.3  Specification of thermal power plant 

 (From [1-11]). 

Generator type 

Steam power generation system Combined cycle power generation 

Drum–type boiler 
(350 MW class) 

 Once–through boiler  
(700 MW class) 

1100 ℃ class 
(single-shaft  

150 MW class) 

1300 ℃ class 
(single-shaft  

350 MW class) 
Fuel type Oil LNG Coal Oil LNG Coal LNG LNG 

Governor–free  
operation 

◯ ◯ ◯ ◯ ◯ ◯ ◯ ◯ 

LFC ability ◯ ◯ ◯ ◯ ◯ ◯ ◯ ◯ 
Power 

adjustment  
ability 

△ ◯ △ ◯ ◯ △ 
Single 
shaft 

Multi 
shaft 

Single 
shaft 

Multi 
shaft 

✕ ◯ △ ◯ 
Power 

adjustable 
range 

30 %– 
100 % 

20 %– 
100 % 

30 %– 
100 % 

15 %– 
100 % 

15 %– 
100 % 

30 %– 
100 % 

80 %– 
100 % 

20 %– 
100 % 

50 %– 
100 % 

20 %– 
100 % 

Power change 
rate 

3 %/min 3 %/min 1 %/min 5 %/min 5 %/min 5 %/min 7 %/min 10 %/min 

Start 
time 

Weekly 
start 
stop 

20–30 h 30–40 h 12 h 

Daily 
Start 
Stop 

3–5 h 5–10 h － 1 h 

◯：Very suitable / △： Suitable / ✕：Not suitable 
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1.1.3 Countermeasures against power network issues due to PV expansion 

This chapter presents an overview of the countermeasures against issues in distribution 

networks/entire power networks owing to a large amount of PV installation. 

 

(1) Countermeasure against voltage rise/fluctuation issue 

The distribution voltage is controlled on both the network-side and the demand-side. Currently, tap 

controllers, such as on-load tap changer (OLTC) and step voltage regulator (SVR), are mainly used for 

voltage control in distribution networks, and most of these tap controllers are operated assuming a 

conventional distribution network with no PVs. Thus, OLTC and SVR may not be able to regulate 

distribution voltage appropriately when a large amount of PVs are installed in distribution networks. 

To overcome this problem, advanced voltage control methods and next-generation voltage controllers 

have been developed to accelerate the installation of PVs. Table 1.4 summarizes the voltage controllers. 

The conventional voltage control methods of OTLC and SVR have been modified to be adaptable to 

PV expansion [1-6], [1-12]. Moreover, flexible AC transmission networks, such as static VAR 

compensator (SVC), static synchronous compensator (STATCOM), and battery energy storage systems 

(BESSs), have been developed. 

On the demand-side, fixed power factor control is used for PV inverters connected to low-/middle-

voltage distribution networks. The value of the fixed power factor is set as 95% for rooftop PVs [1-13] 

and generally 90% for LSPVs. In addition, smart inverters with multiple grid support/communication 

functions [1-14] have been proposed and studied in Europe, USA, and Japan. The control 

mode/parameters can be changed according to the request of the power network operator through the 

communication function. In Japan, studies have been conducted [1-15] to demonstrate the effectiveness 

and issues of smart inverters for actual operation. 

   
Table 1.4  Characteristics of voltage control equipment. 

 Equipment Site Control principle 
Control time 

constant 
Remarks 

Network 
side 

OLTC 
Distribution 
 substation 

Tap operation  200 s 
A criterion of replacement is 

200,000 times 

SVR 
Middle-voltage 

 distribution 
network 

Tap operation 45-180 s 
About $30,000 

limit is 200,000 times 

SVC 
Reactive power 

control 
100 ms About $100,000 

STATCOM 
Reactive power 

control 
40 ms About $150,000 

Network 
/Demand 

side 

BESS 

Low-/middle-
voltage 

distribution 
network 

Active/reactive 
power control 

From tens of 
milliseconds to 
several hundred 

millisecond 

Features depends on  
the BESS type 

Smart 
inverter 

Low-/middle-
voltage 

distribution 
network 

Active/reactive 
power control 

From tens of 
milliseconds to 
several hundred 

milliseconds 

Control mode/parameters can 
be updated by the 

communication function 
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Integrated control of the equipment on the network-side and demand-side is expected to be used as a 

countermeasure with high efficiency and reliability. However, it may take several years or decades for 

the integrated control preparation, such as establishment of the communication infrastructure and a 

control method. Therefore, countermeasures based on the network-side equipment are likely to be 

adopted to respond to rapid PV expansion. Regarding countermeasures on the network-side, there is a 

high possibility that countermeasures by conventional voltage controllers, such as OLTC, SVR, and 

SVC, will be implemented early from the viewpoints of cost reduction and effective utilization of 

existing facilities. 

 

(2) Countermeasure against the RPF at substations 

The upgrade of the OLTC control method is taken as a countermeasure against deterioration of the 

voltage control performance during the RPF at a substation. However, in the case when the operation 

is hindered by an increase in the RPF, further measures are required. BESS charging operation is also 

effective for RPF prevention, but it is not currently taken from the viewpoint of cost-effectiveness. 

Therefore, it is necessary to improve the added value of a BESS by using it together with other controls 

such as voltage control or power smoothing instead of using the BESS only for RPF measures. 

 

(3) Countermeasure against SDI 

As described in Section 1.1.2 (3), improvement in supply-demand adjustment capability will be 

required for a significant amount of PV installation, and the following countermeasures are considered: 

construction of new pumped storage power (PSP) plants, curtailment of PV generation, and utilization 

of BESSs. The usage situation and characteristics of these countermeasures are as follows. 

For supply-demand adjustment, hydroelectric/thermal power plants are conventionally used, but 

these plants may not be able to appropriately maintain the SDB of a power network with a large amount 

of PVs owing to the limited adjustable power range and power change rate of the power plants. PSP 

plants are considered as an effective countermeasure for surplus power, but PSP plants cannot respond 

to significant PV expansion because the construction period is a decade or more. In addition, in Japan, 

the effect of PSP plant installation may not be significant because the number of suitable sites is limited. 

PV curtailment is also a countermeasure against supply-demand adjustment. PV curtailment is not 

desirable as an additional countermeasure because frequent PV curtailment increases massive PV 

generation losses. In some demonstration examinations, PV curtailment is used for supply-demand 

control in micro-grids/islands where the supply-demand adjustment capability is limited. Recently, PV 

generation has also been curtailed in the jurisdiction of the Kyusyu Power Company [1-16]. 

To overcome these problems, BESSs have attracted considerable attention for the following reasons: 
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 Short construction period 

It generally takes a decade or more to build thermal power plants or PSP plants, whereas BESSs 

are constructed in a significantly shorter period. Thus, BESSs are expected to cope with the 

significant expansion of PVs in power networks. 

 Flexible capacity design and installation site 

Compared to PSPs, BESSs can be designed in various sizes and their capacity can be increased 

as required. In addition, BESSs can be site in distributions networks, unlike the PSP plant. 

With this feature, BESSs are expected to contribute to distribution network management; for 

instance, BESSs can improve voltage control performance and defer the expansion of 

distribution network facilities owing to drastic PV increase, which cannot be handled by PSPs. 

As an example of supply-demand adjustment by BESSs, the Hokkaido Electric Power Co., Inc. has 

met the requirement of alleviating output fluctuation of LSPVs/wind power generation using BESSs 

[1-17]. Specifically, concerning PV power generation equipment of 2000 kW or more, the rate of 

change in the total output of LSPV generation and BESS must be maintained at 1% or less per minute 

of the power generation rated output. 

1.2 Research purpose 

As mentioned above, many types of countermeasures are considered for technical issues: (1) voltage 

rise/fluctuation, (2) the RPF at a substation, and (3) SDI. (1) voltage rise/fluctuation and (2) the RPF at 

a substation have already occurred in some areas individually. While, in situations where more than 

two of (1) - (3) occur due to the PV expansion, it is expected that collective countermeasures by BESSs 

are more efficient than individual measures and are superior regarding operation and cost.  

However, problems remain in improving the technical issues. Therefore, this thesis proposes the 

following schemes, and the effectiveness of the proposed schemes is evaluated through power flow 

calculation for distribution networks with high PV penetration rate (PVPR). Chapter 2 presents a 

planning scheme for upgrading the voltage controls. Chapters 3 and 4 describes a control method and 

planning scheme of BESS for multipurpose utilization. Chapter 5 concludes this thesis and explores 

directions for future work. 

1.2.1 Planning scheme for upgrading voltage control methods 

Upgrading the voltage control method and installing voltage controllers are necessary to mitigate 

voltage violations according to PV expansion. However, if ad hoc countermeasures are implemented, 

the countermeasure cost may increase sharply owing to excessive equipment enhancement and voltage 

violation may not be prevented owing to delays in adopting the countermeasures. Therefore, it is 

necessary to update the conventional voltage control method to a suitable method at an appropriate 
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timing according to PV expansion. In addition, determination of appropriate voltage control methods 

and voltage controllers is required because inappropriate countermeasure may cause voltage violation.  

Chapter 2 presents the planning scheme to determine a suitable method, the type of voltage 

controllers, and the timing for upgrading the voltage controls according to PV expansion. The proposed 

scheme covers conventional voltage controllers, such as OLTC, SVR, and SVC (but not BESSs), 

reflecting the need for cost reduction of countermeasures of power companies. The proposed scheme 

starts with updating the OLTC control method from the conventional scalar line drop compensator 

(LDC) method to the vector LDC method or centralized control method; then, an SVR or SVC is 

installed. The control parameters/site of an SVR and SVC are optimized to maximize the PVPR. The 

suitable method, controller, and timing for upgrading the voltage type of the voltage controllers are 

demonstrated using a general distribution network with high PVPR. 

1.2.2 Scheme for determination of control parameters and capacity of BESS for multipurpose 
utilization 

Determination of optimal control parameters for stable control and suitable BESS capacity is vital 

for BESS utilization in distribution networks. Inappropriate control parameters may induce power-

quality deterioration. For instance, rapid repetition of the BESS charge/discharge, called the hunting 

phenomenon, may cause voltage fluctuation and voltage violation, i.e., power-quality deterioration. The 

BESS capacity becomes excessive considering only the improvement in control performance. Therefore, 

it is necessary to determine the capacity considering the balance between control performance and 

BESS capacity.  

Chapter 3 describes the scheme for determining the control parameters and BESS capacity. The 

BESS is used for voltage control and substation power leveling (SPL). Considering the OLTC operation, 

the proposed scheme determines optimal control parameters that prevent the BESS hunting 

phenomenon. The BESS capacity can be determined to reflect the BESS operator’s request by 

establishing the trade-off relationship between the control performance of SPL and BESS capacity. The 

effectiveness of the proposed scheme was confirmed through the power flow calculation using a 

distribution network model with high penetration of LSPVs. 

1.2.3 Multipurpose control and planning scheme for BESS 

BESSs are used for multiple purposes to increase the added value. However, multipurpose utilization 

with inappropriate control methods may deteriorate the control performance of BESSs. The interaction 

of BESS control may cause power-quality deterioration due to unstable BESS control. In addition, the 

BESS capacity required for operation varies with the BESS type even under the same control because 

the round-trip efficiency and capacity design are different for each BESS type, and the capacity and 

control effect of BESS depend on the sites in distribution networks. Thus, determination of suitable 

BESS site and type is critical for BESS utilization in distribution networks. In addition, BESSs are 
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generally assumed to be used for a long time (e.g., a decade or more), and the role and BESS capacity 

may change according to the PV expansion.  

Chapter 4 presents the multipurpose control and planning (MCP) method of BESS corresponding to 

the LSPV expansion. This chapter is also targeted at distribution networks with a large amount of 

LSPVs, and BESSs are used for mitigating the RPF at a substation and power fluctuation of LSPVs. 

The proposed scheme includes the multipurpose control method and determines the suitable BESS site 

and type considering the LSPV expansion. 
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Chapter 2  
Planning Scheme for Upgrading Voltage Control Methods 

2.1 Introduction to this chapter 

The use of PV systems is continually increasing in Japan. The capacity of installed PV systems 

reached approximately 38.5 GW (9.5 GW for households and 29.0 GW for non-households) by the end 

of March 2017 [1-4]. PV systems for households have been connected to the distribution networks. The 

Japanese government has set a goal of installing 28 GW PV systems by 2020 and 64 GW by 2030 [2-

1]. It is assumed that the penetration of PV systems into distribution networks will continue to increase.  

Studies on the hosting capacity of PV systems and novel voltage control methods have been 

conducted previously. Hosting capacity calculations are necessary in planning voltage control systems. 

In [2-2]-[2-8], hosting capacities under various situations were reported. 2-1Wang et al. [2-4] proposed 

an evaluation method for maximum hosting capacity (MHC) considering the optimal operation of 

OLTCs and SVCs. The authors discussed a method of determining the critical technical restrictions on 

MHC. Moreover, Jayasekara et al. [2-5] employed a BESS to increase the hosting capacity of 

distributed generation and proposed a number of voltage control methods. In their approaches, RPF 

from PV systems raises the distribution voltage at high PVPR.  

Currently, distribution voltage is primarily controlled using tap changer transformers, such as the 

OLTC and SVRs. However, the conventional voltage control method for tap changers assumes only a 

load current without RPF. Thus, the tap changer may be unable to maintain the distribution voltage 

within an allowble range when the PV penetration is high [2-9]. Several methods have been proposed 

to resolve the voltage rise problem [2-9]–[2-20]. Yorino et al. [2-10] proposed a voltage control method 

for tap controllers in distribution networks with high PV penetration based on a multi-agent system. 

