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Abstract X

Abstract

This Ph.D. thesis documents the research work for obtaining the Ph.D. degree from the Nagoya
Institute of Technology.

POWER SYSTEM is one of important infrastructures that contributes to the economic growth and
welfare of any country. Recently, smart grid is being focused on all over the world. The term “smart grid”
does not yet have a unique agreed definition. However, smart grid is usually defined as a power grid
utilizing Renewable Energy Sources (RES) such as wind power, and solar power in a smart manner. In
particular, smart grid will be introduced in Japan for energy savings and reduction of greenhouse gas
emissions using RES. Since RES is sustainable and inexhaustible, utilizing RES as a new energy source is
effective to reduce environmental impacts such as nuclear wastes and global warming. Meanwhile,
introducing RES into the conventional power system may cause multiple problems.

A shift towards RES from conventional energy sources such as natural gas, coal, and oil will further
stress the power system as these sources are intermittent and thus not reliable. The research initiated with
issues about deterioration of power quality caused by increasing RES connected into the electric power
system. The content of this thesis is for improving voltage management in the electric power system with a
large amount of Photovoltaic generators (PV). Japanese government attempts to introduce RES as mainly
PV, roof top type in residences. Since voltage in a distribution system with PVs fluctuates according to
weather conditions due to PV, this issue attracts attention nowadays. Conventional voltage management
strategy using existing facilities in the power system will not be able to maintain the power quality under
this severe condition. These changes emphasize the importance of incorporating new and extending
existing infrastructures in a systematic way.

From these viewpoints, in this paper, several novel control methods for voltage on distribution system

using the novel and existing facilities are proposed.
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Chapter 1

Introduction

1.1 Background

Electric power system consists of various facilities such as generators, transmission lines, substations,
and receiving equipment. Generators in power plants generate electric power, transmission lines send the
electric power to substations, and distribution systems (DS) distribute the electric power to consumers. DS
is closest to the consumers in the electric power system and hence Distribution System Operator (DSO)
plays a critical role to keep several power qualities at a proper level. The power qualities include voltage
magnitude, harmonics, flicker, voltage sag, and so on [1] [2]. Among them, there is an increasing
requirement to properly maintain voltage magnitude with the increase of Distributed Generation (DG)
using Renewable Energy Source (RES).

In recent years, renewable and clean energy such as solar power and wind power is being focused on
worldwide as next generation energy source due to a concern about the environmental issues such as global
warming and exhaustion of fossil fuels such as natural gas, oil, and coal. In Japan, the government attempts
to introduce DG; mainly Photovoltaic generator (PV), to reduce greenhouse gas emissions. Figure 1.1
shows goals of the amount of PV introduced to the power system in future set by the Japanese government
[3] [4]. The Japanese government has set a goal to introduce 28GW of PV to the power system in Japan by
2020, and 53GW by 2030. Furthermore, at the moment, most of nuclear power plants in Japan have
stopped generation for ‘nuclear risk’, which is attributed to the severe accident of the first Fukushima
nuclear power plant caused by the Great East Japan Earthquake. This situation causes the lack of electric
power supply and also impacts on the reconstruction of the energy best mix in Japan. For this reason, RES
is being aggressively introduced to electricity market as alternative energy sources of nuclear energy and
fossil fuel energy. As a result, vast number of DGs utilizing RES will be introduced into the power system
in near future. In introducing RES into the power system, however, there are various issues of electric

network technology in order to manage voltage quality.
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Figure 1.1 Scenario for introduction of PV in Japan [3] [4].

There are two problems when a large amount of DG is connected to DS. One is that the output of DG
such as PV and wind generators randomly changes according to the weather condition. The other is the
reverse power flow that active power flow streams from consumers to the substation, which causes the
‘Ferranti effect’. The Ferranti effect is the voltage rise occurring at the receiving end of a transmission line,
to the voltage at the sending end. In these cases, it is more difficult to manage the line voltage in DS
compared with the conventional voltage management method, because the voltage uncertainly depends on
the output distribution of DGs in the amount as well as in the direction. This paper focuses on these voltage

problems in DS caused by PV, and several methods for properly managing voltage in DS are proposed.

1.2 Conventional voltage management in distribution system

In Japan, the allowable voltage range in DS is prescribed by Article 44 of the Enforcement
Regulations of the Electricity Business Act. Table 1.1 shows the allowable range at receiving point of

consumers in DS.

Table 1.1 Specified voltage at receiving point of consumers.

Voltage level Allowable range
100V 101£6V
200V 202420V
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Figure 1.2 Voltage management in DS.

To meet the requirement shown on Table 1.1, voltage in DS is managed using several facilities.
Conventional constitution of DS for voltage management is shown in Figure 1.2. In Figure 1.2, a
distribution transformer sends electricity power to consumers through distribution line. The secondary
voltage of distribution transformer in a distribution substation is maintained to the rated voltage in DS
(usually 6600V). Usually the voltage drop through distribution line occurs owing to load distribution, it is
necessary to keep voltage within the allowable range. The line voltage is managed by the following control

facilities in DSO.

(1) Load Ratio control Transformer

Distribution transformer has the tap changing function to adjust the secondary voltage according to
load current flow in DS. The transformer with this function is called Load Ratio control Transformer (LRT).
Usually, a LRT in a distribution substation has multiple DSs, hence the control of a LRT makes an impact
on voltage in multiple DSs. LRT operates and adjusts the sending voltage of multiple DSs considering

voltage profiles in those networks.

(2) Step Voltage Regulator (SVR)

When voltage drop in distribution line is large, it might not be possible to control voltage within the
allowable range using only LRT. In that case, Step Voltage Regulator (SVR) installed on distribution lines
is employed to compensate for voltage drop. It is usually installed on a long distribution line. The SVR is a
transformer similar to LRT which can control its secondary voltage by changing its tap position. A detail

structure and control algorithm of SVR are explained in Appendices Al.
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(3) Adjustment for a turn ratio of pole transformer

Ordinary residences receive electric power as rated voltage 100V or 200V transformed from high-side
voltage (6600V) using a turn ratio of pole transformer on a distribution line. The pole transformers are
installed on power poles and electric power on low-side voltage line can be delivered through a lead-in
wire. The turn ratio is modified by DSO corresponding to voltage profile to meet requirement shown on
Table 1.1. Once the turn ratio is set by DSO, it is very difficult to change the ratio. DSO must adequately

determine the ratio considering a load profile and load growing in future.

1.3 Technical issues caused by PV

1.3.1 Issues occurred in distribution system

Japanese government estimates that many residences in DS will introduce PV as rooftop type.
Introducing PV into DS may cause multiple issues regarding voltage such as 1) the voltage rise and 2) the
voltage fluctuation. An output of PV coincides with the decrease of load; hence voltage in DS becomes
large compared to one without PV. Since voltage in DS is large due to Ferranti effect even in the current
situation [5], voltage may exceed an upper limit of allowable range in case of PV interconnection. To
prevent this problem, modifying the classical method for voltage management is indispensable.
Furthermore, PV can cause voltage fluctuation in DS. As existing facilities in the power grid are not
designed for compensating rapid and frequent voltage change, voltage might not be properly controlled in
that case. One of way for solving these issues is to replace the existing obsolete facilities to novel
functional devices such as Static Var Compensator (SVC). However, introducing new facilities leads to an
increase of cost and may cause rising of electricity charges that is difficult because an electric power
system is a public infrastructure. It is important to prevent these issues mentioned above with few
additional costs.

One of effective measures against these problems is utilizing information in DS obtained through
high-speed communication. With information in DS including voltage magnitude, voltage phase angle,
current magnitude, and current phase angle, voltage can be managed in an efficient manner even if using
the obsolete facilities. In recent years, many DSOs are trying to introduce multiple sensors to get useful
information on DS. Some DSOs begins to install smart meters into consumers for meter-reading. In the
present circumstances, however, many sensors do not have an ability to communicate in real-time. This
means that it is difficult for current DSO to get precise information in DS. An important issue to be solved

is how to properly control voltage with insufficient information.
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1.3.2 Issues occurred in transmission system

A distribution substation has multiple DSs, and a Transmission System (TS) has many distribution
substations. As many distribution substations are connected each other through transmission lines,
fluctuation of load and PV’s output in a DS may make adverse impact regarding to voltage on other DSs.
In conventional way, voltage in TS is kept close to constant value using transformers and phase modifying
equipment by Transmission System Operator (TSO). However, a large amount of PV in DS can vary
voltage not only in DS, but also in TS. Voltage profile in the transmission line can become complex in that
case. Since classical facilities in TS for voltage control do not assume PV penetration, these facilities might
not keep voltage close to constant. This fluctuation of primary voltage at the distribution substation leads to
the fluctuation of voltage in DS. Therefore, with PV penetration, voltage fluctuation in DS is due to both
DS and TS. Controlling voltage in TS is critically important. The number of researches about voltage
control in TS is small. In particular, an impact of PV on voltage in TS has not been sufficiently studied. It
is necessary to investigate the impact of PV in TS. Furthermore, an efficient control strategy for voltage in

TS with many PV should be developed.

1.4 Previous work

Conventional control methods for voltage in DS cannot manage voltage fluctuation caused by DG.
These issues have been tackled in [6] ~ [22]. In [6] ~ [13], the maximum PV capacity which does not cause
voltage violation from an adequate range is calculated. It is important to estimate the allowable capacity of
PV installed in a DS because additional measures are indispensable if voltage violation is occurred. In [14]
[15], by using power electronics devices including SVC and STATic synchronous COMpensator
(STATCOM), voltage fluctuated by PV can be made stable and controlled within the adequate range. These
devices recently attract attention. In [16] ~ [19], Power Conditioning System (PCS) is focused on because
it is able to inject not only active power but also reactive power into the network. In [20] [21], multiple
sensors and communication are employed to get information about voltage and current in DS to calculate
optimal operation of the control devices.

As mentioned above, there are many researches for voltage management in case of PV interconnection.
However, most of them assume that additional devices are necessary to control voltage. It is necessary to
research a way to manage voltage for PV interconnection and develop a suitable control method with few

additional costs.
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1.5 Overview

This thesis focuses on voltage control for properly managing voltage in DS. The overview of this thesis
is shown in Figure 1.3. Since the measures for PV interconnection should be changed according to

development of power system, the content of each chapter are changed in accordance with time and

situation.

Chapter 1 Introduction (Background and purpose) E

*Measures for SHORT-term
*WITHOUT communication
*LOCAL control

=

Chapter 2
Advanced control method for SVR using solar radiation information

*Measures for MEDIUM-term
*With LOW-SPEED communication
*SEMI LOCAL control

=

Chapter 3
Advanced voltage control method in distribution network using

conventional power facilities

*Measures for LONG-term
* With HIGH-SPEED communication
*ONLINE control

a=

Chapter 4
Voltage control strategy using small batteries in distribution system

*Considering TS

a

Chapter 5
Reactive power management for voltage control considering transmission system

* Summary

a

| Chapter 6 Summary, conclusions and future research I

Figure 1.3 Contents and relations of each chapter in this thesis.

First of all, as measures for short-term, a local control method for SVR is proposed in chapter 2. Since
chapter 2 assumes DS in near future, high cost devices should not be used as much as possible. The

purpose of chapter 2 is to manage voltage fluctuated by PV in DS with SVR and little additional equipment.
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With low-functional facilities, voltage is controlled based on local control. In chapter 3, a novel control
method for existing facilities such as SVR and a few sensors in DS is proposed. Compared with chapter 2,
chapter 3 targets the further future electric power network with functional device for voltage control.
Chapter 4 targets rapid voltage fluctuation in DS unlike in chapters 2, and 3. This chapter assumes the
power system with real-time communication and multiple functional devices. Under this condition, power
system can perform online control. Batteries in the residences and Electric Vehicles (EV) are employed to
compensate for the time delay of SVR. Finally, in chapter 5, a control method for reducing voltage
fluctuation in TS that uses multiple SVCs is proposed. It is necessary to keep sending voltages in

distribution substations close to constant.

(1) Chapter 2: Advanced control method of SVR using solar radiation information

Existing facilities for voltage control in DS such as SVR have low functionality because, for example,
SVR observes only local voltage and sending current at PCC (Point of Common Coupling). Though this
control method is suitable for DS without DG, it is unsuited for with DG. Hence, modifying the obsolete
control method of existing facilities is indispensable to introduce DG into DS. This chapter studies a novel
control method of SVR with little additional equipment to decrease cost. SVR in the proposed method is
controlled corresponding to solar radiation information obtained from solar radiation sensor installed in

SVR.

(2) Chapter 3: Advanced voltage control method in distribution network using conventional power
facilities

Because current DS has few sensors embedded in section switches on distribution lines, DSO can
obtain information in DS. Using information such as voltage and current on the distribution line, a better
control method can be developed. However, communication speed between sensors is very slow, not in
real-time. Therefore, a feasible control method for SVR using sensors with slow communication is
proposed in this chapter. The proposed method uses SVR, few Voltage Sensor (VS), and low-speed
communication between SVR and VS. It will be shown that developing control method with few additional

facilities can properly manage voltage in this chapter.

(3) Chapter 4: Voltage control strategy using small batteries in distribution system

Transitional voltage fluctuation will be caused by PV. As discussed previously, current SVR does not
have an ability to mitigate rapid voltage fluctuation since there is no rapid voltage fluctuation in the
conventional DS. This quick phenomenon may cause tentative voltage violation from the allowable range.
Though SVC and Thyristor Voltage Regulator (TVR) using power electronics technology are suitable to
suppress this issue, these facilities have highly cost. Utilizing user-owned equipment such as a PCS and a

battery is a valid way to resolve this issue. Many voltage control methods using PCS owned by users in DS
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have been studied to date. In [16] ~ [19], user-owned PCSs control reactive power output and maintain
voltage on distribution line within the adequate range. Tsuji et al employ user-owned PCSs to achieve a
goal that is to minimize distribution loss and maintain voltage within the adequate range [17] ~ [19]. On
the other hand, this thesis focuses on a user-owned battery.

Japan has been in a situation where there is lack of electric power caused by loss of nuclear power
plants due to the Great East Japan Earthquake at 11.3.2011. This calamity made people in Japan attract
attention for tight supply and demand of electric power. Smart grid is also focused on than before to
eliminate waste of power and people pay attention to the battery in a smart house. Smart house can
efficiently utilize electric power using PV and a storage device. A battery in house can be used as an
electricity power source for emergency situation that is outage for instance. A battery can flexibly charge
and discharge active power and control rapid voltage change in DS [22] ~ [25]. Hence, a lot of batteries in
DS owned by users can be used as effective voltage control devices without additional highly cost.
However, it is necessary to prevent user’s detriment. If DSO occupies the user-owned batteries, the users
cannot make use of the batteries. In order to prevent this situation, a novel control method for battery that

uses a little part of user-owned battery is proposed in this chapter.

(4) Chapter 5: Reactive power management for voltage control considering transmission system

To handle problems such as voltage fluctuation in DS, many researches have been studied in literatures
[17] ~ [19] [26] ~ [30]. These literatures assumed that a primary voltage of distribution substation is close
to constant because the primary voltage is properly managed using multiple facilities on TS. However,
when many PVs are introduced into DS, it is expected that the primary voltage fluctuates and the
fluctuation makes impact on transformers in distribution substations. It is necessary to analyze voltage
problems due to PV in TS as well as DS.