The results of numerical simulations showed that an increase in PV systems penetration causes frequent 

tap changing operations and distribution voltage violations with a conventional voltage control method. 

On the other hand, their proposed method realized optimal tap control by adding the function to the 

conventional tap controllers. 

Another problem of using PV systems is that their output fluctuates significantly with respect to 

weather conditions, which may cause voltage violations in distribution networks. A tap changer cannot 

follow rapid voltage fluctuations on account of a working delay function that prevents life span 

deterioration [2-21]. To manage the fluctuating voltage, previous researchers have proposed control 

methods that use equipment that output reactive power (e.g., SVCs and shunt capacitors) [2-22]–[2-31]. 

In [2-22] for instance, a distribution static compensator was employed for voltage control to increase 

the PV hosting capacity of a distribution network. Using this method, the optimal PV hosting capacity 

was determined by maximizing the net present value. 
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As described in the foregoing, many studies have been conducted on hosting capacity and voltage 

control methods. In addition, selecting a suitable method and timing is important for upgrading the 

voltage control method to increase PV penetration in distribution networks without excessive capital 

investments or voltage violations due to transition delays. To date, however, few study has been 

reported on upgrading the voltage control method. Generally, upgrading the voltage control method is 

required along with increasing PV penetration. Thus, I propose a scheme to determine a suitable method, 

the type of voltage controllers and timing for upgrading the voltage control methods based on the limit 

of the PVPR. This limit was determined by numerical simulations and experiments using a distribution 

network model of a residential area. A numerical simulation was used to evaluate various simulation 

conditions, and experiments validated the simulation results. The proposed scheme may thus contribute 

toward the planning of voltage control in distribution networks and the increasing of distributed PVs. 

The remainder of this chapter is organized as follows. Section 2.2 explains conventional and 

upgraded voltage control methods. Section 2.3 describes the upgrade process of voltage control methods 

and the selection of control parameters of the OLTC, SVR, and SVC. Sections 2.4 and 2.5 describe the 

simulation conditions and results of the numerical simulation and experiment, respectively. Section 2.6 

concludes this chapter. 

2.2 Voltage control methods 

This section explains the conventional voltage control method of OLTC. In addition, two types of 

upgraded voltage control methods are described: upgrading the OLTC control method, and installing 

voltage control equipment, such as the SVR and SVC. As mentioned in Section 2.1, many voltage 

control methods using specific equipment have already been proposed. However, the OLTC, SVR, and 

SVC were selected as the voltage control equipment for the present study based on the results of a 

questionnaire provided to nearly all the Japanese power companies. 

2.2.1 Scalar LDC method (conventional method of OLTC) 

The scalar LDC method changes the tap position to maintain the calculated voltage of a reference 

point (reference voltage) within a dead band. The reference voltage 𝑉௧
୰ୣ is calculated as follows: 

 

𝑉௧
୰ୣ ൌ ห𝑉ሶ௧

ୱୣୡห െ √3ห𝐼ሶ௧ห൫𝑅େ cos𝜃  𝑋େ sin𝜃൯,  (2.1) 
 

where ห𝑉ሶ௧
ୱୣୡห is the absolute value of the secondary side voltage of the OLTC, ห𝐼ሶ௧ห is the absolute value 

of the current passing through the OLTC, and 𝑅େ and 𝑋େ are the simulated line resistance and 

reactance with the set lag power factors, cos𝜃 ൌ 0.98 and sin𝜃 ൌ 0.20, respectively. The amount of 

voltage violation, 𝐷௧ is integrated when the reference voltage violates the dead band and becomes zero 

when the reference voltage is within the dead band as follows: 
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𝐷௧ ൌ ൞
𝐷௧ିଵ  𝑉௧

୰ୣ െ 𝑉
ୈైీి

, if ቀ𝑉௧
୰ୣ  𝑉

ୈైీి
ቁ

𝐷௧ିଵ  𝑉௧
୰ୣ െ 𝑉ୈైీి , if ൫𝑉௧

୰ୣ ൏ 𝑉ୈైీి൯
0                                          , otherwise,                    

 (2.2) 

 

where 𝑉ୈైీి/𝑉
ୈైీి

 is the lower/upper limit of the dead band in the LDC method. The tap control is 

performed according to the following equation: 
 

𝑇𝐴𝑃௧ ൌ ቐ
െ1 , if ൫𝐷௧ିଵ  𝐷ୢ୭୵୬൯ 
1 , if ሺ𝐷௧ିଵ ൏ 𝐷୳୮ሻ      
0 , otherwise,                 

 (2.3) 

 

where 𝐷ୢ୭୵୬ and 𝐷୳୮ are voltage violations for tap-down and tap-up operations, and 𝑇𝐴𝑃௧ାଵ is the 

change in the OLTC tap position. In addition, −1 denotes the tap-down operation, +1, the tap-up 

operation, and 0, non-operation. 

2.2.2 Vector LDC method (upgraded method 1 of OLTC) 

When the power factor changes dynamically due to the PV generation, the scalar LDC method 

cannot properly calculate the reference point voltage because of the fixed power factor. In contrast, the 

vector LDC method provides a more accurate calculation since the vector calculation considers dynamic 

changes in the power factor as follows: 
 

𝑉௧
୰ୣ ൌ ห𝑉ሶ௧

ୱୣୡ െ √3𝐼ሶ௧ ∙ ൫𝑅େ  j𝑋େ൯ห,  (2.4) 
 

where j is an imaginary unit. Voltage violation and tap operation are obtained using (2.2) and (2.3). The 

top of Fig. 2.1 shows the calculated reference voltage. The scalar LDC and vector LDC methods used 

to calculate the reference voltage are represented by (2.1) and (2.4), respectively. As shown in the 

bottom figure, the tap position of the OLTC changes when voltage violation 𝐷௧ exceeds 𝐷ୢ୭୵୬ or falls 

below 𝐷୳୮. 
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Fig. 2.1  Scalar and vector LDC method  
© IEEE 2018. 

2.2.3 Centralized control method (upgraded method 2 of OLTC and SVR) 

The centralized control method manages the distribution voltage within an allowable range using 

the voltage measured at the switches with sensors. This method uses the maximum and minimum values 

of the measured voltages as the representative voltages. 𝑉௧
୫ୟ୶  and 𝑉௧

୫୧୬  are the maximum and 

minimum distribution voltages, respectively, measured at the switches with sensors, while 𝑉
ୈౙ

, and 

𝑉ୈౙ are the respective upper and lower limits of the dead band. 𝑉୮୲ is the voltage change per tap of 

the OLTC or SVR. The tap position is calculated as follows: 
 

 

Figure 2.2 shows the tap operation using the maximum and minimum values of the measured voltage.  

The allowable voltage range is given by 𝑉
ୟ୪୪୵

 and 𝑉ୟ୪୪୵ . The tap position changes when the 

representative voltage violates the dead band before the tap operation and when the voltages after the 

tap operation are within the dead band (left and middle of Fig. 2.2). The tap position does not change 

when voltages after the tap operation are outside the dead band or the distribution voltages are within 

the dead band (right part of Fig. 2.2). 

Reference
point

Secondary 
side

Voltage drop

Scalar LDC: 

Vector LDC: 

OLTC Voltage

Length of distribution system

Time

Voltage

Voltage deviation

Tap-down operation

Dead band

Voltage deviation

Tap-up operation

Allowable range

𝑇𝐴𝑃௧ାଵ ൌ

⎩
⎨

⎧െ1 , if ቀ𝑉௧
୫ୟ୶  𝑉

ୈౙ
, 𝑉௧

୫୧୬ െ 𝑉୮୲  𝑉ୈౙቁ      

1 , if ቀ𝑉௧
୫୧୬ ൏ 𝑉ୈైీి, 𝑉௧

୫ୟ୶  𝑉୮୲  𝑉
ୈౙቁ     

0 , otherwise.                                                                      

 (2.5) 
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Fig. 2.2  Centralized voltage control method  
© IEEE 2018. 

2.2.4 Control method of SVC 

The SVC outputs reactive power to maintain the monitored voltage at the interconnection point 𝑉௧
ୗେ 

to a distribution network within the dead band. The value of SVC terminal voltage violation from the 

dead band 𝑉௧
୴୧୭ీా  is calculated via the following equation: 

 

𝑉௧
୴୧୭ీా ൌ ൞

𝑉
ୈి

െ 𝑉௧
ୗେ , if ቀ𝑉௧

ୗେ  𝑉
ୈి

ቁ        

𝑉୲
ୗେ െ 𝑉ୈి , if ൫𝑉௧

ୗେ ൏ 𝑉ୈి൯        
0                           , otherwise.                             

 (2.6) 

 

The SVC outputs 𝑄௧
ୗେ the reactive power based on proportional–integral (PI) [2-32] control according 

to the following equation: 
 

𝑄௧
ୗେ ൌ ൞

𝐾୮𝑉௧
୴୧୭ీా  𝐾୧ න 𝑉௧

୴୧୭ీాd𝑡 , if ቀ𝑉௧
୴୧୭ీా ് 0ቁ

 𝑄௧ିଵ െ 𝐾ୟ න  𝑄௧ିଵ d𝑡            , if ቀ𝑉௧
୴୧୭ీా ൌ 0ቁ,

 (2.7) 

 

where ൛𝐾୮. 𝐾୧, 𝐾ୟൟ is the PI control parameters. When the voltage violates from the dead band (𝑉௧
୴୧୭ీా ്

0), the reactive power output is calculated using the first condition of (2.7). Conversely, when the 

monitored voltage is within the dead band (𝑉௧
୴୧୭ీా ൌ 0), the reactive power output is reduced based on 

the second condition of (2.7).  

2.3 Upgrade of voltage control method and selection of control parameters 

This section describes the upgrade policy for the voltage control method and the selection of control 

parameters for the scalar and vector LDC methods and PI control. The control parameters of each 

voltage control method are determined to maximize the PVPR. 

2.3.1 Control parameters selection for OLTC 

To obtain the control performance of the conventional voltage control method, the limit of the PVPR 

Time 

Voltage 

Time 

Voltage Voltage 

Time 

Tap 
position

Tap-down operation Tap-up operation Nonoperation

Allowable range

Dead
band

Tap 
position

Tap 
position
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is calculated using the scalar LDC method. The target voltage of the reference point, as well as the 

simulated line resistance, 𝑅େ, and reactance, 𝑋େ, comprise the control parameters for the LDC 

method. The control parameters for the scalar LDC method are determined using the load current with 

no PV systems.  

As the first step of upgrading the voltage control method, the OLTC control method is changed from 

the scalar LDC to the vector LDC method. This is because the OLTC control method affects the entire 

distribution network, and upgrading to the vector LDC method does not require the introduction of new 

equipment. The control parameters of the vector LDC method are determined as follows. First, the 

control parameters are determined in a similar manner similar to the scalar LDC method. Second, when 

the voltage violates the allowable range in the scalar LDC method as the PVPR increases, the 

conventional control parameters are revised to prevent voltage violation. The control parameters of the 

LDC method are common for each validation day: three days with three types of PV profiles, and one 

day with no PV systems. The control parameters of the scalar and vector LDC methods are determined 

in such a way as to minimize the sum of voltage violations from the allowable range 𝑉୴୧୭ౢౢ౭  as 

calculated using the following equation: 

𝑉୴୧୭ౢౢ౭൫𝜸େ൯ ൌ    𝑉ௗ,௧,
୴୧୭ౢౢ౭

ேౚ

ୀଵ

்

௧ୀଵ

ேౚ౪

ௗୀଵ

, (2.8) 

 

where 𝜸େ ൌ ൛𝑉୲୲, 𝑅େ, 𝑋େൟ  is the parameter set of the OLTC, 𝑁ୢୟ୲ୣ  is the number of 

simulation dates, 𝑁୬୭ୢୣ is the total number of nodes, and 𝑇 is the simulation time length. In addition, 

𝑉ௗ,,௧
୴୧୭ౢౢ౭ , which is the voltage violation of each day, 𝑑, and node, 𝑛, which is calculated as follows: 

 

𝑉ௗ,,௧
୴୧୭ౢౢ౭ ൌ ൞

𝑉ௗ,,௧൫𝜸େ൯ െ 𝑉
ୟ୪୪୵

    , if ቀ𝑉ௗ,,௧  𝑉
ୟ୪୪୵

ቁ           

𝑉ୟ୪୪୵ െ 𝑉ௗ,,௧൫𝜸େ൯    , if ൫𝑉ௗ,,௧ ൏ 𝑉ୟ୪୪୵൯            
0                                          , otherwise.                         

 (2.9) 

 

When multiple control parameter sets minimize the summation of voltage violations, the last control 

parameter set is employed. The optimal value of 𝑉୴୧୭ౢౢ౭ is zero, which represents the case of no voltage 

violation.  

2.3.2 Control parameter selection for SVR and SVC 

The SVR or SVC is installed after the OLTC control method is upgraded to the centralized control 

method. The SVR and SVC control parameters are determined for the states in which voltage violation 

occurs with centralized control. The objective function for the SVC is given by (2.8), which is the same 

as that of the LDC method. However, the control parameter set of the SVC 𝜸ୗେ ൌ ൛𝐾୮, 𝐾୧, 𝐾ୟൟ is 

used instead of 𝜸େ. 
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2.4 Simulation case studies 

Numerical simulations were performed to evaluate the voltage control performance of each of the 

aforementioned methods based on the limit of the PVPR. 

2.4.1 Simulation settings 

The model of the distribution network consists of two residential feeders. The summed load of 

certain feeders was set for realistic OLTC operations as shown in Fig. 2.3. The configuration of feeders 

A and B were identical [2-33]; however, the PV systems were interconnected only with feeder A. The 

summed load profile was calculated by subtracting the loads of feeders A and B from the actual 

measured substation profile. The trunk line length of feeders A and B was 3.65 km with loads of 2,000 

households, which were connected to nodes. The lag power factor of both feeders was 0.98, while the 

power factor of the PV system was one. 

 

Fig. 2.3  Distribution network  
© IEEE 2018. 

 
Table 2.1 lists the number of voltage control equipment in each simulation case while Table 2.2 lists 

the numerical simulation settings. In case 1, only the OLTC was used for voltage control. In cases 2 

and 3, the SVC or SVR was installed in addition to the OLTC. Each piece of equipment was installed 

at the site that maximized the limit of the PVPR. The SVC was installed at the end of the distribution 

trunk line (case 2), while the SVR was installed at the starting point. The dead band width of the LDC 

method was determined by consulting with specific power companies in Japan. For the centralized 

control method, the dead band was adjusted to minimize the tap change and prevent voltage violation. 

In this study, six types of PV profiles and two types of load profiles were assumed. 
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Table 2.1  Simulation cases and control method  

© IEEE 2018.  

Case number 
Voltage control equipment 

OLTC 
(Three methods) 

SVC SVR 

Case 1 (only OLTC) 1 
No 

installation 
No 

installation 
Case 2 (with SVC at end 

point) 
1 1 

No 
installation 

Case 3 (with SVR at 
starting point) 

1 
No 

installation 
1 

 
 

Table 2.2  Settings of the numerical simulation  
© IEEE 2018. 

Content Setting value 

Simulation time step [s] 60 
Rating voltage [V] 6600 
Allowable voltage range [p.u.] [2-34] 0.981–1.019 
Number of simulation dates 
(Two representative seasons have four days) 
(PV generation (three days) and no PV generation (1 day)) 

8 

Total number of nodes  
(Feeders A and B have 28 nodes each) 

56 
 

Number of households in each feeder 2000 
Peak 
values 

Summed load [kW] 12789 
Load of household [kVA] 1 
PV system for household [kW] 2.77 

OLTC Rated capacity [MVA] 20 
Percent of reactance at the rated capacity [%] 15 

Voltage change per tap [p.u.] [2-35] 0.0091 
Dead band of the LDC method [p.u.] 
(Target voltage േ dead band width) 

𝑉୲୲ േ 0.01 𝑉୲୲ 

Dead band of the centralized control 
 method [p.u.]  

0.982–1.018 

SVR Rated capacity [MVA] 10 
Percent of reactance 
at the rated capacity [%] 

1.5 

Voltage change per tap [p.u.]  0.0151 
Dead band of the centralized control 
 method [p.u.]  

0.982–1.018 

SVC Maximum output [kvar] 600 
Dead band [p.u.]  0.990–1.010 

 

Figure 2.4 shows the profiles of the low-voltage loads (top) and the summed load (bottom) with lagging 

reactive power. Figure 2.5 shows the output profiles of a PV system for a household on a sunny day 

and two types of cloudy days during two representative seasons. Same load and PV profiles were used 

for each household to simulate the most severe conditions. All PV and load profiles were actually 

measured on site, and the PV profiles of households were referenced from the work: “Demonstrative 

Research on Grid-interconnection of Clustered Photovoltaic Power Generation Systems,” which was 
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organized by the New Energy and Industrial Technology Development Organization [2-36]. The 

features of each PV profile were as follows. On a sunny day, the PV output was stable. On a type 1 

cloudy day, the amount of output fluctuation was drastic, while on a type 2 cloudy day, the number of 

PV fluctuations was high.  

To realize an ideal centralized control, switches with sensors were installed at nodes where the 

distribution voltage was maximum or minimum at each PVPR. Previously, the installation sites of 

switches with sensors were determined by calculating the power flow under a 100% PVPR. The voltage 

control performance of each method was evaluated based on the limit of the PVPR. The PVPR is 

defined as the ratio of the number of households with PV systems to the total number of households. 

The rate was specified as increasing in increments of 5% starting from zero. The 30-min averaged of 

each node voltage was used to determine voltage violation [2-37]. 

 

 

Fig. 2.4  Load profiles 
Low-voltage load per household (top); summed load (bottom)  

© IEEE 2018. 
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Fig. 2.5  PV profiles per household 
sunny day (top), type 1 cloudy day (middle), type 2 cloudy day (bottom) 

© IEEE 2018. 

2.4.2 Analysis of distribution voltage control 

Figure 2.6 shows the voltage profiles of all the nodes of the scalar LDC, vector LDC, and centralized 

control methods for case 1. In Fig. 2.6(a), the maximum distribution voltage is close to the upper limit 

of the allowable range. The OLTC tap position in the scalar LDC method during the day is 12. In Fig. 

2.6(b), the distribution voltage is closer to the lower limit of the allowable range. The OLTC tap position 

of the vector LDC method is lower than that of the scalar LDC method because the control parameters 

of the vector LDC method were determined assuming PVPR, unlike the scalar LDC method. The 

control parameters are compared as follows. The simulated line resistance and reactance were almost 

the same in both LDC methods. The target voltage of the reference point was 6636.7 V in the scalar 

LDC method and 6618.5 V in the vector LDC method. For Figs. 2.6(b) and (c), the tap transitions of 

the vector LDC and centralized control methods are similar; therefore, the PVPRs of both methods are 

the same in case 1. The voltage control performances of the SVC and SVR, the voltage profiles, and 

the reactive power profiles for cases 2 and 3 were compared as shown in Fig. 2.7. The distribution 

voltage was managed by OLTC and SVR controls, as shown in Fig. 2.7(a). Figs. 2.7(b) and (c) indicate 

that the distribution voltage violates the allowable range in spite of the maximum reactive power output 

by the SVC. 
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(a) Scalar LDC method. 

 
(b) Vector LDC method. 

 
(c) Centralized control method 

Fig. 2.6  Average voltage profiles 
 (Case 1, type 2 cloudy day, May, PV 40%) © IEEE 2018. 
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(a) Case 3. 

 
(b) Case 2. 

 
(c) Reactive power of SVC of (b) 

Fig. 2.7  Average voltage profiles and reactive power profile  
(Centralized control method, type 2 cloudy day, May, PV 100%) © IEEE 2018. 
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2.4.3 Limit of the PVPR with numerical simulation and experiment 

By analyzing the distribution voltage control in each case, the PVPR was obtained. Figure 2.8 shows 

the common limit of the PVPR, which was the minimum installation rate achieved by any method in 

the six days of studies. The figure shows two additional findings.  

First, except for Case 1 of the vector LDC and the centralized control methods, the limit of the PVPR 

increased as the voltage control method of the OLTC was upgraded. This was analyzed as follows. The 

PVPR obtained using the vector LDC method was higher than that obtained using the scalar LDC 

method by 15% because the control parameters of the vector LDC method were determined using the 

load current with PV systems. 

Second, the limit of the PVPR increased from case 1 to case 3. Installing the SVR at the starting 

point of the distribution network increased the limit of the PVPR by 5% compared to installing the SVC 

at the end of the distribution network because the SVR controlled the whole distribution voltage, unlike 

the SVC. 

The following conclusions can be drawn based on the results shown in Fig. 2.8 for the upgrade of 

the voltage control method. The OLTC control method with the scalar LDC method could manage a 

PVPR of up to 40%; after which, the OLTC control method should be upgraded to the vector LDC 

method, which requires no sensor installation, unlike the centralized control method. When the PVPR 

exceeded 55%, none of the OLTC control methods could prevent voltage violation, and SVC or SVR 

installation was necessary. As shown in Fig. 2.8, using the SVR increased the PVPR more than using 

the SVC. Thus, SVR installation was selected as the more suitable method. 

 

 

Fig. 2.8  Limit of the PVPR with the numerical simulation and experiment 
(30-min averaged voltage was used to determine voltage violation) © IEEE 2018. 
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2.4.4 Comparison of SVR and SVC 

The voltage control performances were compared in terms of the 30-min averaged voltage and the 

60-s values used to check the instantaneous voltage violation (i.e., the step size of the used profiles). 

Figure 2.9 shows the instantaneous voltage profiles for the type 1 cloudy day in August. As shown in 

Fig. 2.9(a), the voltages at nodes one to six in Fig. 2.3 deviate above the upper limit twice. However, 

no distribution voltage violates below the lower limit. Figures 2.9(b) and (c) show that the instantaneous 

voltage is maintained within the allowable range with SVC control. Figure 2.10 shows the PVPR with 

centralized control in cases 2 and 3 for two types of cloudy days. The SVC increases the PVPR more 

than the SVR, because the former controls rapid voltage fluctuations, unlike the latter. This 

phenomenon is confirmed by Fig. 2.9. Based on the results of the numerical simulations, the SVR was 

more effective than the SVC in extending the PVPR while preventing 30-min averaged voltage 

violations. The SVC on the other hand, helped increase the PVPR while preventing instantaneous 

voltage violations. 

 

 
(a) Voltage profiles in case 3. 

 
(b) Voltage profiles in case 2. 
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(c) Reactive power of SVC of (b). 

Fig. 2.9  Instantaneous voltage and reactive power profiles 
(Type 1 cloudy day, August, PV 65%) © IEEE 2018. 

 

 

Fig. 2.10  Limit of the PVPR with the numerical simulation  
(Instantaneous voltage was used to determine voltage violation) © IEEE 2018. 

2.5 Experiment with test bed active network simulator with energy resources 
(ANSWER) 

2.5.1 Experiment settings 

ANSWER [2-38] was used to shape the experimental distribution network, which was a model of 

an actual 6.6-kV distribution network scaled down to 200-V. Figure 2.11 depicts ANSWER. The 

currents passing through each piece of equipment and the bus voltage were 1/25 and 1/33 of the actual 

6.6-kV distribution network, respectively. The experimental distribution network was comprised of the 

power delivery device, the OLTC and SVR devices, ten distribution line devices, ten inverter devices 

that simulated the load, PV systems, and the SVC. The voltage values of each distribution line device 

and the feeder B were used for the centralized control method. Figure 2.12 shows the distribution 

network model of ANSWER. The distribution voltage of feeder B was calculated by the numerical 

simulation.  
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The experimental settings are as listed in Table 2.3. The control parameters of the OLTC, SVR, and 

SVC were determined as follows. A model of the distribution network was developed on a computer to 

optimize the control parameters of the ANSWER system. The line lengths were adjusted to match the 

most severe points of the distribution voltage, such as the maximum or minimum voltage in the 

experimental and modeled systems. The control parameters were then calculated as described in Section 

2.3. When the distribution voltage deviated from the allowable range using the control parameters 

optimized on the computer, the control parameters were adjusted. 

 

 
Fig. 2.11  ANSWER devices  

© IEEE 2018. 
 

 

 Fig. 2.12  Distribution network model of the ANSWER system  
© IEEE 2018. 

 
 

OLTC

6.6kV

Node

Peak demand: 
12.8 MW

Feeder A
(Residential)

SVR SVC

N1 N2

N3 N4

N5
N6

N1 means 
the node six

Feeder B
(same as the Feeder A)

Summed load of 
certain feeders

500 m : Line length of the ANSWER system (May)
300 m : Line length of the ANSWER system (August)



Chapter 2 
Planning Scheme for Upgrading Voltage Control Methods 

29 
 

Table 2.3  Settings of the experiment  
© IEEE 2018. 

Content Setting Value 

Simulation time step [s] 60 
Rated voltage [V] 200 
Allowable voltage range [p.u.] [2-34] 0.981–1.019 
Number of simulation dates  
(Two representative seasons have four days) 
(PV generation (three days) and no PV generation (one day)) 

8 

Total number of nodes  
(Feeders A and B have nine nodes, respectively) 

18 
 

Peak values Summed load [kW] 15.5 
Load of household [VA] 1.21 
PV system for household [W] 3.35 

OLTC Rated capacity [kVA] 20 
Voltage change per tap [p.u.] [2-35] 0.0091 
Dead band of the LDC method [p.u.] 
(Target voltage േ dead band width) 

𝑉୲୲ േ 0.01 𝑉୲୲ 

Dead band of the centralized control 
 method [p.u.] 

0.982–1.018 

SVR Rated capacity [kVA] 20 
Voltage change per tap [p.u.] 0.0151 
Dead band of the centralized control 
 method [p.u.]  

0.982–1.018 

SVC Maximum output [kvar] 600 
Dead band [p.u.]  0.990–1.010 

2.5.2 Comparison of numerical simulation and experiment results 

To analyze the difference between the PVPR of the numerical simulation and those of the experiment, 

the distribution voltages were compared. Figure 2.13 shows the distribution voltage at the end of feeders 

A and B obtained in the numerical simulation and experiment for case 2 with the centralized control 

method and a PVPR of 50%. ANSWER is a 200-V distributions system. Thus, the distribution voltage 

of ANSWER was 33 times that of the numerical simulation. The trend of voltage profiles for the 

numerical simulation and ANSWER were consistent. The voltage difference reached 0.015 p.u. at the 

maximum. The difference in distribution voltage between the numerical simulation and the experiment 

may have decreased the limit of the PVPR of the experiment. However, the limit of the PVPR of the 

numerical simulation and experiment was the same as in case 3, as shown in Fig. 2.8. The SVR 

controlled the whole distribution voltage in feeder A, and therefore, the difference in distribution 

voltage in feeders A and B was reduced. Thus, the limit of the PVPR reached 100% in the numerical 

simulation and experiment. 