In this chapter, a power system model including both TS and multiple DSs will be built, and it is
analyzed what problems are arisen in case that many PVs are connected into the power system. By
investigating voltage behavior on this model, the voltage fluctuation on TS caused by PVs is found to be a
serious problem. To prevent this issue, a novel control method of SVCs that are installed into distribution
substations is proposed. It will be shown that the proposed method can compensate for PV’s an adverse

impact on TS and other DSs.
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Chapter 2
Advanced control method of SVR using solar radiation

information

2.1 Introduction

In traditional sense, SVR is installed into DS to manage voltage within the allowable range. Its
installation location and control parameters such as basis voltage of dead band, width of dead band, and
settling time are usually determined under the condition without any DGs in DS and reverse power flow.
However, when a large amount of PV is connected to DS, several technical issues arise. 1) One is operation
delay for changing tap of SVR against voltage fluctuation. Since SVR is a transformer with mechanical
structure, it needs operational delay against voltage fluctuation to avoid deterioration due to switching
operations. In case that PV is connected to DS, line voltage may rapidly fluctuate due to sudden change of
weather condition. Since conventional SVR does not suppose the rapid voltage fluctuation, SVR could not
compensate for this rapid change. 2) The other is lack of information for switching operation to adequately
compensate for the voltage fluctuation in DS, because conventional SVR operates based on only the
monitored secondary voltage. DSO usually manages voltage under the assumption that a load pattern in DS
is almost same every day. However, when PV is connected, the load pattern randomly fluctuates and
voltage profile becomes complex. In that case, voltage at the secondary node of SVR is insufficient for
proper management of voltage because SVR with local control cannot precisely estimate voltage profile in
the distribution line.

Meanwhile, functional facilities such as SVC and PCS can compensate for rapid voltage change due to
PV [1] ~ [10]. These facilities can prevent voltage fluctuation and compensate for complex voltage profile.
However, using these devices leads to increase cost that should be avoided. Therefore, it is important to
propose a novel control method to only utilize existing facilities such as SVR without additional
installation of devices for voltage control even when PVs are connected to DS. Moreover, it is necessary to
suppress useless switching operation of SVR for avoiding deterioration even when voltage in DS
frequently changes. Under this background, in this chapter, an intelligent control method of conventional
SVR is proposed to achieve these purposes. The proposed method defines “Voltage Margin (VM) as an
index of difficulty of voltage violation from the allowable range caused by PV. VM is obtained based on
estimated output of PV using solar radiation information from a solar radiation sensor. By increasing VM,
voltage violation and useless operation of SVR can be suppressed. Numerical simulation example is to

demonstrate the effectiveness of proposed method. This simulation uses an actual scale DS model for
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precise analysis.

2.2 Voltage issues caused by PV interconnection

2.2.1 Simulation model

Many literatures have studied about voltage management issue that is expected to occur when many
PVs are introduced into DS. However, many studies use simple DS models without SVR and many nodes.
It is insufficient to reveal the issues that actually occur in case of PV interconnection. From this, this
section investigates the voltage issue by PV using an actual scale DS model shown in Figure 2.1, where
network configuration including positions of SVRs and turn ratio of pole transformers is based on real DS
data. Detail parameters such as load capacity and line impedance are shown in Appendices A3.

Four SVRs are installed in this model shown in Figure 2.1. The arrow represents a load, and PV is
installed in all load nodes assuming PV introduced on roof of residences. The line voltage (Rated voltage:
6600V) in DS is transformed to low voltage (Rated voltage: 100V) by pole transformers. Its turn ratio N,
is usually set as 6600/105 (High side/Low side), but turn ratios of some pole transformers are set to be
lower to compensate for voltage drop. Since there are many users on from node #42 ~ #116 in Figure 2.1,
N, on those nodes are set as 6450/105 so that primary voltage of SVR2 and SVR4 and the voltage at the
end of feeder do not exceed the lower limit of allowable range. Numerical simulation is executed to

represent voltage fluctuation caused by PVs using MATLAB/Simulink.
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Figure 2.1 Actual scale distribution system model.
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2.2.2 Simulation conditions

Table 2.1 shows simulation conditions in which parameters of SVR are employed in actual DS.

Table 2.1 Simulation conditions.

Sampling time dt 2s
Simulation period T’ 86400s (24h)
Allowable range (Low-side) 101 ~ 107V
Sending voltage of substation 6600
Basis voltage of dead band Vg4 6600V
SVRI, SVR3 60s
syr | SemE e T SVRa 90s
Width of dead band V, 189V
Width of tap 150V

Simulation is executed to analyze voltage behavior over a day considering the load pattern and solar
radiation. Real measured data in cloudy day is used for solar radiation and a typical resident load is used
for the load pattern at each node. Sum of the active power P and the reactive power Q of load in the entire
DS model are shown in Figure 2.2. Total output of PVs and solar radiation are represented in Figure 2.3.
The output of PV rapidly and frequently fluctuates in proportion to solar radiation S assuming that PV
outputs active power with power factor 1.0 and PV capacity is set as same as load capacity. It is assumed
that PVs are connected at all nodes considering a large amount of PV interconnection. Sending voltage in
the distribution substation controlled by LRT is set as constant 6600V to evaluate the impact of only PV on

voltage not of sending voltage.

2.2.3 Simulation results

As examples of voltage violation out of the allowable range, the voltage at secondary nodes of SVRs
Vsvr and the end of distribution line (node #42, #116) are shown in Figure 2.4 and Figure 2.5, respectively.
High-side voltage at node #42 and #116 are transformed into low-side voltage using N, (#42: 6600/105,
#116: 6450/105) in Figure 2.5. In Figure 2.4, the light gray lines represent the limits of dead band. In both
Figure 2.4 and 2.5, the gray lines represent the limits of allowable range. In Figure 2.4, Vs of SVR2 and
SVR4 exceed the upper limit of allowable range. This is because basis voltages of dead band Vs are set
as high position (=6600V) considering voltage drop on the distribution line (Allowable range:
6726V~6349V). Moreover, after Vg, deviates from the dead band, the tap position is changed with a few
settling time (7T..). This is due to that frequent switching operations causes deterioration of SVR. T

causes transient voltage violation out of both the dead band and allowable range.
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Thus, the voltage violation is not compensated owing to the time delay of switching operation, and
hence voltage may continue to deviate from allowable range for a short time in Figure 2.4. Low voltage at
end of distribution line in Figure 2.5 (a) exceeds the upper limit of allowable range (107V) in a similar way.
This problem is mainly caused by two factors. One is improper settings of control parameters of SVR such
as an install node, dead band, and settling time mentioned above. The other is improper settings of N,.. The
latter is the reason why the turn ratio of pole transformer 6450/105 is set corresponding to usual voltage
drop in distribution line without considering the fact that voltage at node #116 rises due to PV.

Making T small to improve the time delay of SVR may lead to increase of hunting of SVRs. It is
caused by the frequent switching of SVR. For example, the simulation results are shown in case that T,
is set as 1/10 of previous case in Table 2.1. In the same way as Figure 2.4 and 2.5, the Vg and the end of
distribution line (node #42, #116) with small settling time are shown in Figure 2.6 and 2.7, respectively. In
Figure 2.6 and 2.7, voltage violation from the allowable range is occurred even though 7, is smaller than
previous case. From these results, small 7., does not influence enough for reducing voltage violation. In
order to quantitatively evaluate these results, the amounts of voltage violation from the allowable range,
time of voltage violation and the number of switching operation of SVR are calculated. Indices for
evaluation of voltage violation are defined. An integration of voltage violation VD is obtained by

integrating the amount of voltage violation from the allowable range (101~107V) with time as follows:

Mimax

T
VD=>"> e,(tn) @.1)

t=0 n=l

eV(t,n):{V(t’")_lw (v (t,n)>107)

101-v7(t,n) (7 (c,n)<101)

where V(t,n) shows low-side voltage at time ¢ and node #n, and the total number of nodes 7,,,, is 116.
Voltage violation time from the adequate range VD, is obtained by integrating time at which voltage

deviates from the allowable range as follows:

n

T Moy
VDtime = Z eT (t’n) (22)
t=0

dt (V(t,n)>107)
dt  (V(t,n)<101)
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Figure 2.7 Low voltage at end of distribution line with small Ty,

Table 2.2 shows qualitative evaluation results comparing two cases of conventional 7y, and small
Tyeirre- “Differences” in Table 2.2 represents that variation value using small Ty, compared to the

conventional method.
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Table 2.2 Quantitative evaluation results.

Conventional Small settling time Differences

VD 1224 x 10* Vs 1110 x 10° Vs 9.3%

VD ime 1582 x 10% s 1522 x 10% s -3.8%
SVRI 2 18 +16

The number of
SVR2 22 106 +84
switching operation
SVR2 12 22 +10
of SVR

SVR4 28 88 +60

Table 2.2 shows that even if Ty, is set smaller, both VD and VD,;,,. cannot be almost improved. On the
other hand, the number of switching operation of SVR largely increases since the secondary voltages of all
SVRs fluctuate largely and frequently, particularly in SVR2 and SVR4. Moreover, in Figure 2.6, the
secondary voltage of SVR2 and SVR4 frequently fluctuate corresponding to the operation of upper SVRs
(SVR1, SVR3). Such frequent operations of lower SVRs continually occur in daytime hours in which solar
radiation frequently fluctuates. Thus, small 7}, causes the frequent switching operation of SVR, voltage
violation, and deterioration of SVR. Hence, it can be seen that it is difficult to properly manage voltage
fluctuated due to PV using only SVR controlled by a conventional method. It is easy to properly control
voltage using reactive power control with PCS and Flexible AC Transmission System (FACTS) devices
such as SVC. However, introducing many SVC into DS is difficult due to its highly cost, and few PCSs
cannot output reactive power enough to control voltage. Moreover, even if it is possible to use many PCSs
in DS, it needs a cooperative control method which is hard to achieve.

For this reason, the new control method utilizing existing SVR is proposed by modifying the existing
control algorithm slightly, which is effective to handle the voltage issue in case of many PVs

interconnection with reducing installation cost of additional facilities.

2.3 Proposed control method

2.3.1 Fundamental idea for proposed method

A key concept of the proposed method is managing voltage fluctuated by PV using the existing SVR as
well as suppressing the frequent switching operations of SVR. The goal is to reduce VD, VD, and the
number of switching operation of SVR. To do this, it is necessary to increase a margin of voltage for upper
and lower limits of allowable range so that voltage does not deviate from the adequate range even if output
of PV changes rapidly. In this chapter, this margin is called VM. Difference of voltage behavior due to
difference of VM is shown in Figure 2.8.
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Figure 2.8 Effect of large VM.

In Figure 2.8, gray line represents Vgyz with small VM and Black line represents Vsyz with large VM.
With small VM, voltage easily deviates from the allowable range due to rapid change of PV’s output.
Voltage violation occurred in Figure 2.5 and 2.6 is due to mainly small VM. On the other hand, with large
VM, voltage violation can be suppressed because Vi tends to be kept within the dead band, and SVR
does not change the tap position even though the output of PV changes rapidly. Because it is necessary to
predict the fluctuation of PV’s output in order to increase VM in advance, in this chapter, the method for
estimating the output fluctuation is proposed by using solar radiation from the solar radiation sensor
installed in SVR. The output of PV is in proportion to solar radiation. Therefore, it is assumed that solar
radiation has a same value in an area in which SVR manages. This assumption is extended to the case that
it might be possible to estimate the output of PV in each residence using the solar radiation sensor. In the
proposed strategy, SVR increases Vg in advance if solar radiation has large value because voltage may
rapidly decrease corresponding to solar radiation. On the other hand, SVR makes Vg decrease in advance

if solar radiation has small value because voltage may rapidly increase corresponding to solar radiation.

2.3.2 Control algorithm

The center voltage of dead band in SVR V.., is controlled corresponding to solar radiation to achieve
the proposed strategy mentioned above. Figure 2.9 shows the concept of proposed algorithm. Solar
radiation information obtained from sensor is normalized as S using the maximum solar radiation value at a
node with sensor. The maximum solar radiation is determined considering the mounting angle of PV array
and other conditions. dV is the deviation of V., from the base voltage Vs of the allowable range, which
is determined corresponding to S. While the dead band is also shifted with V.., the width of dead band
Vg, 1s not changed. Vs 1s set as the normal voltage in DS (=6600V) and V,,,.: becomes equal to Vg

when S = 0.5. In that case, the dead band position is same as in the conventional method.
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The amount of dV should be determined using both the solar radiation information and voltage
fluctuation due to PV. The reason is that, for example, an unnecessary operation of SVR might occur if
Veenter 1 controlled corresponding to only solar radiation in spite of small voltage fluctuation due to PV as
shown in Figure 2.10 (a). The unnecessary operation of SVR leads to voltage violation as mentioned above.
Hence, when the voltage fluctuation is small due to PV, conventional settings of dead band should be
employed that has been properly modified by DSO and the dead band should not be shifted as shown in
Figure 2.10 (b). Hence, Veener 1s determined considering not only solar radiation but also an impact of PV
on voltage in DS. This impact is calculated using the maximum voltage V.. men and the minimum voltage
Vinin mem at the primary node of SVR for 7., a period in the past. dV is determined using equation (2.3)

and V..., 1S obtained as equation (2.4).

VS VR VS VR VS VR

A A A

I/center P¥rs |

I/vcenter = I/basix __________ Ay T ————1 b
_i a
/ Vcenter : de

5

S=0.5 §>0.5 §<0.5

Figure 2.9 Movement of dead band corresponding to solar radiation.

VSVR V. SVR
A A
Allowable
range
\ T / Time
Operation of SVR
(a) dV controlled corresponding to S (b) dV=0 regardless of S

Figure 2.10 Unnecessary operation of SVR and its measure.
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dV = (Vmaximem - I/1711'11Jt1en1 XS - 05) (23)
Vcenter = Vbasis + dV (24)

The position of the dead band should be controlled by the amount of voltage fluctuation. However,
since voltage fluctuation is caused by not only PV’s output but also loads, the fluctuation due to loads
should be separated from one due to PV. Therefore, T, in which SVR monitors (V,.ux mem ™ Vinin mem) 18
set as short time enough to ignore load fluctuation. The output of PV increases and decreases to some

extent during this periods. (Vuax mem— Vinin_mem) 1 updated each period T,epm.

2.3.3 Dead band control considering the allowable range

The dead band position should be controlled considering the allowable range in the proposed method.
Moreover, voltage drop at nodes downstream of SVR should also be considered. Assuming that
downstream voltage does not exceed upstream voltage in the distribution line, in the proposed method, the
allowable dead band range is determined. Under this assumption, the maximum voltage of dead band
Vsyr max s set as same as the upper limit of adequate range V... Considering voltage drop, the lower limit
of dead band Vgyg auy is larger than the lower limit of allowable range Vy;y by a bias voltage Vi

Vsyr max and Vsyg auv can be expressed as follows.

VSVR_MAX =Viax (2.5)
Var sav =Viay +Vias (2.6)

The band defined by both Vgyz sy and Vsyg aw is called as an available range shown in Figure 2.11.
As the amount of voltage drop is changed due to PV, Vs can be represented as a function of .S shown in

equation (2.7). Ky;4s represents Vs when $=0.0, in this case, voltage drop becomes maximum value.

Vbias = Kbias (1 - S) (2-7)

where K, is Bias gain.

If Vsyr max exceeds Vigax, Vsyr max becomes equal to Vigx. If Vsyr aay is smaller than Vi, Vsyr yv
becomes equal to Vjgy. Hence, if the upper limit of dead band Ve + Vap/2 exceeds Vsyr paxs Veenter 18
modified using equation (2.8). Similarly, if the lower limit of dead band Ve, — Var/2 is less than Vyg s,

Veenter 1s modified using equation (2.9).
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I/center + de /2 >VSVR_MAX - Vcenter =VSVR7MAX - de /2 (28)
Upper limit of dead band: Vi, 4y
Lower limit of dead band: Vi yuy =V,
Vcenter B de /2 <VSVR_M]N_) I/center :VSVR_MIN + de /2 (2.9)

Upper limit of dead band: Vi yy + 7V

Lower limit of dead band: Vg,

2.3.4 Reducing time delay for the operation

As mentioned above, the time delay of SVR is a prime cause of voltage violation. Hence, T, should
be reduced to avoid voltage violation. In the conventional control algorithm of SVR, the number of
switching operation of SVR substantially increases with small 7j.,,. On the other hand, in the proposed
method, SVR does not frequently operate despite of small 7, because VM is large. When multiple SVRs
are installed on a distribution line in series, the proposed method is effective for suppressing hunting of

multiple SVRs.