Figure 2.14 shows the numerical simulation and experimental results for case 3. Both distribution 

voltage profiles were maintained within the allowable range. The operation of the OLTC and SVR in 

Figs. 2.14(a) and (b) were different since the voltage range of the numerical simulation was narrower 

than that of the experiment; therefore, the OLTC and SVR could frequently change the tap position in 

the numerical simulation. 

The experimental results show the same trend as the numerical simulation in cases 1 and 2, as shown 
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in Fig. 2.8. The limit of the PVPR of experiment decreased from 10% to 25% compared to that of the 

numerical simulation. This decrease could be traceable to the differences in voltage distribution 

occasioned by the differences in the line impedances used in the numerical simulation and the 

experiment. 

 
Fig. 2.13  Comparison of the distribution voltage of the numerical simulation 

 with that of the experiment  
(Case 1, type 1 cloudy day, August, PV 50%). 

 
(a) Numerical simulation. 

 
(b) Experimental results. 

Fig. 2.14  Comparison of (a) numerical simulation and (b) experimental results  
of distribution voltage and tap operation  

(Centralized control method, case 3, type 1 cloudy day, May, PV 100%)  
 © IEEE 2018. 
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2.6 Summary of this chapter 

In this study, I devised a comprehensive scheme to determine a suitable method, type of voltage 

controllers, and timing for upgrading the voltage control method. The proposed scheme shows a suitable 

voltage control method and timing for upgrading the OLTC control method, and the additional 

installation of the SVC or SVR based on the limit of the PVPR. The limit of the PVPR with each voltage 

control method was calculated through numerical simulations and experiments with the ANSWER. The 

tendencies of the PVPR increase and distribution voltage profiles were consistent, validating the 

numerical simulation results. The results of numerical simulation indicate that the OLTC control 

method with the scalar LDC method could manage a PVPR of up to 40%, after which, the OLTC control 

method should be upgraded to the vector LDC method. The LDC method does not require sensor 

installation, unlike the centralized control method. When the PVPR exceeded 55%, none of the OLTC 

control methods could prevent voltage violation, and the installation of the SVR and SVC increased the 

rate to 95% and 100%, respectively. The results showed that the SVR increases the PVPR more than 

the SVC, while preventing violations of the 30-min averaged voltage. On the other hand, the SVC 

helped increase PV penetration while preventing instantaneous voltage violations. Thus, this work 

demonstrates the necessity of controlling the SVR and SVC to increase PV penetration while preventing 

instantaneous voltage violations. The proposed method was used in a distribution network consisting 

of two feeders.  
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Chapter 3  
Scheme for Determination of Control Parameters and Capacity of 
BESS for Multipurpose Utilization 

3.1 Introduction to this chapter 

The BESS utilization in distribution networks has attracted considerable attention, and studies have 

been conducted to improve the power quality and operation efficiency using BESSs. For instance, 

BESSs installed in distribution networks have been used for voltage control, peak load shaving, and 

network loss reduction in [3-1]–[3-9]. In [3-1], distributed BESSs installed in low-voltage distribution 

networks have been employed for voltage rise/drop issues. BESSs regulate the distribution voltage by 

charging/discharging during the peak PV generation period/peak demand period. A coordinated control 

method for voltage control and BESS state of charge (SoC) adjustment has been proposed. Simulation 

results have shown that the proposed method maintained the distribution voltage and SoC within a 

target range, indicating the effectiveness of the proposed method. Reihani et al. analyzed the 

effectiveness of BESS for peak load shaving and load curve smoothing in a real network on the island 

of Maui. The authors proposed two types of demand forecasting methods for BESS operation, and the 

advantages and disadvantages of the methods were discussed on the basis of numerical simulations with 

actual measured data. As described in Chapter 2, the distribution voltage rise becomes a problem along 

with the PV expansion. If the PV installation will continue, the PV generation will exceed the demand 

of the distribution networks, causing RPF at the distribution substations. The RPF adversely affects the 

voltage control of the substation, which may cause a distribution voltage violation. A BESS can be used 

for voltage rise mitigation by reactive power output and prevention of RPF at a substation by surplus 

power charging; thus, a BESS can handle both problems, and efficient countermeasures using a BESS 

are expected. Furthermore, a BESS can be used for peak load shaving, which provides it with added 

value. As described above, the BESS utilization are expected, and determination of optimal control 

parameters for stable control and suitable BESS capacity is vital. Inappropriate control parameters may 

induce power-quality deterioration, and the BESS capacity becomes excessive considering only the 

improvement of control performance. However, to my knowledge, few studies has proposed the 

determination scheme of control parameters and capacity of BESS for multipurpose utilization. 

Therefore, I propose a scheme for determining the optimal control parameters and BESS capacity. The 

control parameters were determined in the order of SPL and voltage control considering the mutual 

interaction of SPL and voltage control. The costs and benefits of BESS are related to the combined 

energy (kWh), power (kW) capacities, and control performance. Therefore, I focus on the relationships 

among these factors.  
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The reminder of this chapter is organized as follows. Section 3.2 explains control methods for SPL 

and voltage control. Section 3.3 describes the determination scheme of control parameters and BESS 

capacity. Section 3.4 describes the simulation conditions and results. Section 3.5 concludes this chapter. 

3.2 Control methods for SPL and voltage control 

This section describes control methods for SPL and voltage control. The distribution voltage is 

regulated by the OLTC tap operation and the reactive power control of the inverter and SPL is 

performed by the BESS charge/discharge operation. The LDC method is used for the OTLC tap 

operation. The BESS monitors the substation power flow 𝑃௧
ୱ୳ୠ and inverter terminal voltage 𝑉௧

୲ୣ୰୫ as 

shown in Fig. 3.1. 

 

Fig. 3.1  Measurement data and BESS control. 

3.2.1 Control method for SPL 

The BESS charges/discharges to maintain the substation power flow within a target range for SPL. 

The reverse power is charged to prevent adverse effect on voltage control under a high LSPV 

penetration level. The command value of the active power output 𝑃௧
ୡ୫ୢ is calculated by the PI control 

as follows:  

𝑃௧
ୡ୫ୢ ൌ ൞

𝐾୮
ୗ𝑃௧

ୱ୳ୠ  𝐾୧
ୗ න 𝑃௧

୴୧୭ీా  d𝑡 , if ቀ𝑃௧
୴୧୭ీా ് 0ቁ

𝑃௧ିଵ
ୡ୫ୢ െ 𝐾ୟ

ୗ න 𝑃௧ିଵ
ୡ୫ୢ  d𝑡            , if ቀ𝑃௧

୴୧୭ీా ൌ 0ቁ,
 (3.1) 

where the value of power violation from the dead band 𝑃௧
୴୧୭ీా  is given by 
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𝑃௧
୴୧୭ీా ൌ ൞

𝑃
ୈాు

െ 𝑃௧
ୱ୳ୠ , if ቀ𝑃

ୈాు
൏ 𝑃௧

ୱ୳ୠቁ

𝑃ୈాు െ 𝑃௧
ୱ୳ୠ , if ൫𝑃௧

ୱ୳ୠ ൏ 𝑃ୈాు൯ 
0                  , otherwise.        

 (3.2) 

 

In (3.1), 𝑃௧
ୡ୫ୢ  increases when 𝑃௧

୴୧୭ీా  is not zero, but 𝑃୲
ୡ୫ୢ  decreases when 𝑃௧

୴୧୭ీా   is zero, which 

indicates that substation power flow is within in the dead band. The PI control [2-32] is used for SPL, 

and three control parameters 𝜸ୗ ൌ ൛𝐾୮
ୗ, 𝐾୧

ୗ, 𝐾ୟ
ୗൟ  are optimized to improve the SPL 

performance without causing the hunting phenomenon in the BESS charge/discharge. The BESS output 

𝑃௧
ୗୗ is subject to two restrictions: SoC and inverter capacity. The BESS output 𝑃௧

ୗୗ is given by 
 

𝑃௧
ୗୗ ൌ

⎩
⎪
⎨

⎪
⎧ min൫𝑃୪୧୫ి, 𝑃௧

ୟ୴ୟ୧୪൯   , if ቀ𝑃௧
ୡ୫ୢ ൏ min൫𝑃୪୧୫ి, 𝑃௧

ୟ୴ୟ୧୪൯ቁ       

max ቀ𝑃
୪୧୫ి

, െ𝑃௧
ୟ୴ୟ୧୪ቁ , if ቀmax ቀ𝑃

୪୧୫ి
, െ𝑃௧

ୟ୴ୟ୧୪ቁ ൏ 𝑃௧
ୡ୫ୢቁ  

𝑃୲
ୡ୫ୢ                                , otherwise,                                                 

 (3.3) 

 

where 𝑃௧
ୟ୴ୟ୧୪ ൌ 𝑆୧୬୴ െ 𝑃௧

ୗ . The charge/discharge power is limited when the SoC is close to the 

lower/upper limit, and the BESS output is also limited such that the total power of the EBSS and LSPV 

generation does not exceed the inverter rated capacity 𝑆୧୬୴. Figure 3.2 shows the block diagram of the 

SPL and voltage control. 

 

Fig. 3.2  Block diagram of SPL and voltage control. 
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A general evaluation index for SPL does not exist; therefore, the SPL violation 𝐹ୗ is used as an 

evaluation value of SPL, which is calculated by 
 

𝐹ୗ ൌ ඩ ቀ𝑃௧
୴୧୭ౢౢ౭ቁ

ଶ
்

௧ୀଵ

, (3.4) 

 

where the substation power violation from the allowable range 𝑃௧
୴୧୭ౢౢ౭  is given by 

 

𝑃௧
୴୧୭ౢౢ౭ ൌ ൞

𝑃௧
ୱ୳ୠ െ 𝑃

ୟ୪୪୵
, if ቀ𝑃

ୟ୪୪୵
൏ 𝑃௧

ୱ୳ୠቁ

𝑃ୟ୪୪୵ െ 𝑃௧
ୱ୳ୠ , if ൫𝑃௧

ୱ୳ୠ ൏ 𝑃ୟ୪୪୵൯
0                  , otherwise.        

 (3.5) 

 

The evaluation index for SPL is defined as the square root of the amount of the substation power 

violation from the allowable range. By calculating the sum of squares of the power violation, a reduction 

is expected in the amount of instantaneous violation is expected.  

3.2.2 Voltage control method 

The inverter outputs inductive/capacitive reactive power to maintain the inverter terminal voltage 

𝑉୲
୲ୣ୰୫ within the allowable range as shown in Fig. 3.2. The command value of the reactive power output 

𝑄௧
ୡ୫ୢ is calculated by the PI control as follows: 

 

𝑄௧
ୡ୫ୢ ൌ ൞

𝐾୮
େ𝑉௧

୴୧୭ీా  𝐾୧
େ න 𝑉௧

୴୧୭ీా  d𝑡 , if ቀ𝑉௧
୴୧୭ీా ് 0ቁ   

𝑄௧ିଵ
ୡ୫ୢ െ 𝐾ୟ

େ න 𝑄௧ିଵ
ୡ୫ୢ  d𝑡             , if ቀ𝑉௧

୴୧୭ీా ൌ 0ቁ,  
 (3.6) 

 

where the value of inverter terminal voltage violation from the dead band 𝑉௧
୴୧୭ీా  is given by 

 

𝑉௧
୴୧୭ీా ൌ ൞

𝑉௧
୲ୣ୰୫ െ 𝑉

ୈ౬
, if ቀ𝑉

ୈ౬
൏ 𝑉௧

୲ୣ୰୫ቁ   

𝑉ୈ౬ െ 𝑉௧
୲ୣ୰୫ , if ൫𝑉௧

୲ୣ୰୫ ൏ 𝑉ୈ౬൯    
0                           , otherwise.                     

  (3.7) 

 

Three control parameters for voltage control 𝜸େ ൌ ൛𝐾୮
େ, 𝐾୧

େ, 𝐾ୟ
େൟ  were optimized to minimize 

voltage violations while stabilizing the reactive power output of the inverter. The reactive power output 

is limited by the available capacity of the inverter to prioritize the active power output. The reactive 

power output of the inverter is calculated as follows: 
 

𝑄௧
୧୬୴ ൌ ൞

𝑄௧
ୟ୴ୟ୧୪   , if ൫𝑄௧

ୟ୴ୟ୧୪ ൏ 𝑄୲
ୡ୫ୢ൯        

െ𝑄௧
ୟ୴ୟ୧୪ , if ൫𝑄௧

ୡ୫ୢ ൏ െ𝑄௧
ୟ୴ୟ୧୪൯    

𝑄௧
ୡ୫ୢ    , otherwise,                     

 (3.8) 

 

where available capacity for reactive power output 𝑄௧
ୟ୴ୟ୧୪ is given by 
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𝑄௧
ୟ୴ୟ୧୪ ൌ ටሺ𝑆୧୬୴ሻଶ െ ൫𝑃௧

ୗ  𝑃௧
ୗୗ൯

ଶ
. (3.9) 

3.3 Scheme for determination of control parameters and BESS capacity 

This section describes the method for determining the OLTC and BESS control parameters and 

BESS capacity. The distribution voltage was regulated by the OLTC and BESS, and the BESS was 

installed in addition to the OLTC. Thus, the control parameters were determined in the order of OTLC 

and BESS.  

Figure 3.3 shows the determination procedure of the OLTC and BESS control parameters and BESS 

capacity. The control parameters of OLTC were determined to prevent voltage violation of the 

distribution network with no LSPVs following the traditional determination method of power 

companies. The BESS was used for SPL and voltage control, and three control parameters were 

determined for each control. The optimal control parameter set can be obtained using an exhaustive 

search method, but a simple method of determining the control parameters is expected in the actual 

operation. Focusing on each control, SPL was conducted by the BESS charge/discharge, which also 

affects the distribution voltage, whereas voltage control was performed by the reactive power output, 

which has negligible effect on the SPL. Therefore, in this chapter, the control parameters were 

determined in the order of SPL and voltage control. Large-scale BESS can improve the control 

performance of SPL and voltage control, but excess BESS capacity leads to low cost-effectiveness 

owing to its high cost. In practice, BESS owners, such as distribution network operators, determine the 

BESS capacity in consideration of the cost-effectiveness. Therefore, in this chapter, the BESS capacity 

is determined considering the balance between the SPL performance and the BESS capacity in relation 

to the cost-effectiveness. The minimum value among the BESS capacities that minimizes the SPL 

violation is calculated. The OTLC and BESS control parameters and BESS capacity are determined 

according to the following steps (step 1–step 6) as shown in Fig.3.3. 

 

 



Chapter 3 
Determination Scheme of Control Parameters and Capacity of BESS for Multipurpose Utilization 

41 
 

 

Fig. 3.3  Procedure for determination control parameters and BESS capacity. 

 

step1) Distribution network data, time-series data, and BESS round-trip efficiency data are required as 

input data for the parameters and BESS capacity determination scheme. 

step2) Determine the OLTC control parameters: dead band for LDC method 𝓿ୈେీా ൌ ቄ 𝑉ୈେీా,

𝑉
ୈେీా

ቅ, and simulated line resistance and reactance 𝔃େ ൌ ൛𝑅େ, 𝑋େൟ  which keep the 

amount of voltage violation 𝐹େ to zero, by the following equation:  
 

𝐹େ൫𝜸େ൯ ൌ   𝑉௧,
୴୧୭ౢౢ౭

ேౚ



்

௧

൫𝜸େ൯, (3.10) 

 

 

where 𝑇  is the simulation time length, and 𝑁୬୭ୢୣ  is the total number of nodes, and 𝜸େ ൌ

൛𝓿ୈେీా, 𝔃େൟ is the control parameter set and 𝑉௧,
୴୧୭ౢౢ౭ is expressed as follows: 

𝑉,௧
୴୧୭ౢౢ౭ ൌ ൞

𝑉,௧൫𝜸େ൯ െ 𝑉
ୟ୪୪୵

    , if ቀ𝑉,௧  𝑉
ୟ୪୪୵

ቁ           

𝑉ୟ୪୪୵ െ 𝑉,௧൫𝜸େ൯     , if ൫𝑉,௧ ൏ 𝑉ୟ୪୪୵൯            
0                                          , otherwise.                       

 (3.11) 

 

Distribution network data
・Topology  ・Load
・LSPV penetration rate
・Voltage regulators

(placement, control methods)

BESS 
characteristics
・round-trip 
efficiency

Time series data
・Load
・LSPV

step2
Determine optimal control parameters of LDC method

, which keeps the amount of voltage violation to zero.

Optimal control parameters
and BESS capacity are obtained

step3
Determine the control parameter set of the SPL operation

. The voltage control function of BESSs is turned off
to clarify the effect of SPL operation on the fluctuation of
inverter terminal voltage.

step4
Determine the control parameter set for the voltage control

which prevent the voltage violation under optimal
control parameters of OLTC and SPL .

step5
Determine the optimal BESS capacity which minimize the
objective function . The minimum BESS capacity for
obtaining the maximum SPL effect is determined as the
optimum capacity

step1
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step3) Determine the control parameters of the SPL operation 𝜸ୗ ൌ ൛𝐾୮
ୗ, 𝐾୧

ୗ, 𝐾ୟ
ୗൟ. In this step, 

the voltage control function of BESSs is turned off to clarify the effect of SPL operation on the 

fluctuation of inverter terminal voltage. The objective function is a minimization of the SPL 

violation 𝐹ୗ, and the constraint is to suppress the fluctuation of the BESS charge\discharge and 

inverter terminal voltage to less than the respective fluctuations during LSPV generation in cloudy 

weather, 𝑃୪୳ and 𝑉୪୳, expressed as follows: 

 

min  𝐹ୗ൫𝜸ୗ൯ ൌ  𝑃
௧ 
୴୧୭ౢౢ౭൫𝜸ୗ൯,

்

௧

 

𝑠. 𝑡.  ቊ
max൛Δ𝑃ௗ,௧൫𝜸ୗ൯ൟ  𝑃୪୳ ሺ∀𝑑∀𝑡ሻ 

max൛Δ𝑉ௗ,௧൫𝜸ୗ൯ൟ  𝑉୪୳ ሺ∀𝑑∀𝑡ሻ,
 

(3.12) 

 

where 
 

Δ𝑃ௗ,௧൫𝜸ୗ൯ ൌ ห𝑃ௗ,௧
ୗୗ൫𝜸ୗ൯ െ 𝑃ௗ,௧ିଵ

ୗୗ൫𝜸ୗ൯ห, 
Δ𝑉ௗ,௧൫𝜸ୗ൯ ൌ ห𝑉ௗ,௧

୲ୣ୰୫൫𝜸ୗ൯ െ 𝑉ௗ,௧ିଵ
୲ୣ୰୫൫𝜸ୗ൯ห. 

(3.13) 

 

The constraint can prevent the hunting phenomenon which may cause voltage violation and substation 

power fluctuation. The fluctuation value of the substation power flow and inverter terminal voltage is 

calculated by (3.13). 

 

step4) Determine the control parameters for the voltage control 𝜸େ ൌ ൣ𝐾୮
େ, 𝐾୧

େ, 𝐾ୟ
େ൧. In this step, the 

SPL function is active with optimal control parameters 𝜸ୗ౦౪  to determine the optimal control 

parameters for voltage control. The objective function is a minimization of inverter terminal 

voltage fluctuation, and the constraint is suppression of the BESS charge/discharge fluctuation and 

prevention of voltage violation in the entire distribution network, as expressed as follows: 

 

min max
ௗ∈𝓓, ௧∈𝓣

൛Δ𝑉ௗ,௧ሺ𝜸ୱୣ୲ሻൟ, 
 

𝑠. 𝑡.  ቊ
max൛Δ𝑃ௗ,௧ሺ𝜸ୱୣ୲ሻൟ  𝑃୪୳ ሺ∀𝑑∀𝑡ሻ

𝐹େሺ𝜸ୱୣ୲ሻ ൌ 0,                 
 

(3.14) 

 

where 𝜸ୱୣ୲ ൌ ൛𝜸େ౦౪ , 𝜸ୗ౦౪, 𝜸େൟ. 

step5) Determine the optimal BESS capacity which minimizes the objective function 𝐹. The minimum 

BESS capacity for obtaining the maximum SPL effect is determined as the optimum capacity, 

expressed as 

min 𝐹 ൌ 𝛼ଵ𝐹ୗ  𝛼ଶ𝐶𝐴𝑃. (3.15) 

 
where 𝛼 is the primitive priority factor. 
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3.4 Simulation case studies 

To verify the effectiveness of the proposed scheme, power flow calculations were performed on the 

basis of a 6.6-kV distribution network with an LSPV. 

3.4.1 Simulation settings  

Figure 3.4 shows the distribution network model [3-10]. A LSPV was connected to the end of the 

distribution line such that it represented the most difficult situation of voltage control. In addition, the 

BESS was connected to the LSPV. A communication line was established between the substation and 

the BESS to obtain active power information from the substation, and the BESS performed SPL with 

the obtained information. Figures 3.5 and 3.6 show the load profile [3-11] and PV profiles collected in 

a study by the New Energy and Industrial Technology Development Organization [3-12], respectively. 

In the simulation, the three characteristic types of PV profiles (sunny day, cloudy day type one, and 

cloudy day type two) were used. In terms of the PV profile features for each day, for a sunny day, the 

PV output was stable; for a cloudy day of type one, the amount of PV output change was drastic; and 

for a cloudy day of type two, the number of PV output changes was high. Table 3.1 lists the simulation 

conditions, including the distribution network conditions and the respective OLTC and BESS 

specifications. 

 

 
Fig. 3.4  Distribution network model. 
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Fig. 3.5  Load profile. 

 

 

Fig. 3.6  PV profiles: sunny day (top) 
Cloudy day of type one (middle), and cloudy day of type two (bottom). 

 
Table 3.1  Simulation settings. 

Content Setting Value 
Simulation time step [s] 10 
Rated voltage [V] 6600 
Allowable voltage range [p.u.] [2-34] 0.981–1.019 
Number of simulation dates (PV generation (3 days)) 3 
Total number of nodes 42 

Peak values 
Summed load [kW] 3241 
LSPV [kW] 4794 

OLTC 

Rated capacity [MVA] 10 
Voltage change per tap [p.u.] 0.015 
Search range of control parameters 
Upper limit of the dead band [p.u.] 
Lower limit of the dead band [p.u.] 

0.990 – 1.019 
0.981 – 1.001 
(0.00015 increment) 

BESS 

Target range of SPL [kW] (lower/upper) 0/500 
Dead band of SPL [kW] (lower/upper) 50/450 
Search range of control parameters 
voltage control: 𝐾୮

େሾെሿ, 𝐾୧
େሾm ∙ sିଵሿ, 𝐾ୟ

େሾm ∙ sିଵሿ 
SPL: 𝐾୮

ୗሾെሿ, 𝐾୧
ୗሾm ∙ sିଵሿ, 𝐾ୟ

ୗሾm ∙ sିଵሿ 

1 – 30 
(1 increment) 
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3.4.2 Optimal control parameters and BESS capacity 

 Optimal control parameters of OLTC (step 2) 

Figure 3.7 shows the optimal control parameters of the OLTC. The cell labeled “NaN” is outside the 

scope of the parameter search. The numbers in the colored cells denote the numbers of simulated line 

resistance 𝑅େ and reactance 𝑋େ combinations with no voltage violation. The total number of 

combinations is 121. Figure 3.7 shows the following: (1) More than half of the parameter set cannot 

prevent the distribution voltage violation. (2) The parameters with no voltage violation are dense, which 

may help to narrow the search range of control parameters. The lower/upper limits of the dead band of 

the LDC method ቄ𝑉ୈోైి, 𝑉
ୈోైి

ቅ were determined as 6515V/6585V, respectively. Further, 𝑅େ 

and 𝑋େ were randomly determined in the 65 combinations. 

 

 

Fig. 3.7  Optimal OLTC control parameter set. 
 

 Optimal SPL control parameter (step 3) 

Figure 3.8 shows the total value of the SPL violation for three days under the optimal integral gain 

𝐾୧
ୗ ൌ 30 for each PI control parameter set, 𝐾୮

ୗ and 𝐾ୟ
ୗ, satisfying the fluctuation constraint of 

BESS. The SPL violation value rapidly increases as 𝐾୮
ୗ decreases, while the SPL violation value does 

not change significantly regardless of the 𝐾ୟ
ୗ  change. A parameter set that minimizes the SPL 

violation was employed as an optimal parameter of SPL. 
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Fig. 3.8  SPL control parameter set and SPL violation. 
 

 Optimal voltage control parameter (step 4) 

Figure 3.9 shows the maximum value of the voltage fluctuation for three days under the optimal 

proportional gain 𝐾୮
େ = 1 for each PI control parameter set: 𝐾୧

େ and 𝐾ୟ
େ, satisfying the following 

constraints: the BESS charge/discharge fluctuation constraint, voltage fluctuation constraint, and no 

voltage violation. A parameter set that minimizes the inverter terminal voltage fluctuation was 

employed as an optimal parameter of voltage control. As an overall trend, most of the control parameter 

set exists in the rage where 𝐾୧
େ  𝐾ୟ

େ. The reason for this is understood as follows: voltage fluctuation 

under the parameter set, which is 𝐾୧
େ  𝐾ୟ

େ, below the target value 𝑉୪୳ because larger 𝐾୧
େ stabilizes 

the reactive power output change of the inverter. The optimal control parameters of the OLTC and 

BESS were determined in steps 2 – 4, which are listed in Table. 3.2 

 

Fig. 3.9  Voltage control parameter set and inverter terminal voltage fluctuation. 
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Table 3.2  Optimal control parameters of OLTC and BESS. 
Equipment Control parameter Value 

OLTC Dead band for LDC control 𝑉ୈోైి ൌ 6515 ሾVሿ / 𝑉
ୈైోి

ൌ 6585 ሾVሿ 
Simulated line impedance of LDC method 𝑅େ ൌ 0.03 ሾΩሿ / 𝑋େ ൌ 0.02 ሾΩሿ 

BESS 

PI control parameters for the SPL 

𝐾୮
ୗ ൌ 30 ሾm ∙ sିଵሿ  

 𝐾୧
ୗ ൌ 30 ሾെሿ 

𝐾ୟ
ୗ ൌ 2 ሾm ∙ sିଵሿ  

PI control parameters for the voltage control 

𝐾୮
େ ൌ 1 ሾm ∙ sିଵሿ  

 𝐾୧
େ ൌ 30 ሾെሿ 

𝐾ୟ
େ ൌ 8 ሾm ∙ sିଵሿ  

 

 Optimal BESS capacity (step5) 

Figure 3.10 shows the relationship between the SPL violation values and the BESS capacities. The 

SPL violation decreases as the BESS capacity increases; in particular, the BESS energy has a more 

significant effect on the SPL violation. Figure 3.10 also indicates that the SPL violation is not 

significantly different when the BESS energy/power is more than 1150 kWh/1250 kW, which is denoted 

by an optimal parameter group. In the optimal parameter group, the optimal BESS capacity that 

minimizes the SPL violation and BESS cost was selected.  