2.4 Case study

2.4.1 Simulation conditions
Numerical Simulation using an actual scale distribution system model shown in Figure 2.1 is executed
to compare the proposed method with the conventional control method of SVR. Simulation is performed

not only under cloudy conditions but also sunny and rainy shown in Figure 2.12.
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Figure 2.12 Trend of solar radiation.

Sunny and rainy data are actually measured as well as cloudy data. Simulation conditions and
parameters of the conventional control method are as same as Table 2.1. The width of tap and dead band in
the conventional method are also employed in the proposed method because the proposed method is for
effectively utilizing existing SVR with slight modification. 7y, in the proposed method is 1/10 compared
to the conventional method because it is desirable to respond rapid change of PV’s output for reducing
voltage violation. T, is set as 400s. Ky, 1s set as 150V. Since voltage tends to deviates from allowable

range at a node in which &, is 6450/105, N, is set as 6600/105 on entire DS in this simulation.

2.4.2 Simulation results

In order to compare two control methods of SVR, i) VD, ii) VD, iii) the maximum voltage during
simulation, iv) the minimum voltage during simulation v) the number of switching operation of SVR are
used as indices of evaluation for simulation results. Simulation results are shown on Tables 2.3, 2.4, and
2.5. In Tables 2.3, 2.4, and 2.5, VD and VD, in the proposed method are reduced more than 80%
compared to the conventional method at any climate conditions. The maximum voltage in the proposed
method does not exceed one in the conventional method at any climate conditions. Similarly, the minimum
voltage is not less than one in the conventional method. These results demonstrate that a voltage
fluctuation in the proposed method is smaller than one in the conventional method.

The number of operations of SVRs in the proposed method is not largely increased compared to the
conventional method in spite of small T... Vsyr in the proposed method are shown in Figure 2.13, 2.14,
and 2.15. In Figure 2.13, the dead band is shifted corresponding to both solar radiation and voltage
fluctuation. On the other hand, in Figure 2.14 and 2.15, the position of dead band is almost not moved.

This is caused by small voltage fluctuation for 7}, under sunny and rainy conditions.
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Table 2.3 Simulation results in cloudy.
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Conventional Proposed Differences
VD 4.3x10°Vs | 0.062x10°Vs -98.6%
VD ime 14x10’s 1.1x10%s -92.1%
Maximum voltage 108.6V 107.2V -1.4V
Minimum voltage 101.0V 101.6V +0.6V
SVRI1 2 2 +0
Number of SVR2 22 26 +4
operation of | SVR3 12 4 -8
SVR SVR4 28 18 -10
Total 64 50 -14
Table 2.4 Simulation results in sunny.
Conventional Proposed Differences
VD 0.26x10°Vs | 0.011x10°Vs -95.8%
VD ime 1.5x10%s 0.13x10% -91.3%
Maximum voltage 107.6V 107.2V -0.4V
Minimum voltage 101.7V 101.7V +0
SVRI1 2 2 +0
Number of SVR2 2 4 +2
operation of | SVR3 2 2 +0
SVR SVR4 6 6 +0
Total 12 14 +2
Table 2.5 Simulation results in rainy.
Conventional Proposed Differences
VD 0.27x10°Vs | 0.029x10°Vs -89.3%
VDime 1.1x10% 0.18x10% -83.6%
Maximum voltage 107.4V 107.4V +0
Minimum voltage 101.7V 101.7V +0
SVRI 2 2 =0
Number of SVR2 2 4 +2
operation of | SVR3 0 0 +0
SVR SVR4 2 2 +0
Total 6 8 +2
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Figure 2.13 Vg in cloudy.
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Figure 2.15 Vg in rainy.

Next, as an example, Vs of SVR4 in the proposed method and the conventional method at cloudy are
shown in Figure 2.16. In Figure 2.16, voltage changed due to the operation of SVR is enclosed in a gray
circle. SVR with the conventional method changes the tap position in Figure 2.16 (a). However, SVR in
the proposed method does not change the tap position in Figure 2.16 (b). This is due to a shift of dead band
in the proposed method. From this result, it can be seen that the proposed method is suitable for avoiding
the deterioration of SVR. On the other hand, voltage violation is not perfectly prevented even though the
proposed method is employed. This is due to an impact of upper SVR on lower SVR that is called hunting.
It is important to prevent hunting for reducing voltage violation. To avoid hunting, a coordination of
multiple SVRs is effective and indispensable. Meanwhile, because the proposed method can reduce the
number of switching operation of upper SVR, the hunting operation also can be reduced. This is also an
advantage of the proposed method.

It can be seen that, using the proposed method, voltage violation can be suppressed without the
operation of SVR. Furthermore, the proposed method shows good performance at any climate conditions
such as sunny, cloudy, and rainy. However, a coordination of multiple SVRs is necessary to avoid hunting

of SVRs.
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Figure 2.16 Vgyr of SVR4 in cloudy.

2.5 Discussion and summary

Through the numerical simulation, it can be seen that voltage fluctuation due to PV leads to voltage
violation and the frequent switching operation of SVR. The frequent switching operation of SVR makes
SVR deteriorate. In this chapter, the authors have developed a novel control algorithm of SVR to suppress
the voltage violation and the frequent operation of SVR. The proposed method increases the voltage
margin using solar radiation information from the sensor installed in SVR, and hence voltage remains
within both the dead band and adequate range. The effectiveness of proposed method is verified through
the numerical simulation with multiple weather conditions. The purpose of this chapter is to improve the
control algorithm of the conventional SVR through just adding solar radiation sensors into SVR not any
additional devices with high cost.

The proposed method does not employ communication with sensors installed on the distribution line.
However, with sensors for obtaining information in DS such as voltage, it might be possible to control
SVR more effectively. The control method of SVR using sensors that have been already installed in DS
should be developed for proper control of voltage. In this chapter, it is assumed that solar radiation in DS
has same value to simulate. However, actual solar radiation is different from one at other point. It is

necessary to verify the effectiveness of proposed method in that case for appropriate voltage management.
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Chapter 3
Advanced voltage control method in distribution

network using conventional power facilities

3.1 Introduction

Conventional control devices such as SVR have a lack of ability to compensate for voltage fluctuation
due to PV. To solve this issue, in the previous chapter, a novel control method of SVR with a solar
radiation sensor is proposed. This is for reducing additional cost. However, as shown in previous chapter, it
is hard to completely prevent voltage violation with slight modified SVR. To control voltage fluctuation
due to PV, functional devices using power electronics technology such as SVC and battery are effective
and hence being focused on in recent years. Meanwhile, because there have been a lot of existing facilities
for voltage regulation, replacing them with novel facilities requires the enormous additional cost. For
voltage management, it is necessary to effectively make use of these existing facilities as much as possible.
As the existing facilities in current DS, there are VS and low-speed communication line. Since current DS
has few sensors embedded in section switches on a distribution line, voltage information from these
existing sensors is available for voltage control. For more efficient voltage management, existing facilities
with communication function should be utilized.

To date, multiple voltage control method using existing facility in DS with PV have been proposed [1]
~ [6]. In [1], however, existing facilities are controlled based on voltage information from sensors
embedded in section switches installed on a distribution line. This method cannot control voltage if
communication is disrupted. Although voltage profile can be improved using sensors in [1], introducing
many VSs as well as high-speed communication lines may be difficult in regards to cost. It is necessary to
develop a novel method for voltage regulation using few VSs and slow speed communication. Therefore,
in this chapter, a control method of SVR using local voltage data with restricted global voltage data from
sensor is proposed. In the proposed method, SVR gets information from VS on DS through low-speed
communication. Advantages of the proposed method are to need only few sensors and low-speed
communication, and also to be able to control voltage even if communication is disrupted because the
proposed method is based on local information.

This chapter is organized as follows. First, in case of PV interconnection, several issues caused by SVR
will be shown. It will be also shown that modification of the control method of SVR is indispensable in
that case. Next, a novel control method of SVR suitable for voltage management in case of PV

interconnection is presented. In section 3.3, the effectiveness of the proposed method is verified through
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numerical simulation using DS model with multiple SVRs. Finally, this chapter is overviewed.

3.2 Issues caused by SVR with a large amount of PV

When many PVs are connected to DS, rapid voltage change may occur due to weather conditions. SVR
could not compensate for the rapid voltage fluctuation. Because a DS with SVR has many consumers
and/or long distribution line, voltage fluctuation due to PV tends to be large. In such a case, voltage control
within the proper range may be more difficult than in a DS without SVR. Under this background, a study
about issues caused by PV in a DS with SVR has been done, especially with multiple SVRs [4]. In this
study, two factors of the voltage problem in DS with many PVs and multiple SVRs have revealed, one is
the time delay of operation of SVR and the other is the constant dead band parameters of SVR. These are

explained as below in detailed.

(1) Time delay of SVR

SVR changes its tap position after Vgyz deviates from the dead band for Tieue. Toperare 1S NECESSary to
finish the tap change operation even if the amount of above deviation count becomes 7. Thus, though
voltage in DS deviates from the allowable range due to PV, SVR cannot immediately change its tap

position and hence voltage violation continues until the finish of tap operation.

(2) Constant dead band parameters of SVR

Generally, voltage drop can be estimated using load-curve; hence DSO has set parameters of dead band
such as Vigsis, Vap, and Tyeme based on measured load curve to keep voltage within the proper range.
However, with a lot of PVs, voltage profile is changed and becomes complex. In that case, it is expected
that a proper control of voltage using conventional dead band parameters is difficult. By investigating these
issues through numerical simulation in detail, it can be confirmed that the switching operation of SVR may
lead to increase of voltage violation according to the situation. This phenomenon is illustrated in Figure

3.1.
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Figure 3.1 Voltage violation caused by ROS.

In Figure 3.1, following cycles (Repeat Operation of SVR: ROS) is repeated.

An increase of PV’s output leads to voltage rising.

® ©

SVR moves its tap position downwards after voltage violation due to the time delay of SVR (7yer. and
T'perare) 18 occurred.

Voltage returns into the allowable range by SVR’s operation.

A rapid change of weather condition causes decrease of PV’s output and hence a sudden voltage drop.

SVR moves its tap position upwards after voltage violation due to the time delay of SVR is occurred.

® 60 & e

Voltage returns into the allowable range by SVR’s operation.

One cycle of ROS leads to voltage violation. Hence voltage frequently deviates from the adequate
range in cloudy with frequent fluctuation of PV’s output. This is because the conventional SVR tries to
make Vgyr near Vy,s. Because ROS is not occurred if there are no frequent operation of SVR against
voltage fluctuation, it is effective to expand the width of dead band and prevent the switching operation of
SVR. However, expanding the width of dead band too much may lead to voltage violation from the proper
range. It is indispensable to properly set dead band parameters and to expand the width of dead band not to
occur voltage violation. Furthermore, in case that multiple SVRs are installed in series into a DS, ROS
tends to be occurred because the switching operation of upper SVR causes a step voltage change at

downstream nodes resulting in a cascading operation of lower SVRs. To prevent ROS, suppressing the
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switching operation of SVR is effective for the case of multiple SVRs in series at DS.
Voltage in DS with multiple SVRs tends to be fluctuated; hence voltage violation tends to occur when
many PVs are connected to DS. List of these causes and those measures for voltage violation due to SVR

are shown in Table 3.1.

Table 3.1 Causes and measures of voltage violation related to SVR.

Cause Measure
Make Ty, shorter
1 The time delay of SVR
Make the width of dead band smaller
) Make parameters of dead band proper
2 Setting of the dead band

Make the width of dead band become wide

For restriction of voltage violation due to SVR, it is necessary (1) to compensate the time delay of SVR

and (2) to modify parameters of SVR.

3.3 Suitable control method of SVR for PV interconnection

3.3.1 Install of voltage sensors

Conventional SVR observes only its secondary voltage ¥z and cannot obtain voltage information at
distant nodes from SVR. For proper voltage regulation, it is indispensable to estimate voltage at remote
nodes from SVR. As voltage estimation method on distribution line, there is Line Drop Compensator
(LDC) method that monitors only Vsyz. However, because voltage profile on distribution line becomes
complex due to PV interconnection, estimation of the system state by using only Vg is difficult. It is
necessary to utilize voltage information on DS from VS such as the sensor embedded in section switch
installed in DS. There are many studies for estimation of voltage on a distribution line using VS [1] [7] [8].
In general, an estimation error is reduced in proportion to the number of VS in DS. At the same time, the
cost for communication line and VS increase. Though it is expected that a development of VSs and
communication line proceed in future, installing these high-cost facilities into many DSs is difficult.
Besides, voltage control method using high-performance communication facility is yet trial level and it is
expected to take time to apply this control method to actual DS. As an issue at hand, it is important to
manage voltage using poor communication facility. While in these literatures a lot of VSs is adopted to
estimate voltage, in this chapter few sensors are adopted to estimate voltage profile in DS for reducing
additional cost. In the proposed method, SVRs observe voltage at PCC (primary and secondary nodes).
SVR obtains voltage data from VS and estimates voltage based on voltage data obtained through

communication. This estimation method will be explained in the next section.
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3.3.2 Relation between the secondary voltage of SVR and voltage on distribution line

In the proposed method, SVR communicates with VS at regular time interval T,,,,,.. SVR estimates
voltage at node with VS during T,,,,., using Vs obtained in real time. The tap position of SVR is
controlled based on Vg and the estimated voltage. How to estimate voltage at node with VS using a

simple DS is shown in Figure 3.2.

Sending voltage: V),
R 1 +j X 1

Distribution
substation

P1+jQ1

Pi—l+jQi—1 Pn-1+an-l

Figure 3.2 Simple distribution system.

R; and X; in Figure 3.2 are the resistance and reactance of the distribution line between node #i-1 and #i,
respectively. V, represents sending voltage at the distribution substation. P; and Q; are an active and
reactive power at node #i, respectively. Assuming that difference of two phase angles between V; and ¥ is

small, V; can be approximately calculated as follows [9].

3.1)

Voltage difference between node #i and # on the distribution line are calculated as follows.

. k;(&ig} i (X"XQIJ (3.2)
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Equation (3.2) represents that J;; depends on the load below node #i. In general, the load fluctuation
during a short time is small, and hence a term related to reactive power in equation (3.2) can be regarded as

a constant K. Under this assumption, equation (3.2) can be rewritten as follows.

J n
2\ ROA
1=k

o k=itl

LK (3.3)

ij V 0
0

If total active power of load below node #i can be expressed as Py, (i), the active power at each node

P, is given.

P, =K,P,, (i) (3.4)

sum

3K, =10 (3.5)

I=i+1

Assuming that the active power at each node changes corresponding to a same load curve, each K;

can be considered as constant and following equations can be obtained.

V- ~ k=i+1 + K 3.6
) VO (¢ ( )
= KPPsum (l)+ KQ
J n

> [r3k)

o i\ (3.7)
p=
Vo

In equation (3.6), V}; is expressed as a linear function of Py, (i). Kp represents the gradient of linear
function calculated using a resistance of distribution line and a load profile on DS. In a precise sense,
equation (3.3) is not a linear function because Kp and Ky change corresponding to fluctuation of Q; and
Vo. However, because multiple residences are usually connected to a pole transformer, it is expected that
the load fluctuation at a pole transformer is smoothed and approximated to a typical residence load
pattern. Moreover, ¥, can be considered as constant during a short time.

The output of each PV dispersedly connected to DS is different from others because solar radiation

depends on the connected point. If correlation of whole solar radiation in DS is close to 1.0, voltage
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fluctuation due to PV becomes large and voltage management becomes difficult. Therefore, in this
chapter, the assumption (3.6) is necessary to control voltage within the allowable range even under this
severe condition. If Kp and K, are calculated, V; can be obtained using V; and Py,,(i) at node #i.

The proposed method estimates the voltage drop from SVR to VS, and Vg is controlled based on
the estimated voltage drop. An advantage of the proposed method is being able to neglect an impact of
voltage fluctuation caused by fluctuation of sending voltage and the tap change of SVR. This is because
the proposed method does not calculate direct voltage but voltage drop between two points (SVR and
VS).

3.3.3 Voltage estimation using principal component analysis

In order to obtain the best Kp and K, that represent the linear function, Principal Component
Analysis (PCA) is used. PCA is an analytical approach to find components that minimize the loss of
measured data. PCA regards information in multidimensional data as variance. In PCA, by setting
components to maximize the variance of data, the characteristic of data can be effectively analyzed.

Voltage estimation method using PCA is shown in Figure 3.3.

A P, (i)

Figure 3.3 Analysis of relation between Pi,,,(i) and V.

Figure 3.3 shows that voltage difference V;; between at a node #i with SVR and a node # with a VS,
and Py, (7). In Figure 3.3, the data set (Py,,(i), V;) have variability and the best approximated line of
relation between Py, (i) and Vj; is obtained by calculating the first principal component y;. The second
principal component y, is obtained that is an orthogonal oriented to y;. Each principal component is
calculated using a coefficient w=wy,, ..., ws,.

o =w,P,

sum

(i)+ leVij

_ L 3.8
Yy =wy P, (l)+w22Vij (yl y2) G5)

sum
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As y; is the first principal component, the data on y; achieve equation (3.9).

Yy = wy P, (i)+W22Vij

o 3.9
0 (3.9

That is,

v, =—=2p (i) (3.10)

Wi

By using equation (3.10), the approximated V; can be estimated using Vgyx and the sending active
power of SVR Py,,,(7). Data from VS may sometimes have large variability due to load fluctuation. PCA
determines the principle component to maximize the variance of data set. The best line representing the
characteristic of data can be obtained using PCA. Therefore, PCA is employed to estimate V; in this
chapter. To hold equation (3.10), the origin of y, must fit the origin of (Py,.(i), V) plane. To do this, data
standardization is processed and hence Kp and K, are obtained after normalized V' is transformed to
original value. The following steps and Figure 3.4 describe voltage estimation process by each SVR
(upper and lower). The lower SVR plays a role as VS that sends voltage information to the upper SVR,

and VS sends information to the lower SVR.

[Voltage drop estimation process]

(i) Each SVR memorizes Py,,(i) and V; obtained in real time with time stamp, and holds these
information during 7,,,c,-

(i) VS corresponding to SVR stores V; with time stamp, and holds V; during 7%

(iii)Each SVR receives V; with time stamp from the VS corresponding the SVR at each Ty

(iv) Each SVR updates ¥} at each Tt based on received V; and own V.
(Pgum(i) and V; are stored in SVR for T, which is larger than T,,,,,. Old data is eliminated and new
data is added to stored data at each T¢,um.)

(v) To calculate Kp and Ky, the relationship between Py,,(i) and Vj is analyzed using PCA.

(vi) Since SVR cannot receive information from VS until next communication, SVR estimates V;; using

Pg..(i) observed in real time at local.
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Figure 3.4 Determination of parameters by PCA.

The set of data (Py,.(i), V;;) obtained through communication is plotted on the plane; hence a linear
function is obtained as shown in Figure 3.4. By finding K» and K, using PCA, Vj; is calculated using
equation (3.6). V; at VS is obtained using equation (3.11).

V.=V -V, (3.11)

3.3.4 Voltage recording time

(Kp, Kp) at light load and at heavy load may be different, hence it is necessary to modify K and Ky
according to load conditions. In addition, because Kp and K, depend on the load pattern, those values
are changed corresponding to weekdays and holidays, and seasons. Therefore, 7., is set as relatively

short time and hence SVR flexibility responds to load fluctuation.

3.3.5 Settings of dead band
In the proposed method, the dead band of SVR is optimized using estimated voltage not to lead to
ROS. SVR operates so that both ; and ¥} do not deviate from the allowable range. To do so, following

conditions should be considered.

{Kim“ (7, =0) (3.12)

V,>V
{V‘ " <0) (3.13)
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The dead band is set by considering above conditions. The method how to set the dead band is

shown as follows (Figure 3.5). Shaded area in Figure 3.5 represents the dead band.

(a) In case of V;;=0

In case of V;;=0, the upper limit of dead band ¥, sy is set to be equal to the upper limit of proper
range Vyux. The lower limit of dead band Vz, gy is obtained by adding a bias voltage V;; from the lower
limit of the allowable range V) considering voltage drop V. Formula for Vg, pax and Vs agy is shown

in equation (3.14).

SVR Sensor

de_M1N= Vian

(b)V;<0
Figure 3.5 Setting of the dead band in the proposed method.

i

V =V
db _ MAX MAX (V > 0) (3.14)
Vo sy =Viaw TV
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(b) In case of V;;<0
In case of V<0, Vg auy is set to be equal to Vigy. Besides, Vg, pux is obtained by reducing as |V
from Vjx considering voltage rising between SVR and VS. Formula for Vg ax and Vg agy is shown in

equation (3.15).

V. <0) (3.15)

g

{deMAX =Viyux + Vij (

Va MIN T Viay

3.3.6 Shorten the settling time

In the proposed method, that Vs deviates from the dead band means that voltage on the distribution
line also deviates from the adequate range. It is desirable to make Ty become the minimum value to
prevent voltage violation. Although it is necessary to make 7T, large in the conventional method to
suppress the switching operation of SVR, the proposed method can make Ty, smaller by adjusting the
wide width of dead band. By setting 7., as small value, the proposed method can minimize voltage

violation due to the time delay of SVR.

3.4 Case study

3.4.1 Simulation model and parameters
(1) Distribution system model

A distribution system model with two SVRs installed in series is adopted in the numerical simulation
aiming at verification for the effectiveness of the proposed method. There are two reasons for adopting
this model. One is that this model tends to cause voltage issues when a lot of PVs are connected. The
other is that there are relatively many DSs with two SVRs. Figure 3.7 shows the distribution system
model and Table 3.2 shows the model parameters. This model has been created based on the actual
systems with two SVRs. Also, the parameters of line impedance and SVR are set so that voltage at end

of line is not below the lower limit of proper range when no PVs are connected.

Table 3.2 Parameters of distribution system model.

Distribution line parameters

Line impedance 0.3+70.3Q/km
Feeder length 11km (Interval of consumers:1.0km)
Consumer parameters
Node #3,5,7,9,10 113kVA
Load capacity
Node #11,12 229kVA
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Figure 3.6 Distribution system model.
(2) Load model

Arrows in Figure 3.6 represent loads. All loads are residences because a large amount of PVs will be
introduced on roof of residences. Load curve is set as a typical residential load pattern in this simulation.
Figure 3.7 shows fluctuation of total active/reactive power of loads in the system. In Figure 3.8, random
noise within +10% is added to typical residential load patterns considering the small fluctuation of load.

This random noise is set to be different at each node.
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Time[h]

Figure 3.7 Load pattern.

(3)PV model

In the simulation, output of PV PV, is in proportion to solar radiation. A measured solar radiation data
is used. The capacity of each PV which is introduced to each node is set as same as the load capacity at
each node to verify the effectiveness of proposed method even under the severe condition.

The solar radiation pattern includes (a) sunny with rare rapid change of solar radiation, (b) cloudy with
frequent rapid change of solar radiation, (c) rainy with small solar radiation. However, the amount of solar
radiation is set uniformly across the whole distribution system. This is for verifying the effectiveness of

proposed method under the severe condition. Figure 3.8 shows the sum of PV,,, in DS over 24h.
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Figure 3.8 Pattern of output of PV.
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Conditions for simulation are shown in Table 3.3. ¥ used in the conventional method is 3% (189V) of

basis voltage 6600V that is actually used by DSO. Table 3.3 also shows the conventional control

parameters of SVR, which are to compare with the proposed method. In the numerical simulation, power

flow calculation is performed every 2s, and repeated over 24h. Though it is assumed that there is no

sampling delay in controller of SVR in this simulation, it has been confirmed that simulation results are not

affected by this assumption. 7y, in the proposed method is set to Os for reducing the ill impact of time

delay of SVR. Allowable range of low-side voltage in this simulation is 101 ~ 107V that is transformed

from high-side to low-side. The tap ratio of each pole transformer is 105/6600 on entire DS. In order to

compare the conventional method with the proposed method, in the simulation, only control algorithm of

SVR is changed. The sending voltage at distribution substation is set to constant as 6600V considering

LRT in distribution substation manage sending voltage close to constant.
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Table 3.3 Simulation conditions.

Simulation interval 2.0s
Simulation time 7 24h
Viax 107.0V
Allowable range (Low voltage)
Vaun 101.0V
Ratio of pole transformers 105/6600
Sending voltage at the substation 6600V
Conventional 189V
Width of Dead Band V',
Proposed See Eq.(14)(15)
Basis voltage of dead band in conventional method 6600V
SVRI 60s
Conventional
SVR2 90s
Settling time Tz,
SVR SVRI1 0Os
Proposed
SVR2 0Os
Delay of tap change T,,crqze 8.0s
Range of tap position 6300/6600~6900/6600
T commu 1.0min
Setting of the proposed method
Trnem 30min

(5) Evaluation method of simulation result

Simulation results are evaluated using following indices.

(a) Voltage violation index

| 46

Voltage violation index VD is the amount of voltage violation from the proper range which is

calculated integrating the amount of voltage violation from the allowable range e, over simulation period.

VD can be calculated using equation (3.16).

T

12
VD=>">"e,(t.i)

e, (1, i) - {V(t, i) —Viax (V(t’ i) >Vix )

VM] - V(ta i) (V(tai) < VMIN)

(3.16)

Where V(t, i) represents low-side voltage at time ¢ and node #i transformed from high-side voltage using

the tap ratio of pole transformers.
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(b) Maximum and minimum voltage in the simulation
In order to evaluate the magnitude of voltage fluctuation, the maximum and minimum voltages in
simulation Vysux sim» Vaan sim are used as indices, respectively. On the other hand, the number of switching

operation of SVR Ny, is also used as an index of deterioration of SVR.

(6) Simulation cases
Table 3.4 shows simulation cases. First, it will be confirmed that voltage can be appropriately managed
without PV using the conventional control method of SVR. Next, simulations with a lot of PV are

executed.

Table 3.4 Simulation cases.

Case Control of SVR PV

1 No PV
Sunny

Cloudy

Conventional method

Rainy

Sunny

Proposed method Cloudy

N ||| W W N

Rainy

3.4.2 Simulation results
(1) Conventional control method
First, in case 1, 2, 3, and 4, simulation results using the conventional control method of SVR are

shown.

(a) Without PVs (case 1)

Table 3.5 shows simulation results when no PVs are connected to the DS model. From Table 3.5, it is
found that voltage is properly managed because VD is 0Vs. The secondary voltage of SVR Vg is shown
in Figure 3.9. In Figure 3.9, SVR controls voltage fluctuated due to load fluctuation within the dead band.
Thus, when there are no PVs, voltage can be properly managed using SVR with time delay against voltage

fluctuation.
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Table 3.5 Simulation results in case 1.

VD 0Vs
Vrax sim 106.4V
Vavan sim 101.4V
SVRI1 0
Nsyr
SVR2 2
6900 6900
6800 6800
E 6700 o — i~ 6700
& /7 d \\"ln... 5 A’M\ M‘N S
= 6600 ¢ & 6600 V' \
g Dead band n N
2. 6500 B 6500 ‘
B Adequate range s Dead band
6400 ~ 6400 | Adequate range
6300 6300 .
0 2 4 6 8 10121416 18202224 0 2 4 6 8 10121416 18 2022 24
Time[h] Time(h]
(a)SVRI (upper) (b)SVR2 (lower)

Figure 3.9 Vgyr in case 1.

(b) With many PVs (case 2, 3, and 4)

Simulation is executed using the conventional control method when many PVs are introduced into the

DS model. Simulation results in case 2, 3, and 4 are shown in Table 3.6.

Table 3.6 Simulation results using the conventional method.

Case 2 3 4
VD 93Vs | 5851Vs | OVs
Viax sim 108.0V | 108.4V | 106.4V
Vv sim 101.4V | 101.0V | 101.4V
SVRI1 2 12 0
Nsir | SVR2 6 32 2
Total 8 44 2

Table 3.6 shows that voltage deviates from the allowable range when a large amount of PVs are
introduced into the DS model. In particular, VD and Ngyy greatly increase in case 3 of cloudy. This is
because SVR with the time delay cannot compensate for rapid and frequent voltage fluctuation in cloudy

condition. In sunny condition (case 2), rapid voltage fluctuation due to PV is hardly occurred because solar
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radiation value is slowly changed. In rainy condition (case 4), because the output of PVs are very small,

voltage fluctuation due to PV is also small. Therefore, in case 2 and case 4, VD and Ngyz are small

Advanced voltage control method in distribution network
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compared to in case 3.

Figure 3.10 ~ 3.12 show Vg in case 2 ~ 4. In Figure 3.10 and Figure 3.12, since fluctuation of Vg is
small, Vsyr does not frequently exceed the upper or lower limit of the dead band. Hence, the switching
operation of SVR is hardly occurred. From Figure 3.11 (b), on the other hand, it can be seen that Vgyz of
SVR2 frequently deviates from the dead band. This is due to ROS. From the simulation results, the

conventional control method of SVR is found to be not suitable for voltage control in case of PV

penetration.
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(2) Proposed control method of SVR
Simulation results using the proposed control method are shown on Table 3.7. Table 3.7 shows that the
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proposed method can greatly reduce VD and Ngz compared to the conventional method. This is because

ROS is restricted by expanding the width of dead band using information from VS. Though Vi gim in the

proposed method is smaller than in the conventional method, the proposed method is more suitable than

the conventional one to reduce Vyuy gim. Figures 3.14, 3.15, and 3.16 show Vg in case 5, 6, and 7. From

these figures, it can be seen that the expanding width of dead band can restrain Vg from exceeding the

upper or lower limit of dead band. Hence, ROS can be avoided using the proposed method. Since step

voltage change due to the operation of upper SVR is also restricted, an adverse impact on the lower SVR

by upper SVR can be suppressed. Under the multiple weather conditions, the feasibility and effectiveness

of the proposed method for reducing VD and Ny is verified.

Table 3.7 Simulation results using the proposed method.

Case 5 6 7
VD 0.30Vs | 3.88Vs | 0.03Vs
Vaax sim 107.0V | 107.2V | 106.7V
Vvin sim 100.9V | 100.8V | 101.0V
SVRI 2 2 0
Nsyr | SVR2 2 6 2
Total 4 8 2
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3.5 Discussion and summary

This chapter has proposed the suitable control method of SVR for voltage management using
information from VS on the distribution line when a large amount PVs is introduced into DS. First, section
3.2 shows that it becomes difficult to manage voltage in DS with SVR and many PVs. In Particular, in a
DS with multiple SVRs installed in series, the increase of switching operation of upper SVR leads to rapid
and frequent voltage change at downstream nodes and hence makes an adverse impact on the operation of
lower SVR. From this, the control method of SVR should be reviewed when many PVs are installed into
DS. The suitable method for reducing voltage violation has been proposed. The proposed method
appropriately controls the dead band parameters and expands the width of dead band utilizing information
from VS installed on DS. The effectiveness of proposed method has been verified through the numerical
simulation.