 

 

Fig. 3.10  Relationship between SPL violation values and BESS capacity. 

3.4.3 Effectiveness of proposed scheme 

The control performances with the optimal/conventional control parameter set were compared to 

confirm the effectiveness of the proposed scheme. The control parameter set which prevent the 30-min 

averaged voltage is selected as the conventional control parameter set. Figure 3.11 shows the (a) 
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distribution voltage, (b) substation active power, and (c) BESS active/reactive power outputs. In Fig. 

3.11(a), the distribution voltage is maintained within an allowable range with the optimal control 

parameter (left side), while the amount of voltage violation reaches 17.7 [Vh] with the conventional 

control parameter (right side). Similarly, from Fig. 3.11(b), the optimal control parameter reduces the 

SPL violation by 73% from 3.95 [kWh] to 1.06 [kWh]. Figure 3.11(c) shows that the BESS output with 

the conventional control parameter is relatively small compared to the output with the optimal parameter, 

which leads to the difference in the voltage control and SPL control performance. 

 

  
(a) Distribution voltage. 

  
(b) Substation active power. 

  
(c) BESS active/reactive power output. 

Fig. 3.11  Comparison of optimal/conventional control parameter 
(Left: with optimal parameter / right: with conventional parameter). 
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3.5 Summary of this chapter 

In this chapter, I proposed a method to determine the optimal control parameters and BESS capacity 

in order to ensure effective control performance. To simplify the procedure of control parameter 

determination, the control parameters were determined in the order of SPL and voltage control 

considering the mutual interaction of SPL and voltage control. Simulations of three days were 

performed to obtain the proper capacity combination based on a quantitative evaluation of the control 

performance. The simulation results showed that the proposed scheme could determine the optimal 

control parameters for SPL and voltage control, which prevent voltage violation and minimize SPL 

violation. The optimal capacity combination for the simulated system was determined as follows: 

energy, 1150 kWh; power, 1250 kW which is about 30 % of the LSPV capacity. In addition, the 

following trends were confirmed. The SPL violation is influenced by the SPL proportional gain 𝐾୮
ୗ 

rather than the attenuation gain 𝐾ୟ
ୗ. SPL violation is significantly influenced by the BESS energy. 

With regard to voltage control, a large value of 𝐾୧
େ  is preferred because larger 𝐾୧

େ  stabilizes the 

reactive power output and prevents the rapid fluctuation of distribution voltage. 
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Chapter 4  
Multipurpose Control and Planning Method for BESS 

4.1 Introduction to this chapter 

Large amount of PVs are installed in power networks. PVs have some environmental benefits such 

as low COଶ emission and low fossil-fuel consumption. Conversely, a high PV penetration may cause 

power and frequency fluctuations and voltage-rise problems. A BESS is remarkable device that can 

solve these problems as it can mitigate the power-quality deterioration and thereby increase PV 

installation. Many researchers have reported control, sizing, and planning methods for BESSs [4-1]–

[4-26]. References [4-1]–[4-5] have reported the optimal operation or optimal sizing of BESSs 

integrated with wind power (WP) or PV systems. In [4-1], a sizing scheme of the BESS for WP 

smoothing was presented. For smoothing WP generation and maintaining the state of health of the 

BESS, a variable-interval reference signal optimization approach and charge/discharge scheme based 

on fuzzy control were presented. The BESS capacity was determined separately according to a 

statistical model of the BESS output and an economic cost model. In [4-6]–[4-15], BESSs have been 

employed to regulate the frequency and voltage of a microgrid system. Miranda et al. proposed an 

optimization scheme for the operation and planning of the BESS in an islanding power network or 

microgrid [4-7]. The authors determined the suitable BESS capacity, site, and type for a real-world case 

study of a Portuguese island. The results provided an optimized BESS solution as well as operational 

and economic benefits. BESSs have been employed to enhance the power quality of distribution 

networks [2-5], [4-16]-[4-18] or transmission networks [4-19]-[4-26]. Yang et al. [4-16] utilized 

distributed BESSs installed in households for voltage control and peak load shaving, which have been 

achieved by centralized charging/discharging control. The suitable capacity of distributed BESSs was 

calculated based on a cost-benefit analysis considering the following factors: the BESS influence on 

voltage regulator operation, peak power generation and load shifting, and the BESS cost with its lifetime 

estimation. In [4-16], the authors proposed a tool for determining the optimal capacity and a day-ahead 

operation strategy of the BESS employed by a distribution network operator. The results showed that 

the optimal BESS integration could maximize operational cost benefits and improve distributed 

generation and load-hosting capacity in the distribution network. Recently, Japanese power utilities 

have faced problems of power fluctuations in distribution networks and RPF at substations due to a 

high LSPV penetration. The LSPVs in distribution networks will increase in the future, which may lead 

to more severe conditions and inhibit LSPV installation. The power smoothing of LSPVs is required 

by Hokkaido Electric Power Co., Inc. [1-17]. In addition, RPF prevention at substations is demanded 

by power companies because of its adverse effect on voltage control and the protection function for 

accident prevention. BESSs can achieve both power smoothing and RPF prevention, and the 
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multipurpose utilization of the BESS can contribute to cost effectiveness. Generally, BESSs in 

distribution networks are used over a decade or more. Therefore, the role and capacity of BESSs may 

differ with changes in the distribution network, such as the increase of LSPVs. Thus, BESSs are desired 

to be configured considering the increase of LSPVs. In addition, the charge/discharge control of BESSs 

may affect the operation of tap controllers and LSPV inverters, because of which the impact of BESS 

installation must be evaluated. However, few studies on BESS installation planning in distribution 

networks have been reported, and to my knowledge, no study has addressed an MCP scheme for BESSs 

in distribution networks or configured BESSs while considering its installation impact and the increase 

of LSPVs. Therefore, this chapter presents the MCP scheme and determines a suitable BESS site and 

type based on the BESS capacity and installation impact. The advantages of this method are summarized 

as follows. (1) Control of the MCP scheme: BESSs are employed for the smoothing of power flow at 

substations and LSPVs as well as for RPF prevention at substations. BESSs adjust the SoC to reduce 

the capacity. The control of the MCP scheme enables power smoothing and RFP prevention while 

maximally adjusting the SoC. The control of the MCP scheme prevents interactions between controls, 

which may cause the hunting phenomenon in the BESS output as well as BESS output shortage due to 

the simultaneous command of charge and discharge. (2) Planning of the MCP scheme: The planning 

method determines a suitable BESS site and type based on the required BESS capacity, number of tap 

operations of the OLTC and SVR, and LSPV curtailment considering the increase in LSPVs. The BESS 

capacity was calculated based on characteristics such as the power-to-energy ratio (P/E ratio) and round-

trip efficiency. (3) Evaluation of impact of BESS installation on tap operation and LSPV curtailment: 

To evaluate the impact of BESS installation on tap operation and LSPV curtailment, the control schemes 

of tap controllers – OLTC, SVR [4-27], and LSPV inverters [1-14] were implemented. The control 

parameters of tap controllers and LSPV inverters were adjusted to prevent voltage violations and the 

control the hunting phenomenon. 

The remainder of this chapter is organized as follows. Section 4.2 describes the MCP scheme. Section 

4.3 describes the voltage control methods of OLTC, SVR, and LSPV inverters. Section 4.4 presents the 

simulation conditions and results. Section 4.5 concludes this chapter. 

4.2 Overview of MCP scheme 

This section provides an overview of the MCP scheme. Regarding the control of the MCP scheme, 

the power smoothing, RFP prevention, SoC adjustment, and multipurpose control method are described. 

Subsequently, the planning of the MCP scheme is explained. The planning of the MCP scheme 

determines a suitable BESS site and type considering the increase of LSPVs. Additionally, a BESS 

capacity calculation that reflects the P/E ratio and round-trip efficiency of the BESS is described. 
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4.2.1 Control of MCP scheme 

Before the description of each BESS control, Fig. 4.1 shows measurement data and a control 

overview of the BESS at a substation/LSPV. In Fig. 4.1(a), the BESS is operated to mitigate the 

fluctuation of an LSPV generation (point B) and to prevent RPF at a substation (point A). In addition, 

the BESS charges the LSPV curtailment owing to voltage control and a high array-to-inverter ratio 

(AIR), which indicates that the LSPV generation is higher than the rated capacity of the LSPV inverter. 

The AIR was set to 1.66 [4-28]. In Fig. 4.1(b), the BESS mitigates the fluctuation of the substation 

power flow and RPF (point A). 

  
(a) BESS at an LSPV. (b) BESS at a substation. 

Fig. 4.1  Measurement data and a control overview of the BESS. 

 PV generation/substation power smoothing 

The power flow of the substation and LSPV generation are smoothed to prevent a rapid power 

fluctuation. The BESS charges/discharges such that the maximum change in the terminal power per 

minute is maintained lower than the target range of power smoothing 𝒘𝐭 ൌ ൛𝑤௧, 𝑤௧ൟ calculated as 

follows: 

𝑤௧ ൌ 𝑃௧
୫୧୬ 𝜀, 

𝑤௧ ൌ 𝑃௧
୫ୟ୶ െ𝜀, 

(4.1) 
 

where 𝑃୲
୫ୟ୶ and 𝑃୲

୫୧୬ are the maximum and minimum values of the terminal power in the last one 

minute, 𝜀 is the target value of power smoothing. Figure 4.2 shows the image of power smoothing 

operation. 
 

Fig. 4.2  Power smoothing operation. 
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 RPF prevention 

The RPF at the substation is charged to prevent any adverse effect on voltage control and the 

protection function for accident prevention under a high LSPV penetration rate. The charging power 

for RFP prevention is calculated as follows: 

𝑃௧
ୖౙౣౚ ൌ ቊ

𝑃௧
ୱ୳ୠ , if ሺ 𝑃௧

ୱ୳ୠ ൏ 0ሻ
0    , if ൫𝑃 ௧

ୱ୳ୠ  0൯.
 (4.2) 

 

 SoC adjustment 

In addition to the power smoothing and RPF prevention, the BESS adjusts the SoC to reduce the 

energy for the operation. The BESS output for SoC adjustment is proportional to the difference between 

the target value of SoC 𝑆𝑜𝐶୲୲and the value of SoC 𝑆𝑜𝐶௧ିଵ, as expressed by the following equation: 

𝑃௧
ୗ୭େౙౣౚ ൌ

𝑃୫ୟ୶ి

100
∙ ሺ𝑆𝑜𝐶௧ିଵ െ 𝑆𝑜𝐶୲୲ሻ. (4.3) 

Where 𝑃୫ୟ୶ి  is the maximum value of active power for SoC adjustment. 

 Control of the MCP Scheme 

Figure 4.3 shows a flowchart of the control of the MCP scheme. Firstly, command values for RFP 

prevention 𝑃௧
ୖౙౣౚ  and SoC adjustment 𝑃௧

ୗ୭େౙౣౚ are calculated using by (4.2) and (4.3).  

 
Fig. 4.3  Control of the MCP scheme. 

 

Then, command values are adjusted to maintain the terminal power within two target ranges 

൫𝒘𝒕 and 𝑆୧୬୴൯ as follows: 

min 

𝛼ଵห𝑃௧
ୖౙౣౚ െ 𝑃௧

ୖห  𝛼ଶቚ𝑃௧
ୗ୭େౙౣౚ െ 𝑃௧

ୗ୭େቚ  𝛼ଷ|𝑃௧
ୱ୫୭|, 

(4.4) 

 

Control of the MCP method

RPF prevention SoC 
adjustment

Total BESS output

State of charge BESS monitoring 
power:

Target range for power 
smoothing: 

Substation power

PV/substation 
power smoothing

Calculate
This restriction is effective
for the BESS at LSPVs
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s.t. 
𝑤௧  𝑃௧

୲ୣ୰୫  𝑃௧
ୗୗ  𝑤௧,

0  𝑃௧
ୗୗ  𝑃௧

ୱ୳ୠ,

ቐ
𝑃௧

ୱ୫୭  0
𝑃௧

ୖ  0
𝑃௧

ୗ୭େ  0
 or ቐ

𝑃௧
ୱ୫୭  0

𝑃௧
ୖ  0

𝑃௧
ୗ୭େ  0,

െ𝑆୧୬୴  𝑃௧
୲ୣ୰୫  𝑃௧

ୗୗ  𝑆୧୬୴.

 
(4.5) 

 

Finally, the total BESS output is calculated. The control of the MCP scheme does not charge/discharge 

for power smoothing when the terminal power is maintained within the target range 𝒘𝒕 as a result of 

the BESS operation of the RPF prevention and SoC adjustment. The RPF prevention has priority over 

SoC adjustment. Thus, the BESS output is determined in the order of RPF prevention, SoC adjustment, 

and power smoothing, as expressed in (4.4). In (4.5), the control via the MCP scheme has four limiting 

constraints: 1) maintain the total value of terminal power and BESS output 𝑃௧
୲ୣ୰୫  𝑃௧

ୗୗ within the 

target range 𝒘𝒕; 2) prevent RPF at the substation; 3) prevent the cancellation of power output for each 

control; and 4) maintain the total value of LSPV generation and BESS output within the LSPV inverter 

capacity, which is effective for BESSs at LSPVs. 

4.2.2 Planning of MCP scheme 

The MCP scheme determines the capacity for operation as well as suitable site and type of the BESS 

in the distribution network, as shown in Fig. 4.4. In the planning method, distribution-network data, 

time-series data, and BESS characteristics are prepared first (step 1). The distribution-network data 

includes topology, load capacity, and placement and control methods of voltage regulators. 

Subsequently, the BESS capacity and control performances of the BESS and voltage regulators are 

obtained (step 2). To guarantee the power smoothing performance regardless of the BESS site, the 

maximum value of substation power fluctuation in step 2 is employed as a target value of power 

smoothing, and the resulting capacity of the BESS at the substation is calculated (step 3). Steps 2 and 

3 are executed with different BESS types: redox flow battery (RFB) and lithium-ion battery (LiB) (loop 

1). Control parameters are renewed when the distribution voltage violates the allowable range from the 

viewpoint of reducing the update frequency of control parameters (loop 2). Generally, Japanese power 

companies use the 30-min averaged voltage to determine voltage violations [4-27]. The 5-min averaged 

value was used to consider the rapid voltage fluctuation due to LSPVs. This BESS capacity calculation 

is repeated for the number of installed LSPVs (loop 3), following which the suitable BESS site and type 

are determined based on the BESS capacity, number of tap operations, and LSPV curtailment (step 4). 
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Fig. 4.4  Planning of MCP scheme. 

4.2.3 BESS capacity calculation 

The planning of the MCP scheme involves the calculation of the BESS capacity considering the P/E 

ratio and round-trip efficiency of each BESS type. Figure 4.5 shows the capacities of an RFB and LiB. 

The power and energy of the RFB can be designed separately [4-29]; for instance, the power can be 

increased in 125-kW increments [4-30], and the energy can be increased continuously. In contrast, the 

LiB was designed with a fixed P/E ratio, which was set to three. In this chapter, the power of the LiB 

was increased by 125 kW such that the conditions were aligned with those of the RFB. The energy of 

the LiB was assumed to be increased by 41.7 kWh, which is one-third of 125 kW. The round-trip 

efficiencies of the RFB and LiB are 0.75 and 0.8 [4-31], respectively. The gray area and green square 

indicate the possible ranges of RFB and LiB capacity, respectively. The simulation calculates the 

required BESS capacity for the operation, which is illustrated by cross marks.  
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Fig. 4.5  Capacity design of RFB and LiB. 

 

Subsequently, the capacities of RFB and LiB are calculated considering the P/E ratio, as expressed by 
the following equations: 

ቐ
𝒫ୖ ൌ 𝒫ୖ౫౪ ∙ ceiling ቆ

𝒫ୖ౨౧ౚ

𝒫ୖ౫౪
ቇ

ℰୖ ൌ ℰୖ౨౧ౚ,                                      

 (4.6) 

ℰ୧౫౪ ൌ
𝒫୳୬୧୲

୧

ℛ
, 

⎩
⎪
⎨

⎪
⎧𝒫୧ ൌ 𝒫୧౫౪ ∙ ceiling ቆ

𝒫୧౨౧ౚ

𝒫୧౫౪
ቇ

ℰ୧ ൌ ℰ୧౫౪ ∙ ceiling ቆ
ℰ୧౨౧ౚ

ℰ୧౫౪
ቇ ,

 
(4.7) 

 

where 𝒫ୖ / 𝒫୧  is the unit power of RFB/LiB, ℰ୧౫౪  is the unit energy of the LiB, 

𝒫ୖ౨౧ౚ/𝒫୧౨౧ౚ is the required power of RFB/LiB, which is a continuous value calculated through 

numerical simulation, and ℛ is the power-to-energy ratio of BESSs. 

4.3 Voltage control method for LSPV inverters 

The general voltage control method for tap controllers, called the LDC method, was used for OLTC 

and SVR as described in Chapter 2. LSPV inverters output the reactive power and curtail the LSPV 

generation following the volt-VAR-watt function, which is a smart inverter function proposed by EPRI 

[1-14]. When the terminal voltage of an LSPV inverter is outside the allowable range, LSPV inverters 

with the volt-VAR-watt function output reactive power first, following which the LSPV generation is 

curtailed such that the LSPV curtailment is minimized. The reactive power output and LSPV 

curtailment change dynamically according to the inverter terminal voltage 𝑉௧
୲ୣ୰୫, as shown in Fig. 4.6.  
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Fig. 4.6  Volt-VAR-watt function. 

 

The command value of the volt-VAR function 𝑄௧
ౙౣౚ  and LSPV curtailment 𝑃௧

ౙౣౚ  are calculated 

as follows: 

𝑄௧
ౙౣౚ ൌ

⎩
⎪
⎪
⎨

⎪
⎪
⎧ 𝑄௧

ୟ୴ୟ୧୪                              , if ሺ𝑉௧
୲ୣ୰୫ ൏ 𝑉୴୴భሻ              

𝑉௧
୲ୣ୰୫ െ 𝑉୴୴మ

𝑉୴୴భ െ 𝑉୴୴మ
∙ 𝑄௧

ୟ୴ୟ୧୪ , if ሺ𝑉୴୴భ  𝑉௧
୲ୣ୰୫ ൏ 𝑉୴୴మሻ

0                                      , if ሺ𝑉୴୴మ  𝑉௧
୲ୣ୰୫ ൏ 𝑉୴୴యሻ

െ
𝑉௧

୲ୣ୰୫ െ 𝑉୴୴య

𝑉୴୴ర െ 𝑉୴୴య
∙ 𝑄௧

ୟ୴ୟ୧୪ , if ሺ𝑉୴୴య  𝑉௧
୲ୣ୰୫ ൏ 𝑉୴୴రሻ  

െ𝑄௧
ୟ୴ୟ୧୪                            , if ሺ𝑉୴୴ర  𝑉௧

୲ୣ୰୫ሻ,              

  (4.8) 

𝑃௧
ౙౣౚ ൌ

⎩
⎪
⎨

⎪
⎧ 0                                     , if ሺ𝑉௧

୲ୣ୰୫ ൏ 𝑉୴୵భሻ              
𝑉௧

୲ୣ୰୫ െ 𝑉୴୵మ

𝑉୴୵భ െ 𝑉୴୵మ
∙ 𝑃௧

ୗ , if ሺ𝑉୴୵భ  𝑉௧
୲ୣ୰୫ ൏ 𝑉୴୵మሻ

𝑃௧
ୗ                             , if ሺ𝑉୴୵మ  𝑉௧

୲ୣ୰୫ሻ,              

  (4.9) 

 

where 𝑄௧
ୟ୴ୟ୧୪  is the available capacity of reactive power output at time slice 𝑡, 𝑃௧

ୗ  is the LSPV 

generation at time slice 𝑡 , 𝑉௧
୲ୣ୰୫  is the inverter terminal voltage at time slice 𝑡 , and 𝑉୴୴భ െ

𝑉୴୴ర/𝑉୴୵భ െ 𝑉୴୵మ  are the control parameters of volt-VAR-watt function. 

The change rates of reactive power output and LSPV curtailment are limited to prevent the hunting 

phenomenon, which may lead to voltage violations. In addition, the reactive power output is limited by 

restrictions on the available capacity 𝑄௧
ୟ୴ୟ୧୪  and power factor 𝑄௧

୪୧୫౦  as expressed by the following 

equation: 
 

𝑄௧
ୟ୴ୟ୧୪ ൌ ටሺ𝑆୧୬୴ሻଶ െ ൫𝑃௧

୧୬୴൯
ଶ

,  (4.10) 
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𝑄௧
୪୧୫౦ ൌ 𝑃௧

ୗඨ
1

ሺ𝑝𝑓ሻଶ െ 1,  (4.11) 

 

where 𝑆୧୬୴ is the rated capacity of the LSPV inverter, 𝑃௧
୧୬୴ is the active power output of the BESS, and 

𝑝𝑓 is the power factor limit. The power-factor restriction is regulated by Japanese grid code [1-13]. 

Therefore, LSPV inverters output the reactive power, which is not greater than the available capacity 

calculated in (4.10), while maintaining the power factor within 0.85 (leading) and 0.85 (lagging) in 

(4.11). Figure 4.7 shows the block diagram of the volt-VAR-watt function. 

 

 
Fig. 4.7  Block diagram of the volt-VAR-watt function. 

4.4 Simulation case studies 

Case study simulations were executed to evaluate the effectiveness of the control of the MCP scheme 

and to determine the suitable BESS site and type considering the increase of LSPVs. 

4.4.1 Simulation settings  

The distribution network model consists of one industrial feeder (Feeder 1: F1) and two residential 

feeders (F2 and F3), as shown in Fig. 4.8. The trunk line lengths of F1, F2, and F3 are 4.49, 6.10, and 

10.48 km, respectively. This distribution network model was constructed based on actual network 

information [4-32]. The peak demand of each feeder is approximately 2 MW, and the rated capacities 

of LSPVs are 2 MWac. The LSPV penetration rate is defined as the ratio of peak LSPV generation to 

peak demand (6.06 MW), and the penetration increase by 33.3% for each LSPV installation. Table 4.1 

lists the settings of BESSs and LSPVs for two simulation cases. For the BESS planning according to 

the increase of LSPVs, control parameters of the OLTC, SVR, and LSPV inverters were adjusted to 

prevent distribution voltage violations. Table 4.2 lists the simulation settings: simulation time step, 
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details of the distribution network, and control parameters of the OLTC, SVR, and LSPV inverters. The 

actual measurement load and PV data were used for the simulation. The simulation was executed on 

345 days, with the exception of 15 days for which the data of PV generation was missing, to consider 

the demand seasonality and various PV generation patterns. Examples of load and LSPV profiles are 

shown in Fig. 4.9. 

 
Fig. 4.8  Distribution network model  

 

Table 4.1  Simulation cases and settings. 

 

 
Table 4.2  Simulation settings. 

Content Setting Value 
Simulation time step [s] 10 
Rated voltage [V] 6600 
Allowable voltage range [p.u.]  
(the transformation ratio of pole transformer) 

0.95 - 1.01 (6750/105) 
0.93 – 0.99 (6600/105) 

Number of simulation dates (Nୢୟ୲ୣ) 
(Except the missing values from annual data) 

345 days 
2007/1/1 – 2007/12/31 

Peak values Total load of three feeders [MW] 6.06 
LSPV [MWdc] 
LSPV [MWac] 

3.32 
2.00 

OLTC Rated capacity [MVA] 20 
Voltage change per tap [p.u.] [2-35] 0.0151 

Simulated line impedance of the LDC method [Ω] 𝑅େ ൌ 0.01 
𝑋େ ൌ 0.01 

Dead band of the LDC method [p.u.] 
 
Case 1 (BESS at LSPV) 
Case 2 (BESS at substation) 

Case1: 
0.967 – 0.986 
 
Case2: 
0.970 – 0.985 

SVR Rated capacity [MVA] 10 

OLTC

6.6kV

SVR

Node

4.49 km

6.10 km

10.48 km

LSPV 2 (2 MW)

Peak demand of 
each feeder:  2 MW

Feeder1: F 1
(Industrial)

F2
(Residential)

F3
(Residential)

feeder root feeder end

LSPV 1 (2 MW)

LSPV 3 (2 MW)

 BESS site BESS type Number of LSPVs 
Case 1 LSPV 

RFB 
LiB 

1–3 
Rated Capacity 

(2MWac/system) 
Case 2 Substation 
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Voltage change per tap [p.u.]  0.015 
Simulated line impedance of the LDC method [Ω] 𝑅ୗୖ ൌ 0 / 𝑋ୗୖ ൌ 0 
Dead band of the LDC method [p.u.]  0.975 – 0.995 

LSPV 
Inverter 

Control parameters of the volt-VAR-watt function 
 
𝑉୴୴ଵ  െ 𝑉୴୵ଶ [p.u.] 
∆𝑃୫ୟ୶, ∆𝑃୫୧୬ [kW/m] 
∆𝑄୫ୟ୶, ∆𝑄୫୧୬ [kvar/m] 

𝑉୴୴ଵ ൌ 0.939  
𝑉୴୴ଶ ൌ 0.955 
𝑉୴୴ଷ ൌ 0.978  
𝑉୴୴ସ ൌ 0.986 
𝑉୴୵ଵ ൌ 0.983 
𝑉୴୵ଶ ൌ 0.990 
∆𝑃୫ୟ୶ ൌ 300 
∆𝑃୫୧୬ ൌ െ15 
∆𝑄୫ୟ୶ ൌ 300 
∆𝑃୫୧୬ ൌ െ15 

BESS Target value of power smoothing [kW/m] 
Case 1 (BESS at LSPV) 
Case 2 (BESS at substation) 
 
 

Case1: 
𝜀 ൌ 20 
 
Case2: 
𝜀 ൌ 57 (LSPV×1) 
𝜀 ൌ 100 (LSPV×2) 
𝜀 ൌ 106 (LSPV×3) 

Round-trip efficiency [%] [4-31] RFB: 75 / LiB: 80 

Increments of the BESS capacity [4-30] 
RFB: (power[kW] / energy[kWh]) 
LiB: (power[kW] / energy[kWh]) 

RFB: (125/continuous) 
LiB: (125/41.7) 

Cost [4-31] 
RFB: (power [$/kW] / energy[$/kWh]) 
LiB: (power [$/kW])  

RFB: (775 / 215) 
LiB: (510) 

 

 

(a) Light load period (2007/5/7) 

 

(b) Heavy load period (2007/12/25) 
Fig. 4.9  Load and LSPV profiles. 