In this study, a simple distribution network model is employed assuming a trunk line without branches.
This is because controlling voltage on the trunk line within adequate range is important in actual DS. With
respect to managing voltage on the trunk line, the proposed method is found to be the effective control
method. However, because of mechanical time delay of SVR, it is difficult to compensate for rapid voltage
fluctuation due to PV. For more effective management of voltage, functional devices such as SVC and a
battery that can rapidly control voltage are indispensable. A more effective and feasible control strategy of
voltage in DS by combining these control facilities and the proposed method is necessary. This is the future

work.
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Chapter 4
Voltage control strategy using small batteries 1in

distribution system

4.1 Introduction

In previous chapters, novel methods for voltage control in DS using existing facilities such as SVR
have been presented. The reason for utilizing those existing facilities is to reduce an additional cost.
Though modifying control method of existing facilities in a smart manner can reduce voltage violation
from the allowable range, it is difficult to completely prevent voltage violation due to those low functions.
For more smart management of voltage, novel control devices with high functions using power electronics
technologies should be required. This chapter focuses on a battery (BT) as a smart device to control
voltage.

Triggered by power shortage attributed to the accident of nuclear power plant in Fukushima caused by
the Great East Japan Earthquake, in Japan, the energy issue has quickly surfaced. Thus, the introduction of
energy policy is progressed such as Renewable Energy Source (RES), energy saving, and realization of
novel and flexible power system with ICT. In those a realization of next generation power system,
so-called smart grid, is indispensable for efficient energy utilization. One of important factors to efficiently
utilize electric energy is the spread of storage devices such as BT. On the other hand, recently, for efficient
energy management in residences, efforts to spread HEMS (Home Energy Management System) using PV,
EV (Electric Vehicle), and BT are developing. Since BT has ability to flexibly regulate its output (charge or
discharge), it can be effective device not only for adjusting supply and demand of electric power but also
for maintaining voltage. The purpose of this chapter is to propose the novel voltage control method
suppressing voltage fluctuation by PV using BT, which is expected to be distributed into DS by users in
future. On the other hand, however, since the charging and discharging cause deterioration in BT, reduction
of the amount of BTs for voltage control is greatly important for user’s advantage. Hence, in this chapter,
the control method for voltage using only a small part of user’s BTs is presented.

This chapter organized as follows. After proposing the novel method using BTs in section 4.2, in
section 4.3 the modeling and the actual operation of user’s BT in DS are represented. The effectiveness of
proposed approach is verified through numerical simulation in section 4.4. Finally, a summary of this

chapter is shown in section 4.5.
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4.2 Voltage management in case of a large amount of PV

Interconnection

4.2.1 Utilizing small BTs

Demand Side energy Management (DSM) such peak shift and peak cut of power consumption is very
important for efficient energy management in customers. In particular, recently Demand Response (DR)
using ICT is focused on as a new technology to realize DSM. The key technology of DR is BT. HEMS
including BT as control device is an effective energy management system in residence, and hence BT of
residence is expected to become widespread in future. On the other hand, to realize a low-carbon society,
EV attracts attention compared to classical vehicles that have internal combustion engine with low
efficiency and high environmental impact. Recent technological innovations dramatically improve energy

density of BT and it is expected that EV and PHV with large BT increase in future as shown in Figure 4.1.

Forusers  Available BT for
f voltage control

i/ (ABT)

Figure 4.1 Introduction of many PVs to power system.

In case of PV interconnection, voltage management becomes easier by utilizing these many BTs
dispersively installed in DS. Meanwhile, considering user’s convenience, most part of user’s BT should
be used for user. Hence, a proposed strategy controls voltage using available capacity of BT (Available
BT: ABT) that is a part of BT provided by users to DSO as shown in Figure 4.1.

Recently, many literatures employ user’s facilities based on a concept of DR. In [1] [2], DSO controls
charging and discharging of BTs in residences and EV for electric-load leveling and suppression of
frequency fluctuation. Besides, in order to suppress voltage fluctuation due to PV, many researches
regarding reactive power control using PCS system for interconnection of user’s PV have been done [3] ~
[5]. Furthermore, in [6] [7], DR is used as load shaping which is useful for load leveling. In [8] ~ [10],
loads are efficiently controlled using DR. Thus, the effectiveness of employing user’s facilities has been
widely recognized. By not only DSO but also users, it is possible to realize more efficient operation of
power system. Although reactive power control by PCS is known to be an efficient control method for

voltage regulation, this approach makes large adverse impact on upper transmission system with large X/R
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ratio of line. From this point of view, this chapter focuses on active power control by BT not using reactive
power. Though it is necessary to compare the proposed approach with the reactive power control by PCS,
this chapter mainly focuses on voltage control using active power. Since DSO uses only a part of user’s BT
in the proposed method, the most part of user’s BT can be used by user. Furthermore, though charge and
discharge of BT causes degradation of BT, the proposed method can reduce active power being charged

and discharged and suppress degradation of BT.

4.2.2 Control method of ABT

In case of employing BT for voltage control, SOC (State Of Charge) of BT should be considered. Since
an available capacity of user’s BT is small, SOC of ABT (ASOC: Available SOC) tends to become 0% or
100%. This means that ABT tends to fall into a state in which ABT cannot charge and discharge to regulate
voltage. When ABT falls into this state, ABT cannot operate corresponding to command from DSO and
voltage control may become difficult. To avoid this issue, the proposed method by ABT suppresses only
rapid voltage fluctuation (Rapid Voltage Fluctuation Repression: RVFR method). The conceptual idea of
RVFR method is shown in Figure 4.2 and Figure 4.3. In Figure 4.2, light gray areas represent ABT for
voltage control and clear areas represent BT for users. Dark areas show stored energy in ABT. RVFR
method controls ASOC to be close to 0% before charging. This is because it is necessary to charge active
power to reduce voltage when voltage rapidly increases due to PV. On the other hand, in order to discharge
ABT in case of sudden voltage drop due to PV, the proposed method controls ASOC to be close to 100%
before the discharging. Accordingly, ASOC is controlled corresponding to rapid voltage fluctuation as

shown in Figure 4.3.

BT for user <

For charge For dischargg
ABT for [
voltage control
ASOC = 0[%] ASOC = 100[%]
ABT can charge ABT can discharge
sufficiently sufficiently

Figure 4.2 SOC of ABT.
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Rapid voltage increase Rapid voltage increase

ABT

— —

Rapid voltage decrease Rapid voltage decrease

Figure 4.3 ASOC controlled by voltage deviation.

To implement this idea, the adjusting a dead band is proposed. The control with the dead band is easy
to be implemented in BT controller due to its simple architecture. BT with this method monitors PCC
voltage Vpce as shown in Figure 4.4 and compares Vpcc with the upper or lower limit of dead band. BT
charges or discharges active power so that Vpcc remains within the dead band. If Vpcc exceeds the upper
limit of dead band, BT charges active power. On the other hand, BT discharges active power if Vpcc is
below the lower limit of dead band. By changing a position of the dead band, ASOC can be controlled to
satisfy the idea shown in Figure 4.2 and 4.3. The dead band is controlled within the control range. Vjx
and V) represent the upper and lower limit of control range, respectively. These V). and Vyyy are set as

inside of the adequate range.

Distribution line V, PCC
Voee \
l TActive ﬁu
power | | ___________. Vi
Load PCS | , Charge
& | Control
: | Deadband 1 ange
Battery Discharge
A |\ f[----—-—------- Vi
)

Figure 4.4 Control BT using the dead band.

An algorithm of the proposed method changing the position of dead band is shown in Figure 4.5 and
4.6 in detail.
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Figure 4.6 Voltage behavior controlled by ABT.

In the proposed approach, 1) before voltage rapidly increases by PV, the dead band of ABT is
controlled to be close to Vy,x as shown in Figure 4.5. In this way, ABT discharges active power and
controls ASOC close to 0% before voltage rapidly increases as shown in Figure 4.6. In case of rapid
voltage rising due to PV, ABT with small ASOC charges active power and suppresses voltage violation
from Vv 2) Before voltage rapidly decreases due to PV, the dead band of ABT is controlled close to Vy,y
as shown in Figure 4.5. ABT controls ASOC and prevent voltage violation from Vj,y. In the proposed
method, the dead band position of ABT is determined based on a center voltage of dead band Vigyrer
shown in Figure 4.5.

Veenrer 18 controlled using solar radiation information. In this chapter, it is assumed that the output of

PV at node #i in DS P'py (i = 1,2,...,n) is in proportion to normalized solar radiation value S as shown in
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Figure 4.7.
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Figure 4.7 Estimation of PV’s output using solar radiation.

The maximum amount of increment of Ppy APpyyx(t) = [APIPVMAX(t),...,APipVMAX(t),. .
and the maximum amount of decrement of Ppy APpyyyn(f) = [APIPVMIN(I),...,AP[pVMIN(t),...

are calculated using S(¢) at time ¢ as follows:

APPVMAX(t 2{1 0- S( )} PV _CAP

)
APPVM[N (t) {0 0 S( )} PV _CAP

_rpl i T
where Ppy car=[P" py cap, ---» P'pv caps ---» P'py cap)
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AP piaax(]'
AP p(0)]”

4.1)

(4.2)

PipV_cap is the sum of capacity of PVs connected to node #:i. VPVMA v and VPVMIN that are the maximum

voltage and the minimum voltage at node #i are obtained using PipV_cap and Jacobean matrix J calculated

utilizing voltage information from VS.

[VPWAX (t)’ Opinrax (t)]T = [V(t),ﬂ(t) [+ J(t)il [APPVMAX (t)’o]r
s 0 00 (O] =V 00N +TC) " [APyy i (0).0]

where
Vo)=LV praeasd@)s- .o Vpraaax®se V' prasad )]
Vorsan@=IV paan(@),...V ona(@)s- ...V pian(®]'
Vi) =L V@), ..., V@), ..., V(D]
01 =[0'(1), ..., 0, ..., 0]

(4.3)
(4.4)
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J(1) is a Jacobian matrix at time ¢ regarding active and reactive power. V(r) and &(r) represent the
magnitude and phase angle of voltage at node #i, respectively. Assuming the output of PV is only active
power, fluctuation of reactive power due to PV AQpyu.x and AQpyuy on the second term in the right side
of equation (4.3), (4.4) are set as 0. J(¢) is calculated using voltage information from VS. See the
Appendices A2 to know how to calculate Jacobian matrix.

Node #; is a point in which ABT observes Vpcc and controls Vpcc within the dead band. By predicting

voltage magnitude fluctuated by PV, Vcenvrer can be calculated as follows:

o)

J >
Veorrs (t)={ Vo 1Y e ) @)

1
VLOWER V7 prasax (t ) MAX

If equation (4.5) is not satisfied, then

14

CENTER

(t) _ {VUPPER {VjPVMAX (t) Vi <Vin — V7 pyaaiv (t)} .6)
- VMAX

V., ower {VjPVMAX (t) >V — V7 piaan (t)}

Vupper 18 close to Vyx and Vipwer is close to Viygy as shown in Figure 4.5. Figure 4.8 shows an
overview of equation (4.5). In Figure 4.8, because V oy is not below Vi, it is not necessary to
compensate for lower voltage violation. Hence, voltage violation from the upper limit of allowable range
due to rapid voltage rising should be prevented by setting Veenrer = Vupper. On the other hand, when
V pyasax is below Vi, set Vegyrer = Viower. Besides, if equation (4.5) is not held, equation (4.6) is used to
calculate Vegyreg. This is because each capacity of ABTs is small and ABT cannot continually compensate
for large voltage violation. ABT should compensate for small voltage violation, not large one. Therefore,
the dead band position is determined to compensate smaller voltage deviation by predicting the magnitude
of voltage violation due to PV. Figure 4.9 represents this case. In the proposed method, while ABT
compensates for smaller voltage deviation, in case of large voltage deviation SVR is cooperatively

controlled, which is explained in following section.
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Figure 4.8 Predicting voltage fluctuation (1).
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Figure 4.9 Predicting voltage fluctuation (2).

4.2.3 Synchronous control method of ABTs
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Independent operation of each ABT cannot effectively compensate for voltage violation because each

capacity of ABT is too small to regulate voltage. In order to manage voltage using small ABTs, it is

effective to simultaneously operate all ABTs. Hence, as shown in Figure 4.10, all ABTs operate based on

synchronous signal from AA (Administrator of ABT). AA is installed in a node (node #j) in which voltage

tends to fluctuate and deviate from the allowable range. AA determines whether each ABT charges or

discharges using V pyazax and Vppapy.
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v Pu

Substation

ABT administrator(AA)

Figure 4.10 Synchronous control of many ABTs by AA.

PCS for connection of BT into DS operates based on a synchronous signal from AA. The proposed
method assumes that users provide a part of PCS (Available PCS: APCS) for DSO to control voltage. The
synchronous signal P,,(?) that is transferred from AA to ABT at time ¢ is defined as a ratio of APCS’s
output P, pcs(?) against the capacity of APCS P apcs_cap as shown in equation (4.7) and (4.8). Other APCSs
(i#) charge and discharge based on P, 4(¢) from AA.

PjAPCS(l)
P \t)=——— :
“ (t) P’ apcs_cap “.7)
PiAPCS(t)= PAA(t)PiAPCS_CAP (i # ]) (4.8)

Equations (4.7) and (4.8) can be held under the assumption that a ratio of each capacity of APCS

against the capacity of ABT is same over entire DS. This is for simplification in this chapter.

4.2.4 Cooperative control with SVR

As mentioned in section 4.2.3, ABT can compensates for relatively small voltage violation according to
capacity of all ABTs. Therefore, in this section, the cooperative control with SVR to reduce of ABT output
is presented. SVR is controlled based on voltage data Vs from VSs located on the distribution line as
shown in Figure 4.11. It is assumed that real-time communication infrastructure can be realized in future

when many BTs are connected into DS.
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Figure 4.11 Cooperative control with SVR.

Using the proposed method, ABT can continue to charge and discharge in a short time, and rapid
voltage fluctuation can be temporarily prevented. However, if ASOC becomes 0% or 100% after continued
charging and discharging over a long period of time, voltage can deviate from the control range because
the output of APCS rapidly reduces. In order to avoid this, AA sends an operating command 744 to SVR
before ASOC becomes 0% or 100%. Corresponding to the operating command from AA, SVR changes its
tap position to avoid voltage violation as shown in Figure 4.12. Equation (4.9) represents a command of
tap position Nzyp ,.r from AA (+1: tap up, -1: tap down). In Equation (4.9), P BT cHArGE Tepresents charged
power of AA (kWh) and P/, p¢s represents the output of APCS at AA (kW).

J
+1 if P/ ABTﬁCHARGE(f) - PA%(YO)TAA <0
NTAPJef (t): 4.9)

, P’ T ‘
-1 if P’usr CHARGE(t)—M > P’ asr cap
- 3600

Substation “gg I@

K ) AU Send reference to
No charge 8 ASOC SVR in advance
/ A

Figure 4.12 Reference signal to SVR from AA.
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4.3 Model of ABT group

An amount of ABT provided from users to DSO is fluctuated according to the conditions of users.
When there are users who do not want to provide ABT for DSO, the amount of ABT in DS reduces. In a
similar way, the amount of ABT in DS reduces when EV or PHEV is not connected to DS. Thus, because
the amount of ABTs is fluctuated, the uncertainty of ABT should be modeled. Considering the uncertainty

of ABT interconnection, the amount of ABT at each node in DS is time varying.

4.3.1 Time varying model of the amount of ABT in DS
Assuming that average contract power of each user is P;osp 4z and the total capacity of load
connected to node #i is P"LOAD;AP, the total output of APCS PiAPCS;mm connected to node #i at time ¢ is

calculated as shown in equation (4.10).

i
P'roap cap

P'apcs_sum (t ) = P’ apcs (Z‘)RBTRANDi (t) (4.10)

PLOAD7 AVE

RAND/(f) represents a rate of interconnection of ABT at node #i at time ¢, and has a random value from
0 to 1. The uncertainty of the amount of ABT connected to DS is simulated changing RAND'(f) at each
node at random. Let Rz denote a penetration rate of BT in DS. If Ry is 1.0, all users provide their BT for
DSO. In the numerical simulation, Rpr is set as 0.3 assuming that BT for EV, PHEYV, and residences are
introduced to DS in future. RAND'(¢) is changed every 30min because the amount of ABT connected to DS
is expected to be changed not in real-time but from tens of minutes to several hours. In this chapter,

Proap aveis 3.0kW and AA is always connected to DS to control other ABTs.