4.4.2 Effectiveness of control of MCP scheme 

The substation power flow and the maximum value of power fluctuation per minute, which is the 

evaluated value of power smoothing, are analyzed to evaluate the effectiveness of the control of the 

MCP scheme. In addition, the power output and energy transient of the BESS are analyzed to understand 

the BESS operation. Figure 4.10 shows the power flow of the substation (top) and the maximum value 
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of power fluctuation per minute (bottom) with and without the BESS control. In period A, the substation 

power fluctuation is smoothed (top), and the fluctuation value is maintained lower than the target value 

of power smoothing by the BESS operation (bottom). In period B, RPF at the substation is prevented 

(top), and no power fluctuation is observed because the RPF prevention maintains the substation power 

flow at zero. As mentioned above, the BESS mitigates the power fluctuation and prevents RPF, which 

indicates that the proposed control method is adequate for multipurpose utilization. Figure 4.11 shows 

the active power and the remaining capacity of the BESS at the substation. In period B, the BESS 

changes its charging power frequently to achieve RPF prevention. The remaining capacity of the BESS 

the BESS increases in response to the BESS charging operation. In period C, the BESS discharges to 

bring its energy close to the target value, which is optimized for minimizing the BESS capacity during 

the operation for 345 days. The BESS output for SoC adjustment is limited to 2 MW at maximum to 

prevent rapid power fluctuation. 

 

 

Fig. 4.10  Substation power flow and the evaluation value of power smoothing (2007/5/7). 

 

Fig. 4.11  Active power and remaining capacity of the BESS at the substation (2007/5/7). 
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4.4.3 Suitable BESS type considering increase in LSPVs 

Figure 4.12 shows the RFB and LiB capacities in each case. In Case 1 with two and three LSPVs, 

each color (blue, yellow, and green) shows the capacity of the BESS at LSPVs. The BESS energy and 

power of Case 1 are greater than that of Case 2 regardless of the number of LSPV installations and 

BESS type, which indicates that the substation is the suitable site for reducing the BESS capacity. The 

suitable BESS type was not determined based on the BESS capacity, because the unit prices of these 

BESSs are different. Thus, the BESS cost was compared to determine the suitable BESS type.  

 
Fig. 4.12  Capacities of RFB and LiB. 

 

Figure 4.13 shows the initial and O&M cost of the BESS, indicating the following points. The LiB is 

cheaper than the RFB by 79% and 73% with one and two LSPVs, respectively. In contrast, the RFB is 

cheaper than the LiB by 39% when three LSPVs are installed. 
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Fig. 4.13  Initial and O&M cost of the BESS at the substation. 

 

The result was analyzed as follows. When one or two LSPVs are installed, RPF rarely occurs at the 

substation because the demand is higher than the LSPVs’ generation in most days. Thus, the BESS 

operated mainly for smoothing, which requires a high power, and the LiB, which has the higher P/E 

ratio, was selected as the BESS type. Conversely, when three LSPVs were installed, RPF frequently 

occurred in light load periods, and a large energy was required for the BESS operation. Thus, the RFB, 

the energy cost of which is lower, was selected as the BESS type. 

4.4.4 Impact of BESS site on tap operation and LSPV curtailment 

The impact of BESS installation on tap operation and LSPV curtailment was not significantly 

different with respect to the BESS type. Figure 4.14 shows the number of OLTC and SVR tap operations 

with RFB. The OLTC tap operations are almost the same regardless of the BESS site because the power 

flow at the substation was not significantly different owing to the same strategy of RPF prevention at 

the substation. In contrast, the BESSs at LSPVs contribute to reducing the SVR tap operations 

significantly when three LSPVs are installed. LSPV3 was placed at the feeder end of SVR, as shown in 

Fig. 4.8. In Case 2, the BESS at the substation could not smooth the LSPV3 generation, and the 

intermittency of the LSPV3 generation increased the SVR tap operations. In Case 1, the power 

smoothing operation of the BESS at LSPV3 mitigates the power fluctuation of the SVR terminal point, 

which reduced the SVR tap operations by 48%. 

Figure 4.15 shows the percentage of the total energy of LSPV curtailment to the total energy of 

LSPV generation. Yellow and blue lines indicate the LSPV curtailment percentage by the high AIR 

and voltage control, respectively. In Case 2, the LSPV curtailment percentage reaches just under 8% 

owing to the high AIR of 1.66. In Case1, the BESSs at LSPVs charged the LSPV generation, which 

exceeded the LSPV inverter capacity. The LSPV curtailment percentage is dynamically reduced to less 

than 0.5%, which is negligible. The results indicate that siting BESSs at LSPVs is suitable for 
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reducing LSPV curtailment. In addition, the LSPV curtailment for voltage control is less than 0.5% in 

both cases, which indicates that the volt-VAR-watt function curtailed little LSPV generation and control 

parameters were adequate.  

 

 
Fig. 4.14  Number of tap operations of the OLTC and SVR. 

 

 
Fig. 4.15  Percentage of LSPV curtailment. 

 

 
The reference voltage and SVR tap operation with three LSPVs were analyzed to understand the 

significant difference in SVR tap operations. Figure 4.16 depicts the reference voltages and tap 

operations of the SVR when the SVR tap operations of both cases were most different. In Case 1, the 

fluctuation of the reference voltage is mitigated as a result of power smoothing control, and the 

reference voltage tends to be maintained within the dead band, which reduces SVR tap operations. In 

contrast, the BESS at the substation cannot smooth the power fluctuation of the SVR, which caused 

frequent tap changes. 
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Fig. 4.16  Reference voltage and tap operation of the SVR (2007/1/4). 

4.4.5 Suitable BESS site based on total cost 

The analysis of the previous section showed that the BESS capacity minimization and reductions of 

SVR tap operations were in a trade-off relationship with the LSPV curtailment. Siting the BESS at the 

substation can minimize the BESS capacity, while the BESSs at LSPVs significantly decrease SVR tap 

operations and LSPV curtailment. The results indicate that determining the suitable BESS site is 

difficult owing to the trade-off relationship. The BESS capacity, SVR tap operations, and LSPV 

curtailment were converged to the initial and O&M cost [4-31], SVR replacement cost, and reduction 

of electricity sales to determine the suitable BESS site based on the cost calculation. However, 

calculating the total cost of the BESS installation is generally difficult because the defrayers of each 

cost are different. For instance, the power company bears the cost of the BESS installation and SVR 

replacement, while the LSPV curtailment decreases the benefit of the operators who possess LSPVs. 

Therefore, from the viewpoint of minimizing the social overhead cost, the total cost was calculated as 

follows. The BESS installation cost was calculated as described in Section 4.4.3. The cost of the LSPV 

curtailment was calculated based on the PV purchase price of the FIT, which is approximately 0.18 

[$/kWh] [4-33]. The cost-benefit of SVR stress alleviation was calculated based on the replacement 

cost. Generally, the SVR is replaced when the number of tap operation reaches 200 000 times or 20 

years, which is the rough standard of Japanese power companies. The simulation results showed that 

the BESS at the substation did not contribute to reducing the SVR tap operations, and the number of 

SVR tap operations reached 3707 in 345 days, implying 11 daily tap operations. Even if the same 

operation continues for 20 years, the number of tap operations will reach approximately 80300, which 
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is much less than 200 000. Therefore, the SVR replacement cost is the same regardless of the BESS 

installation site.  

Based on the above results, the suitable BESS site was determined by the total cost of the BESS 

installation and the LSPV curtailment. In Case 1, the total cost is 9.29 M$, which is the BESS 

installation cost (9.46 M$) minus the benefit of the LSPV curtailment mitigation (0.17$). In Case 2, the 

total cost is 4.40 M$, which is the BESS installation cost. The cost of Case 2 is less than that of Case 1, 

and the substation is selected as the suitable site for BESS installation. 

4.5 Summary of this chapter 

In this chapter, I proposed the MCP scheme for BESSs in distribution networks. The MCP scheme 

determined the suitable BESS site and type based on three indices: 1) BESS capacity, 2) number of tap 

operations of OLTC and SVR, and 3) LSPV curtailment. In the simulation case study, BESSs were 

used for power smoothing of the substation/LSPVs and RPF prevention at the substation, reflecting the 

needs of Japanese power companies. The simulation results showed that the control of the MCP scheme 

achieved power smoothing, RPF prevention, and SoC adjustment without interaction between the 

controls. Regarding BESS planning, the results showed the following. (1) The substation is a suitable 

site for reducing the BESS capacity, but the BESS at the substation did not contribute to reducing the 

SVR tap operations and LSPV curtailment. By contrast, the BESSs at the LSPVs reduced the SVR tap 

operations and LSPV curtailment, but the BESS capacity increased large. (2) When the number of 

LSPVs was one or two, the suitable BESS type for reducing the BESS capacity was LiB, which has a 

high fixed P/E ratio of three. Conversely, RFB is the suitable BESS type when three LSPVs were 

installed. (3) The evaluation indexes—BESS capacity, SVR tap operations, and LSPV curtailment were 

converted into cost to identify the suitable site for BESS installation. The cost of the BESS installation 

at the LSPVs (9.29 M$) was higher than that at the substation (4.40 M$). Thus, the substation was 

selected as the suitable BESS site. The simulation results showed that the MCP scheme can effectively 

execute multipurpose control and determine the suitable BESS site and type.  
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Chapter 5  
Conclusion and Future Work 

5.1 Conclusion 

In this thesis, planning and control schemes for voltage control and BESS utilization were proposed. 

In Chapter 2, a planning scheme was proposed to determine a suitable voltage control method, type 

of voltage control equipment, and timing for changing the voltage control method/installing new 

voltage control equipment. Using the proposed scheme, I realized a suitable voltage control method and 

determined the timing for upgrading the OLTC control; in addition, I achieved additional installation 

of the SVR or SVC based on the limit of the PVPR. The limit of the PVPR was calculated through 

numerical simulations and experiments with the ANSWER. The tendencies of the PVPR increase and 

distribution voltage profiles were consistent, validating the numerical simulation results.  

The results of numerical simulation indicate that the limit of PVPR with OLTC is 55%, whereas the 

installation of SVR and SVC increased the rate to 95% and 100%, respectively. The SVR increases the 

PVPR more than the SVC while preventing violation of the 30-min averaged voltage. On the other hand, 

the SVC helped increase the PV penetration while preventing instantaneous voltage violation. Thus, 

this work demonstrated the necessity of controlling the SVR and SVC to increase PV penetration while 

preventing instantaneous voltage violation. The proposed method was used in a distribution network 

consisting of two feeders.  

In Chapter 3, a scheme was proposed to determine the optimal control parameters and BESS capacity 

in order to ensure control performance. The control parameters were determined in the order of SPL 

and voltage control considering the mutual interaction of SPL and voltage control. Simulations of three 

days were performed to obtain the proper capacity combination based on a quantitative evaluation of 

the control performance. The simulation results showed that the proposed scheme could determine the 

optimal control parameters for SPL and voltage control, which prevent voltage violation and minimize 

SPL violation. The optimal capacity combination for the simulated system was determined as follows: 

energy, 1150 kWh; power, 1250 kW which is about 30 % of the LSPV capacity. 

In chapter 4, a MCP scheme for BESSs in distribution networks was proposed. The MCP scheme 

determined the suitable BESS site and type based on three indices: 1) BESS capacity, 2) number of tap 

operations of the OLTC and SVR, and 3) LSPV curtailment. In the simulation case study, BESSs were 

used for power smoothing of the substation/LSPVs and RPF prevention at the substation, reflecting the 

needs of Japanese power companies. The simulation results showed that the control of the MCP scheme 

achieved power smoothing, RPF prevention, and SoC adjustment without interaction between controls. 

Regarding BESS planning, the results showed the following. (1) The substation is a suitable site for 

reducing the BESS capacity, but the BESS at the substation did not contribute to reducing the SVR tap 
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operations and LSPV curtailment. By contrast, the BESSs at LSPVs reduced the SVR tap operations 

and LSPV curtailment, but the BESS capacity increased. (2) When the number of LSPVs was one or 

two, the suitable BESS type for reducing the BESS capacity was LiB, which has a high fixed P/E ratio 

of three. Conversely, RFB is the suitable BESS type when three LSPVs were installed. (3) The 

evaluation indexes—BESS capacity, SVR tap operations, and LSPV curtailment—were converted into 

cost to identify the suitable site for BESS installation. The cost of BESS installation at the LSPVs (9.29 

M$) was higher than that at the substation (4.40 M$). Thus, the substation was selected as the suitable 

BESS site. The simulation results showed that the MCP scheme can effectively execute multipurpose 

control and determine the suitable BESS site and type.  

5.2 Future work 

 This thesis focused on a planning and control scheme for voltage controllers and BESSs to cope with 

various problems arising from a large amount of PV installation, namely, voltage rise, RPF at the 

substation, and PV fluctuation.  

This thesis focused on using grid-side equipment because the utilization of those types of equipment 

can be considered rightly as a countermeasure for PV expansion. The conventional power network 

operated by using large-scale generators, such as hydroelectric/thermal power plants, will change to the 

new one that requires gird-/demand-side management according to the spread of PV, EV, BESS, and 

fuel cells for households. Recently, investigations and demonstration tests utilizing demand-side 

equipment have been under way. For instance, load reduction/load creation by the demand response at 

the time of tight supply/surplus power generation, and supply-demand balance adjustment by PV 

suppression can be cited. Virtual power plant demonstrations that integrate distributed power supplies 

by utilizing internet of things technology and utilize it for power network operation are also carried out. 

In addition, smart inverters with multiple control and communication functions are expected to improve 

the network operation flexibility. The integrated utilization of grid-/demand-side resources will become 

significant because it is considered that existing large-scale power supplies and DERs will coexist in 

future power networks. There are many technical challenges, but the following are given as examples: 

(1) Control of the EV group for avoiding excess capacity due to simultaneous charging of EV and 

preventing PV curtailment by charging surplus power, (2) Integrated control of large-scale BESS and 

PV curtailment for compatibility between control performance improvement and cost reduction, and 

(3) Establishment of a versatile and efficient voltage-management method with smart inverters and tap 

controllers. 
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