4.3.2 Communication of AA with ABT

Though all ABT synchronously operates in the proposed method, it might be difficult for AA to send
P4(?) to all ABTs in real-time. This is because many communications between ABTs can cause the
congestion by traffic in communication line. Therefore, it is assumed that each ABT receives P 4(f) from
AA every Ar=2s. Without real time communication, it is necessary for each ABT to control its output in
real time based on intermittent signal from AA. Figure 4.13 shows the control mechanism of P4(?). In
Figure 4.13, AA gives the charge command to all ABTs after V(¢) exceeds the upper limit of dead band
because voltage tends to exceed Vy.4x when the dead band is in high position. At this time, the output of
each APCS becomes the maximum value (P,.~=—1.0). Because all ABTs synchronously charge active
power, rapid voltage rising due to PV can be prevented in this case. On the other hand, if V() becomes less
than the lower limit of dead band, P, increases by AP, at At and ASOC gradually approaches 0%. If the
dead band is in the low position, AA and ABT operate in reverse way. In this chapter, AP, is less than 1.0
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Figure 4.13 Control of P.
(=0.01).

4.3.3 Charging and discharging model of ABT

This research assumes that ABT can charge and discharge active power based on command P (?) from
AA without delay. Charging and discharging is modeled as time integral of P',pcs. P44 has positive value to
charge or negative value to discharge, respectively. Though the charging and discharging using BT and
PCS lead to the loss of active power, for simplicity, this chapter assumes there is no conversion loss in

ABT and APCS.

4.4 Case study

4.4.1 Distribution system model

The DS model in the numerical simulation is shown in Figure 4.14. Distribution system with a long
line tends to cause several issues when a large amount of PVs are introduced. Hence, DS model with a
SVR is employed for the numerical simulation. Parameters of the DS model are shown on Table 4.2. Line
impedance in Table 4.2 is based on actual DS. Voltage drop in this model without PV is large, and hence
SVR is indispensable to manage whole voltage within the allowable range. For simplicity, a simple
network model without branches on the distribution line is employed in the numerical simulation.

Assuming PVs are installed on roof of residence, PVs are connected to load nodes.
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Substation ., mR 6 7 8 9 10 1

Figure 4.14 Distribution system model.

Table 4.1 Distribution system model parameters.

Primary node# | Secondary node# | R[Q] | X[Q] | Capacity of Load[kVA]

1 2 0.1 0.1 286
2 3 0.1 0.1 286
3 4 0.14 | 0.14 286
4 4 0.14 | 0.14 286
4 6 0.14 | 0.14 286
6 7 0.14 | 0.14 286
7 8 0.14 | 0.14 286
8 9 0.14 | 0.14 286
9 10 0.14 | 0.14 286
10 11 0.14 | 0.14 286

Total 1.32 | 1.32 2860

4.4.2 Load model

As a load pattern, a typical residence pattern is adopted. In order to simulate small fluctuation of load,
each load is minutely varied at random corresponding to a basic pattern. Load pattern is shown in Figure
4.15. In Figure 4.15, time-varying model of total loads in DS, not each load and positive value of reactive

power is lagging.

Total Active/Reactive power
W, kvar]
—_ N
wn O
S S
o O

0 2 4 6 8 10 12 14 16 18 20 22 24
Time[h]

Figure 4.15 Load pattern.



Chapter 4 Voltage control strategy using small batteries in distribution system | 68

4.4.3 PV system model
Using the maximum value of load at node #i PiLOAD_CAp and the capaciy of PV PipV_CAp, an
interconection ratio of PV RipV is

R'pyp =———— (4.11)
P'roap _car

Since the mass interconnection of PV is assumed in this research, all R'py are set as
R =10 (i=2,--11) (4.12)

When the output of PV changes rapidly and frequently due to PV, functinal facilities such as BT that
can flexibility control votlage may be important since voltage tends to exceed a limit of adequate range.
Therefore, a pattern of the output of PV in cloudy day shown in Figure 4.16 is employed. The pattern
shown in Figure 4.16 is built based on actual measured data in cloudy day. When all PVs in DS
simultaniouely change their output, voltage fluctuation becomes large. It becomes difficult to manage
voltage in that case. In order to verify whether voltage can be properly controlled under such the severe

condition, the output pattern of PV is same value over entire PV.

Total output of PVs [kW]

0 2 4 6 8 10 12 14 16 18 20 22 24
Time[h]

Figure 4.16 Output of PV.

4.4.4 Model parameters of ABT

Table 4.2 shows ABT parameters used in this chapter. Small APCS is employed to avoid the drawback
for users. Current general capacity of BT in EV is about 10 ~ 30kWh and one for residence is only a few
kWh. On the assumption of development of BT in future, the capacity of ABT P 7 c4p is set as 3.0kWh.
In addition, current PCS of BT for EV has usually a few kW as the rated capacity, and the capacity of BT
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for residence has only a few kW, hence the capacity of APCS P pcs cap is set as 1.0kW. For simplicity,

P s cap and Pypcs cap of each user have same value over whole DS.

Table 4.2 Model parameters of ABT.

Proap_ave 3.0kW
Rpr 0.3

Pupr car 3.0kWh

Pupcs cap 1.0kW

4.4.5 Simulation conditions

Table 4.3 shows simulation conditions. High-side voltage (6.6kV) calculated by power flow calculation
is transferred to low-side voltage (100V) using the turn ratio of pole transformers. The allowable range of
low-side voltage (#control range of ABT and SVR) is set as 101.0 ~ 106.5V considering voltage drop and
rise in low voltage wire and lead-in wire (101.0 ~ 107.0 in case of no PVs in DS because voltage only
decreases on lead-in wire). For simplicity, sending voltage in distribution substation is set as constant value
6660V. It has been confirmed that, in case of no PVs, voltage is kept within the allowable range even
though the sending voltage is constant 6660V. Time delay of SVR T, adopts a value used in actual
SVR that employs a vacuum valve for arc interruption when the tap position is changed. Simulation is
executed in 4 cases as shown in Table 4.4. First, in case 1, simulation with no PVs is executed. Next, with a
large amount of PVs in case 2 ~ 4, the effectiveness of proposed method is verified through the numerical
simulation. AA locates in node #11 (=#/) at the end of distribution line because the voltage at end of line
tends to fluctuate in general and past researches of authors have revealed that it is difficult to control the

end voltage within the adequate range.
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Table 4.3 Simulation conditions.

Simulation interval 2.0s
Simulation time 24h
Case 1 107.0V
Allowable range Upper (Vi)
Case 2~4 106.5V
(Low voltage)
Lower 101.0V
Ratio of pole transformer (Low/High) 105/6600
Sending voltage at the substation 6660V
Control range in proposed method Viax 106.45V
(Low voltage) Vaun 101.05V
Width of tap 150V
Conventional 189V (3[%])
Width of Dead Band
Proposed Non
Conventional 60s
SVR Tvettle
Proposed 0.0s
Toperate SOS
Range of tap position 6450/6600 ~ 6900/6600
Communication interval 0.0s
AA position #11
VuppEr 6681.7V
Dead Band settings Viower 6361.1V
AP 44 0.01
At 2.0s
T 44 6.0s

Table 4.4 Simulation cases.

Case | Rpy BT SVR
1 0.0 Non Conventional
2 1.0 Non Conventional
3 1.0 Non Proposed
4 1.0 | Proposed Proposed

170
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4.4.6 Evaluation method of simulation results
(1) Voltage violation
Simulation results are evaluated using voltage violation index VD that represents the amount of voltage

exceeding the limit of allowable range as shown in equation (4.13).

VD =

t

V(t,,-):{ Vi)~V  V(60)>V) (4.13)

S, ()

T 1
=0 i=l

101.0-¥(t,i))  (V(z,i)<101.0)

Vim in equation (4.13) is upper voltage of the adequate range shown in Table 4.3. VD is the sum of
value over all nodes (#1 ~ 11) that is the integral of voltage exceeding the limit of allowable range (101.0 ~
Viim: low-side) over simulation periods. V(t,i) is low-side voltage transformed from high-side voltage at

time ¢ at node #i using the turn ratio of pole transformers.

(2) Maximum/Minimum voltage
To evaluate the worst condition in the numerical simulation, the maximum voltage Vigx sim and the

minimum voltage Vigy s in the simulation, over all nodes are employed.

(3) Number of switching operation of SVR
Two indices described above show how voltage violation occurs. On the other hand, because the
increase of switching operation of SVR causes degradation of SVR, the number of switching operation of

SVR in a day Ngy should be also evaluated.

4.4.7 Simulation results
(1) Case 1

Figure 4.17, 4.18, and 4.19 show simulation results in case 1. Figure 4.17 shows Vg and Figure 4.18
represents the tap position of SVR. Figure 4.19 shows that low-side voltage transformed from high-side
voltage using the turn ratio of pole transformers. The tap position of SVR is 0 when primary/secondary
voltage is 6600/6600. The tap position is changed +1 with a rise of tap, -1 with a down of tap. Figure 4.17
and 4.18 show that SVR raises voltage during heavy load periods. Figure 4.19 shows voltage profile at
node #5, #6, and #11. In Figure 4.19, voltage at node #11 is close to the lower limit of allowable range near
at 15:00. Hence, this DS model has heavy loads and it is indispensable to employ SVR for compensation of
voltage drop on the distribution line. Because voltage is controlled within the adequate range in case 1, it
can be seen that the install position of SVR, the parameters of SVR such as a position of dead band, and

the settling time are properly set for voltage regulation.
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Figure 4.17 Secondary voltage of SVR (case 1).
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Figure 4.18 Tap position of SVR (case 1).
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Figure 4.19 Voltage profile (case 1).

(2) Case 2

Figure 4.20, 4.21, and 4.22 show simulation results in case 2. In Figure 4.20, rapid and frequent voltage
fluctuation occurs corresponding to the output of PV. On the other hand, Ngyz is small as shown in Figure
4.21 even though voltage in DS exceeds the upper limit of allowable range 106.5V as shown in Figure 4.20.
This is because case 2 employs the conventional control method and parameters of SVR. Although the

conventional control method is proper in case 1, that becomes improper in case of PV interconnection.
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Like this, local control method of SVR using the dead band might not be able to properly manage voltage

in DS with a large amount of PVs.

6800

Dead Band
, S

6700

6600

VS VR [V]

6500

6400

0 2 4 6 8 1012 14 16 18 20 22 24
Time[h]

Figure 4.20 Secondary voltage of SVR (case 2).
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Time[h]

Figure 4.21 Tap position of SVR (case 2).
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Figure 4.22 Voltage profile (case 2).

(3) Case 3

Figure 4.23 and 4.24 show simulation results in case 3. Comparing Figure 4.22 with 4.23, the control
method of SVR using information from VSs with high-speed communication can reduce voltage violation.
However, due to structural time delay of SVR, voltage violation may continue until SVR finishes its
operation. It is necessary to compensate for this time delay. Besides, in Figure 4.24, SVR frequently
operates over 9 ~ 14 h when PV frequently changes its output. This is because voltage on the distribution
line frequently exceeds the limit of proper range. However, frequent switching of SVR deteriorates SVR
and increases its maintenance cost, hence other facilities is necessary to suppress this rapid voltage

fluctuation so that SVR does not frequently operate.
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Figure 4.24 Tap position of SVR (case 3).

(4) Case 4

Figure 4.25 and 4.26 show simulation results in case 4. Voltage in Figure 4.25 is controlled almost
within the allowable range. Though SVR changes its tap position at daytime when PV increases its output,
Ngyr largely decreases compared to case 3. This is because that multiple ABTs can mitigate voltage

fluctuation.
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Figure 4.26 Tap position of SVR (case 4).

Ppcs of each ABT is shown in Figure 4.27. P4pcs has positive value when discharging, and negative
value when charging. In addition, charged power of ABT P 1 crarce, total Ppcs cap, and Pypr cap OVer
whole DS are shown in Figure 4.28. Two vertical axes in Figure 4.27 are a one-to-one correspondence. For
example, when the total ABT capacity provided from users is 180kWh, the total capacity of APCS
becomes 60kW.

The amount of ABT and APCS in DS might fluctuate with time according to user’s condition. Even
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when the amount of available ABT and APCS is restricted, the proposed method can regulate voltage by
avoiding non-charging and non-discharging state of ABT. Comparing Figure 4.23 with 4.25, voltage
violation occurs due to rapid voltage rising in Figure 4.23, but in Figure 4.25 rapid voltage rising is
prevented and voltage almost remains within the adequate range. In Figure 4.16, at 13h the output of PV
becomes about 3MW in entire DS (3MW). Total P,pcs c4p is about 40kW in Figure 4.28. Thus, even
though the capacity of APCS is much smaller than one of PV, voltage can be properly managed in the
proposed method. In addition, even though total P,zr c4p is about 7 ~ 20 times smaller than BT in EV,
ASOC does not become 0 or 100% at daytime. From the simulation results, it can be seen that the
proposed method needs small ABT and APCS, not large one.

In order to simultaneously operate all ABTs with real-time communication, it is important to evaluate a
risk of communication between AA and ABT and to backup for communication troubles. Communication
facilities include optical line and wireless communication for example. However, concrete means of
communication in next generation DS is not yet clear at present. It is necessary to analyze factors of
communication troubles (delay, disconnection, asynchronous, etc.) assuming concrete communication
means. Accordingly, in this research, communication troubles are not considered and only constraint of

communication speed is investigated.
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Figure 4.27 P4pcs of each ABT.
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Figure 4.28 Conditions of ABTs.

(5) Comparison of the results

Table 4.5 shows simulation results in case 1 ~ 4 evaluated using indices denoted in 4.4.6. Table 4.5
shows that VD in case 4 is greatly small and Ngy; is also small compared to other cases. Furthermore, in
case 4, Viuy sim and Vigy sim do not largely deviate from the adequate range. Accordingly, it is confirmed
that the proposed method can properly manage voltage as well as avoiding user’s disadvantages using SVR

with time delay and small ABTs provided by users.

Table 4.5 Comparison of results for 4 cases.

Case 1 2 3 4
VD 0.0Vs | 669.2Vs | 51.1Vs | 0.8Vs
Nsyr 2 2 42 8

Viax sim | 106.3V | 107.0V | 106.8V | 106.5V
Vaaw sim | 101.2V | 101.3V | 100.5V | 100.9V
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4.5 Discussion and summary

In this chapter, a novel method for voltage control using small BTs with SVR was developed. This is
because it might be difficult to manage voltage using only SVR with low function when a large amount of
PVs are introduced to DS in future. Through numerical simulation, it is confirmed that the proposed
strategy can properly manage voltage controlling SVR with time delay and small BTs provided from users.
In addition, because BTs controlled by the proposed method can suppress voltage fluctuation due to PV,
the switching operation of SVR with deterioration and corresponding increase of maintenance cost can be
restricted. Moreover, most part of BTs can be used by users since the proposed strategy uses only a part of
use’s BTs. The proposed method shows high user-friendliness. This is also the advantage of the proposed
strategy.

This research assumes that sending voltage in distribution substation is constant. Hence, it is necessary
to verify the feasibility and effectiveness of the proposed strategy considering fluctuation of sending
voltage in substation. Furthermore, because a lot of voltage control methods using reactive power of PCS
have been proposed in this field, it is important to compare these methods with the proposed strategy in
order to confirm superiority of our work. Considering coordination of the proposed method with surplus

power control using BT, above issues are scheduled to conduct a detailed study in future.
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Chapter 5
Reactive power management for voltage control

considering transmission system

5.1 Introduction

In previous chapters, novel approaches for voltage regulation in DS have been presented. Though
sending voltage in distribution substation V., in previous chapters are set as constant value for simplicity,
actual Vj,,, is fluctuated due to an impact of Transmission System (TS). In a similar way, many researches
for managing voltage fluctuated by PV have been done in literatures [1] ~ [8]. These literatures also
assume that a primary node of distribution substation is an infinite bus. Voltage on TS is conventionally
kept within the allowable range by the operation of transformers in upper substations and distributed phase
modifying facilities in TS. Therefore, voltage fluctuation at primary nodes of distribution substations have
been considered small, and transformers in distribution substations have been controlled based on local
information and V,,; have been properly managed.

However, introducing a large amount of PVs may change above situation, because power flow on the
transmission lines becomes complex due to PV interconnection. In order to properly manage voltage on the
power system in that case, it becomes necessary to control voltage considering the impact of PV on TS.
Although several researches considering voltage behavior in TS have been done in literatures [8] [9], TS
has been abbreviated to a node or modeled as simple line. For more detail investigation on the impact of
PV in DS to TS, in this chapter, a power system including TS and DSs is proposed as a bench mark model
using a part of a standard power system model provided by the Institute of Electrical Engineering of Japan
(IEEJ). The model provided from IEEJ includes 66kV TS and 6.6kV distribution substations, which is for
reliability analysis. The standard model is modified for analyzing the voltage behavior in TS assuming PV
interconnection in DS. Based on the analysis using the model, a voltage control strategy suitable for PV
interconnection is proposed. The effectiveness and feasibility of this approach are verified through
numerical simulations.

This chapter organizes as follows. In section 5.2, the proposed 66kV model is represented in detail and
analysis about voltage fluctuation caused by PV is done considering not only DS but also TS. In section
5.3, a control method for SVC to suppress voltage fluctuation in 66kV TS model is explained and the
effectiveness of the proposed strategy is verified through the numerical simulation. In section 5.4, a

summary of this chapter is made.



Chapter 5 Reactive power management for voltage control considering transmission system | 82

5.2 Modeling of 66kV system

5.2.1 Standard power system model of IEEJ
As an analytical model for reliability evaluation of TS (66kV ~ 77kV), IEEJ provides “Regional supply

system model”. The model consists of following three types.

I.  “Overhead wire system including small hydro power plant”
II.  “Underground line system assuming offices of city”

II. “Overhead lines and underground lines including industrial area”

In this chapter, a model of the third type “overhead lines and underground lines including industrial
area” is employed. This model has been constructed based on actual data of 66kV system in an urban area,
and transmission lines consists of overhead lines and underground lines as shown in Figure 5.1 (For more
detail, see Appendices AS5). There are five areas in this standard model and each area is separated from
others through switching stations. One area with gray color in Figure 5.1 is extracted as “66kV system
model” for analysis as shown in Figure 5.2. Figure 5.2 shows the extracted model assigned node number.

In Figure 5.2, black circle at node #1 represents an upper system (154kV) that is a slack node (voltage:
1.0pu) for power flow calculation. Node #2 ~ #11 shows the substation for transformation from 154kV to
66kV.. Thick gray lines in Figure 5.2 show principal buses. Symbols of transformers represent substations,
and transformers at subsequent nodes of #18 are distribution transformers. Transformers at node #2, 4, 5, &,
and 10 are for connecting 66kV system with 154kV system. Loads at nodes except in distribution systems

are special high voltage customers.

5.2.2 Distribution system model

In order to analyze 66kV system model including DS, it is necessary to embed the DS models into the
secondary nodes of distribution substations. In general, a distribution substation has several DSs and hence
a large model is required if many nodes are connected to 66kV system model. This increases a calculation
load. Therefore, for simplicity, the feeders in a DS connected to a distribution substation are aggregated to
one feeder connected to a secondary node of distribution substation. For example, nodes on a feeder
connected to a distribution substation at node #19 are shown in Figure 5.3. A DS (node #211 ~ #220)
whose capacity is 3.18MVA is connected to node #19 and other DSs connected to node #19 are aggregated
to node #19. Model parameters of DS are shown on Table 5.1.
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Figure 5.2 66kV system model including distribution systems.
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Figure 5.3 Distribution system model connected to node #19.

Table 5.1 Distribution system model parameters (Three-phase 10MVA base)

Node #(upper) 19 211 212 213 214 215 215 217 218 219

Total

Node #(lower) 211 212 213 214 215 215 217 218 219 220
%R 0.443 | 0.805 | 0.921 | 1.012 | 1.201 | 1.384 | 1.507 | 1.749 | 2.098 | 3.740 | 14.95
%X 1.095 | 1.977 | 2.142 | 2.145 | 2.213 | 2.259 | 2.345 | 2.348 | 2.424 | 2.739 | 21.59

Load[pu]
0.007 | 0.022 | 0.031 | 0.040 | 0.037 | 0.040 | 0.040 | 0.040 | 0.037 | 0.025 | 0.318

(at lower node)

Connecting DSs to distribution substations, the maximum node number increases to 660 (TS 210 + DS
10*45). Parameters in Table 5.1 are determined based on actual DS data in an urban area. It is assumed that
all DSs in this 66kV system model have same parameters shown on Table 5.1. Since the base power in the
standard power system model of IEEJ is 10MVA, parameters on Table 5.1 are also represented as per-unit
(pu) value based on the base power. Figure 5.4 shows 66kV system and 6.6kV systems. In Figure 5.4,

dotted lines represent distribution systems.

5.2.3 Parameter settings
(1) Setting of loads

Power factor of Loads in the standard model of IEEJ is set as lagging. However, the current power
factor of load is improved due to power electronics technology, and Static Capacitor (SC) installed in a
high voltage customer makes the power factor in DS close to 1.0 under both heavy and light load [11].
Since an investigation using an actual power factor is necessary for precise analysis, the power factor of
loads connected to DSs are set as 1.0 assuming heavy load in this chapter. Special high voltage customers

and phase modifying equipment are set as same as the standard model from IEEJ.
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Figure 5.4 Distribution systems connected to distribution substations.

(2) Setting of transformers

The turn ratio of transformers in node #2 ~ #11 is set as 66000/154000 (secondary/primary). On the
other hand, LRT in distribution substation can change its tap ratio from 6000/66000 ~ 7200/66000, and the
number of taps is 17 based on standard model from IEEJ. Assuming LRT operates based on a dead band,
the dead band is set as from 0.985pu to 1.015pu. LRT changes its tap position if the secondary voltage of
LRT deviates from the dead band.

(3) Setting of phase modifying equipments

In order to regulate voltage on TS, Transmission System Operator (TSO) has usually installed phase
modifying equipments such as SC and Shunt Reactor (SR) in TS. The model of IEEJ also has multiple SCs
atnode # 3, 5,7, 9, 11, 120, 129, 161, 174, and 187. The number of SCs and those nodes in the model are

set as same as the standard model of IEEJ. Parameters of the model used in this chapter are shown in Table

5.2.
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Table 5.2 Model parameters.

Power factor of loads

Special high voltage customers Based on IEEJ model

Customers in DS 1.0

Transformers (secondary/primary)

Node #2 ~ #12 66000/154000 (constant)
Turn ratio
Distribution substations 6000/66000 ~ 7200/66000 (17taps)
Width of a tap Distribution substations 0.107 pu

Phase modifying equipment
SC #3,5,7,9,11, 120, 129, 161, 174, 187
SR Non

5.3 Voltage violation in TS due to PV

In order to investigate an impact of PV on TS, a numerical simulation using 66kV system model shown

in Figure 5.4 is executed. Voltage is calculated using a power flow calculation.

5.3.1 Voltage profile without PV

Figure 5.5 shows voltage profile of 66kV system model under heavy load condition and without PV.
Vertical and horizontal axes in Figure 5.5 represent voltage and the node number, respectively. Since this
model has different voltage levels (154kV, 66kV, 6.6kV), voltage is represented using pu representation.
Nodes #1 ~ #210 are 66kV system and secondary nodes of distribution substation. Nodes #211 ~ #660 are
DS. In Figure 5.5, V.., of distribution substation is controlled within 1.00+0.015 pu by the operation of
LRT using the dead band.

5.3.2 Voltage profile with PV
(1) Simulation conditions

In this chapter, PVs are installed in DS not in TS. Each capacity of PV introduced into a node is set as
40% compared with the load capacity at a corresponding node. Each output of PV is in proportion to solar

radiation and solar radiation is fluctuated in each area shown in Figure 5.6.
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Figure 5.6 Division of power system.

PV generates 20% and 80% active power of each capacity under cloudy and sunny condition,
respectively. Therefore, PVs at node #i generate 8% active power against the maximum load at node #i

under cloudy condition. On the other hand, uner sunny condition, PVs at node #i generate 32% active
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power against the maximum load at node #i. Solar radiation conditions are shown on Table 5.3. While all
PVs generate 80% active power in case 1, all areas are gradually divided according to the conditions of
sunny and cloud in case 2 ~ 8.

PCS is installed for interconnection of PV to a power system for each PV. PCS can output reactive
power to reduce voltage rising due to PV. In this simulation, PCS output is controlled to maintain constant
Power Factor (PF), which is set as the maximum value 1.0 in case 1 ~ 8, the minimum value 0.90 in case 9

~ 15.

Table 5.3 Solar radiation conditions.

Case Sunny Cloudy PCS
1 (Base case) Area #1~7 -
2 Area #1~5 Area #7
3 Area #1~5 Area #6,7
4 Area #1~4 Area #5~7
PF: 1.0
5 Area #1~3 Area #4~7
5 Area #1,2 Area #3~7
7 Area #1 Area #2~7
8 — Area #1~7
9 (Base case) Area #1~7 -
10 Area #1~5 Area #7
11 Area #1~5 Area #6,7
12 Area #1~4 Area #5~7
PF: 0.9
13 Area #1~3 Area #4~7
14 Area #1,2 Area #3~7
15 Area #1 Area #2~7
15 - Area #1~7

(2) PCS with PF 1.0

In order to investigate the amount of voltage violation due to PV, voltage behavior without LRT
operation is simulated. Simulation results are shown in Figure 5.7. In Figure 5.7, (a) shows 154kV system,
66kV system, secondary nodes of distribution substations, and (b) shows 6.6kV systems. Vertical axes in
Figure 5.7 represent voltage difference from case 1. The difference value represents the amount of voltage
drop due to the decrease of solar radiation. In Figure 5.7, voltage gradually decreases with increasing
cloudy area, and voltage in DS changes at most more than 0.025pu. On the other hand, V., of distribution
substations changes more than 2.0%. Since LRT generally changes its tap position based on Vi, the

fluctuation of V., causes the frequent switching operation of LRT.
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Figure 5.7 Voltage fluctuation by PV on upper system (PF=1.00).
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(3) PCS with PF 0.90
Figure 5.9 shows simulation results when PF of PCS is 0.90. Voltage fluctuation in Figure 5.9 and 5.10

are smaller than ones in Figure 5.7 and 5.8 due to leading PF of PCS. However, V., (arrows points) in
Figure 5.9 change at most 0.014pu. Although it is possible to reduce fluctuation of V,,, as long as PF of
PCS is properly set, implementing optimal PF into PCS is difficult since the optimal value is varied

according to power system conditions.
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Figure 5.9 Voltage fluctuation by PV on the upper system (PF=0.90).
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(4) Behavior of LRT in the distribution substations

In order to investigate the behavior of LRT corresponding to voltage fluctuation due to PV, LRT is
controlled using the dead band and V,,,,. As an example, the switching operation of LRT controlled based
on the dead band (1.00+0.015pu) is shown in Figure 5.11. The vertical axis in Figure 5.11 represents the
tap ratio of LRT (secondary/primary) (pu), and the horizontal axis represents the case number. A Legend
represents node numbers of LRTs (secondary nodes). In Figure 5.11, it can be seen that LRT operates
corresponding to fluctuation of solar radiation. This result shows that fluctuation of solar radiation causes
the frequent switching operation of LRT.

In Figure 5.11, it is also seen that LRT at node #207 (in area 7) changes its tap position in case 7 not in
case 2. Since solar radiation in area 7 changes in case 2, voltage in area 7 largely changes and LRT tends to
operate in that case. However, LRT at node #207 controls its tap position when solar radiation in distant
area (in area 2) is changed. Voltage fluctuation due to solar radiation in an area leads to voltage fluctuation

in other areas.

1.02
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1
0.99
0.98
0.97
0.96
0.95

Tap ratio

Case
Figure 5.11 Switching operation of LRT due to PV (PF=1.00).

5.3.3 Coordinated operation in 66kV system

From above results, it can be seen that voltage in TS is largely changed corresponding to solar radiation.
Fluctuation of solar radiation in each area causes voltage fluctuation not only in that area but also in distant
other areas. Thus, PV makes power flow on transmission lines complex, and random voltage fluctuation is
caused at each node. The random voltage fluctuation leads to the increase of operations for many LRTs. In
that case, a conventional local control method for LRT is not suitable for proper voltage management. To
prevent this problem, it is necessary to reduce voltage fluctuation due to PV on entire transmission lines.
Considering power flows in the entire system, fluctuation of voltage on the transmission line can be

suppressed, not locally at each point of transmission lines.
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5.4 Coordinated control of SVC at 66kV system

5.4.1 Proposed strategy

To suppress voltage fluctuation due to PV on TS, a new control method of SVC is proposed. To do this,
SVCs that can flexibility control reactive power are installed at primary nodes of distribution substations,
and multiple SVCs are coordinately controlled to suppress voltage fluctuation on entire 66kV transmission

lines. The proposed method is formulated as follows.

[Objective function]

F = E oy ‘A ‘ —min 5.1
Where
AV &, AP >, AQ 52
L= 4 - .
ij 6[’[ i an i ( . )

i : Node number, n : Maximum number of nodes,  : Weight coefficient
AV - Voltage fluctuation at node #j due to power fluctuation at node #i
AP; : Active power fluctuation at node #i

AQ; : Reactive power fluctuation at node #i
Objective function F; represents a goal to minimize voltage fluctuation at any nodes due to power

fluctuation at node #i. Therefore, F; aims to suppress voltage fluctuation on the entire system.

Differentiating equation (5.1) with respect to AQ;, following equations can be calculated.

o5 e %)
aAQ 2.1 ap M1 30,2 | 20, (5.3)

AR (WT (5.4)
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Equation (5.4) represents the optimal ratio between AQ; and AP; for minimizing voltage fluctuation on
66kV transmission lines due to AP;. In the proposed strategy, controlling the output of SVC based on

equation (5.4), it is possible to effectively reduce voltage fluctuation on TS.

5.4.2 Controller of SVC

A controller of SVC to realize the proposed algorithm is shown in Figure 5.12.

O TS Primarv node of L
Distribution system e . Distribution svstems
m distribution substation -
: B I T —
> S
Transmission X
SVis
System " .< o~ (M _____
'| Cm==)> Abbreviated | . . :
O " _ Distribution substation
<io4 APsub, , AQsub, 79

& O FEg- -

AQsub, !

controller
o
(b) Controller.

Figure 5.12 Control structure of SVC.

As shown in Figure 5.12 (a), a SVC installed at node #i has a sensor to monitor active and reactive
power flowing through a distribution substation Psub; and Qsub;. SVC observes fluctuation of these power
APsub; and AQsub; in real time. Optimal fluctuation of its output AQopt; is calculated using following

equation (Active power: consumption has positive value, generation has negative value. Reactive power:
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lag has positive value, lead has negative value. ).

AQopt, = % APline, — AQline, (5.5

1

Second term of the right side in equation (5.5) is compensating for fluctuation of reactive power in DSs.
Using equation (5.5), SVC can control the ratio of fluctuation between active and reactive power flowing
to 66kV transmission system. Generally, though SVC determines a fire angle of thyristors based on a
characteristic of slope reactance and voltage at PCC, the proposed method controls the output of SVC
based on reference reactive power not voltage at PCC. Hence, as shown in Figure 5.11 (b), the fire angle is
calculated based on reference reactive power using a phase angle controller. In this chapter, SVC can

output reactive power corresponding to reference signal without time delay.

5.5 Case study

Under same conditions in section 5.3, a numerical simulation is executed to verify the effectiveness of
the proposed method. SVCs are installed in primary nodes of all distribution substations and AQ/AP; is
calculated using equation (5.4) when the output of PV is 80% against its capacity. All weight coefficient w;

are set as 1.0 over whole 66kV system model.

5.5.1 PCS with PF 1.0

Figure 5.13 shows simulation results using PCS with PF 1.0. From Figure 5.13, it can be seen that
voltage fluctuation on 66kV transmission system except for upper substation (Node #1 ~ #l11) is
suppressed up to £0.002pu. The magnitude of voltage fluctuation on TS and DSs become about one-ten as

much as in Figure 5.7 and 5.8.
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5.5.2 PCS with PF 0.90

As shown in Figure 5.15, voltage fluctuation due to PV is suppressed and is up to about =0.002pu at
66kV transmission line. It is necessary to compensate for voltage fluctuation due to a distribution
transformer and a distribution line using both LRT and SVR, because the proposed method cannot control

power flow by a distribution transformer.
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Figure 5.15 Voltage fluctuation by PV on upper system using the proposed method (PF=0.90).
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5.5.3 Behavior of LRT with the proposed method

In the same manner as section 5.3, the behavior of LRTs corresponding to the fluctuation of PV’s
output using the proposed approach is shown in Figure 5.17. In Figure 5.17, LRT does not change its tap
position, and LRT is almost never affected by PV in other areas. From this result, it can be seen that the

proposed method suppresses voltage fluctuation in entire 66kV transmission lines in a coordinated manner.
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Figure 5.17 Switching operation of LRT due to PV using the proposed method (PF=1.00).

5.5.4 Advantages of the proposed method
(1) Communication cycle

The optimal output of SVC can be obtained using voltage sensitivity 0V/0P and 0V/6Q that are
calculated by Jacobian matrix. Voltage magnitude and phase angle data from sensors in a power system are
necessary to calculate Jacobian matrix. Considering that SVCs are installed at primary nodes of
distribution substations, vital information for calculating Jacobian matrix are just voltage magnitude and
phase angle on an upper system and secondary nodes of distribution substations (Node #2 ~ #210). Though
time synchronization sensor such as PMU (Phasor Measurement Unit) is assumed to be used, SVC does
not need real-time communication since SVC operates based on the local information APsub; and AQsub;

until next communication.

(2) Superiority against active power control

Figure 5.18 shows AQ/AP; against PV output in heavy load. In Figure 5.18, vertical axis represents
AQ;/AP; at primary sides of distribution substations, and horizontal axis represents node number. From
Figure 5.18, it can be seen that small reactive power is required comparing with active power since the
amount of AQ/AP; is smaller than 1.0. Hence, it is effective to control reactive power than active power to

suppress voltage fluctuation on 66kV transmission lines. The capacity of SVC required to control reactive
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power is determined based on the capacity of PV and AQ/AP; at each node. In order to appropriately
manage voltage, SVCs with the sufficient capacity should be installed in TS considering loads, PV, LRT,

and other factors. In this chapter, for simplicity, the restriction of output by its capacity is not considered.
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Figure 5.18 Optimal AQ/AP at distribution substations.

(3) Small impact on power system

The output of SVC in the proposed approach does not rely on voltage magnitude but active/reactive
power flow in distribution substation. Hence, SVC with the proposed method makes low impact on any
other devices for voltage control. For example, SVC operated based on voltage changes its reactive power
output corresponding to voltage fluctuation on the upper system (more than 154kV). As shown in Figure
5.11, fluctuation of power at each node makes adverse impact on any other nodes in 66kV system and this
disturbance should be avoided for proper voltage management. Each SVC controlled using voltage
arbitrarily responds to voltage fluctuation at each point and makes the adverse disturbance on the power
system. On the other hand, SVC with the proposed method is not affected by voltage violation, and SVCs
are operated in a coordinated manner to suppress voltage fluctuation due to PV. However, it might be
necessary to compensate for load fluctuation using LRT to reduce the capacity of SVC because the

proposed method suppresses voltage fluctuation due to not only PV but also load fluctuation.

(4) Reducing cost
To date, many researches for voltage control in DS using power electronics technologies have been
presented in literatures [2] [4] [5] [6] [7] [8]. These literatures insist to introduce power electronics devices

such as SVC into DS to avoid voltage violation due to DG. Introducing these facilities is difficult because
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of cost. It is necessary to reduce introducing these high cost devices.

From results in this chapter, it was revealed that large voltage fluctuation due to PV is occurred in not
DS but TS. Hence, it is not suitable to introduce high cost devices mentioned above into DS for voltage
regulation. To more effectively control voltage, introducing above facilities to TS is better choice. If SVC
is introduced to TS not DS, the number of SVC can be reduced compared with in DS because the number
of distribution substations are smaller than DSs. Furthermore, SVC has better performance for voltage

regulation if X/R of line is large. For reducing cost, a better install point for SVC is TS.

5.6 Discussion and summary

In this chapter, voltage fluctuation issue on 66kV transmission line that is expected to occur when a
large amount of PVs are connected to DS has been focused and analyzed. From the analysis using 66kV
transmission system model based on “Overhead lines and underground lines including industrial area”
provided by IEEJ, it can be seen that it is necessary to coordinately suppress voltage fluctuation on entire
transmission lines since voltage profile on 66kV transmission lines becomes complex and fluctuates
randomly and largely due to PV. Hence, a novel control strategy using SVCs that are installed at primary
nodes of distribution substations has been presented for coordinated control of voltage on 66kV
transmission line. By executing numerical simulations, it can be seen that the proposed strategy shows
good performance for reducing voltage fluctuation at 66kV transmission line. Though the proposed method
requires system information obtained through periodic communication, SVC can operate based on local
information (active/reactive power flowing through distribution substation) until next communication and
real-time communication is not required. Also, since SVC operation in the proposed strategy does not
depend on voltage magnitude in the power system, it is possible to reduce disturbance on voltage, and the
proposed strategy is suitable for combination operation with other voltage control devices.

As a primary voltage of distribution substation can be controlled close to constant using the proposed
method, voltage control methods in DS proposed in previous chapters and in [1] ~ [8] can be easily
adopted. Although this chapter employs SVC, the proposed method can also apply for PCS control if
information in DS can be monitored and power factor of each PCS can be controlled by remote. Results of
this research show that the proposed strategy is useful for voltage regulation when a large amount of PVs

are connected to DS.
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Chapter 6

Summary, conclusions and future research

6.1 Summary

This thesis has presented several techniques for improving voltage profile in DS complicated by a large
amount of PVs interconnection. This research is initiated from a critical phase the Japanese power system
faces. The number of PVs connecting into DS is increasing in Japan due to a policy of the Japanese
government. However, current DS in Japan is not designed considering interconnection of DG, and DSO
does not have sufficient ability to control voltage within an adequate range in this situation. Therefore, it is
urgent that DSO takes the effect measures against the problem.

Multiple measures against above issues have been proposed to date using power electronics devises
such as SVC. These devices are effective for controlling voltage. On the other hand, these devices are very
costly and installing these devises into many DSs leads to huge additional cost. Hence, it is very important
to properly manage voltage in DS without the additional costly devices. In this thesis, from the viewpoint
of cost, voltage control strategies suitable for PV penetration have been proposed.

In chapter 2, a novel control method using existing SVR with low additional cost has been presented.
Voltage fluctuation due to PV tends to be large in a DS with a long distribution line or heavy loads. This
type of DS needs SVR to compensate voltage drop on the distribution line. Hence, in order to investigate
voltage issues caused by PV in detail under the severe condition, an analysis using an actual DS model
with multiple SVRs has been done. From the numerical simulation results using the actual scale DS model,
voltage issues occurred in DS with SVR have been revealed. 1) One issue is voltage violation due to time
delay of SVR. Since classical SVR with time delay is not designed for PV interconnection, rapid voltage
fluctuation due to PV cannot be compensated by conventional SVR. 2) The other issue is deterioration of
SVR caused by frequent switching operation of SVR. As conventional SVR attempts to regulate voltage
within the dead band, the frequent switching operation corresponding to frequent voltage fluctuation due to
PV is occurred. To solve these issues, a novel control method using solar radiation sensors has been
proposed in chapter 2. The proposed method controls the tap position of SVR to increases voltage margin
which is defined as an index of difficulty of voltage violation from the allowable range. If voltage margin
is sufficiently large, voltage can be kept within the allowable range without the operation of SVR. Hence,
using the proposed method for SVR with time delay, it is possible to prevent voltage violation as well as
avoiding the deterioration of SVR. From the numerical simulation, the effectiveness of the proposed
strategy has been verified.

In chapter 3, a more effective control approach for voltage regulation has been proposed. DSO has
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installed multiple sensors in DS in section switches to monitor voltage information on distribution line.
Using these sensors, it can be possible to more effectively control voltage with existing SVR. However,
since current these sensors cannot communicate with DSO in real-time, a local control of SVR is necessary.
Moreover, in chapter 3, a serious problem caused by SVR has been revealed. A DS with multiple SVRs in
series leads to ROS resulting in both voltage violation and deterioration of SVR in case of PV
interconnection. To avoid ROS,; it is necessary to control SVR only when needed using precise voltage
information on the distribution line. However, voltage information from sensors is not constantly obtained
due to low speed communication. Therefore, an online parameter tuning method for SVR using low speed
communication has been presented. In the proposed strategy, SVR periodically gets voltage information on
the distribution line from voltage sensors and calculates relationship between sending active power of SVR
and voltage drop on the distribution line. SVR monitors sending active power in real-time and operates its
tap position based on the estimated value of voltage at the sensor node. As SVR can know voltage profile
through communication, SVR can change its tap position only when needed. From the numerical
simulation, the effectiveness of the proposed strategy has been verified.

In chapters 2 and 3, existing devices which DSO has been installed in DS are used for voltage
regulation. Utilizing low-performance existing facilities has an advantage in terms of cost; however, these
devices are insufficient to properly control voltage fluctuated by PV. This is because that SVR has
mechanical time delay which cannot be avoided. Even if voltage data in DS can be obtained through real
time communication, the voltage violation caused by this delay cannot be prevented in the conventional
way. Moreover, frequent voltage fluctuation causes the frequent switching operation of SVR resulting in
degradation. Though this transient voltage fluctuation can be prevented using additional power electronics
devices, introducing these high cost devices should be avoided. Therefore, in chapter 4, user’s interface
which will be introduced in future is used for voltage regulation. BT in residences for HEMS and EV is
increasing under the condition in which there are shortage of electric power and energy saving. Even
though without additional equipment, it can be possible to manage voltage using these users’ interfaces. In
the proposed strategy, BT is used to suppress rapid voltage fluctuation that cannot be compensated by SVR.
The proposed strategy has an advantage in which users can use most part of their BTs because DSO uses
not only BTs but also SVR. From simulation results, it can be seen that the proposed approach using users’
interfaces can reduce both voltage violation and deterioration of SVR.

Chapter 5 focused on voltage fluctuation in not only DS but also TS to manage voltage in DS. In
chapters 2, 3, and 4, several approaches have been presented to control voltage in DS under the assumption
that sending voltage in distribution substation can be kept close to constant. Since TS has multiple facilities
for voltage regulation, current voltage at distribution substations can be properly managed. However, it is
necessary to investigate voltage behavior in TS in detail in case of PV interconnection because PV may
change voltage at distribution substations. Thus, 66kV system model including TS and DSs have been built

and voltage fluctuation due to PV has been analyzed. From numerical simulations, it can be seen that PV
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can make a large impact on voltage in TS. Since voltage fluctuation in TS affects sending voltage in DS, it
is indispensable to manage voltage in TS. Many DSs are connected to each other through transmission
lines; hence power flow and voltage profile on TS can be complex due to PV in DS. This means that PVs
in each DS take mutual influences each other. Local voltage control cannot regulate voltage complicated
by PV in that case. Therefore, coordinated voltage control is necessary. In the proposed strategy, SVCs are
installed at primary nodes of distribution substations and controlled coordinately. The effectiveness of the
proposed strategy is verified through numerical simulations. Using the proposed method in chapter 5,
secondary voltage at distribution substations can be controlled close to constant, and hence the proposed

methods in chapter 2, 3, and 4 can be easily realized.

6.2 Concluding remarks and view of future research

Current power system is changing its structure and components such as generators, transmission
network, and loads corresponding to the penetration of DGs. In order to maintain power quality level and
continue to introduce the DG using RES, a framework of voltage control strategy should be flexibly
modified according to the circumstances of the power system. From this point of view, the thesis has
researched various voltage control methods suitable for PV penetration.

In this thesis, with little additional costs, the effective approaches for voltage management in case of
PV interconnection were presented. As the results, it was found that existing facilities owned by DSO have
an ability to efficiently manage voltage if they are controlled in a smart manner. Besides, the demand
response using user’s facilities with the proposed algorithm also showed good performance for voltage
control. Thus, in smart grid with ICT, proper data utilization can considerably improve the ability of
existing devices. Introducing a lot of high-cost devices for voltage management is NOT absolutely
necessary even if PV is introduced in the power system. The thesis contributed to avoid useless investment
and to show fully maintain power quality by low cost power apparatus. Furthermore, the amount of PV
interconnection without voltage violation can be increased using the proposed method. With few additional
investments, a large amount of PVs can be connected to the power system. This means the research is
useful to realize a sustainable society.

The thesis enhanced voltage control strategy considering TS. Current power system basically has
layered structure which is composed of many subsystems with different voltage level. These subsystems
influence each other and they are independently controlled to properly keep voltage at each level. However,
with many DGs, each subsystem could not appropriately control voltage in independent way. It is
necessary to cooperatively control whole system voltage. The thesis focused on upper TS not only DS with
PV to develop the voltage management method as a first step of an optimal global control. As a result, the
thesis revealed the influence of PV on voltage in complex subsystems and developed a novel voltage

control method suitable for PV interconnection. These results contributed to develop the next generation
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power system, particularly in Japan.

Though this thesis assumed that DSO manages voltage in DS, recent circumstances of power system
are changing the conventional control framework. In future, it is expected that electricity market in Japan
will expand and the structure of electric power industry will change by the policy concerning to the
separation of power generation and transmission. However, power quality can be deteriorated due to the
participation of Independent Power Producer (IPP) into the electricity market. Thus, it is important to
construct an appropriate framework of electricity market which fulfills needs of consumers for power
quality. Meanwhile, a lower electricity rate under the market competition leads to suppress the capital
investment for maintaining power quality level. Next generation power system should be designed for
optimizing both the electricity rate and power quality under the market competition. Because the result of
this research is useful to reduce the additional cost as well as maintaining power quality, it is expected that
the proposed method can contribute to build the framework of next generation power system.

The components in the power system including generators, transformers, and loads are operated in a
simple manner because current power system structure and characteristics of its components are relatively
simple. In this research, each component is simply controlled in the proposed control method. However,
with technological innovation and penetration of DG, above components are expected to be diversified in
future. For example, those are from central power plant to distributed power generators, and from passive
loads (constant impedance) to active loads (power electronics device). Furthermore, with development of
ICT, a variety of information in the power system can be obtained, in which bidirectional communication
between components can be realized. In that situation, the control method for above diversified
components using various data on power system will be complicated, and an appropriate decision-making
of system control will be critically important. For the decision making of multiple components, a
Multi-Agent System (MAS) is known as an effective measure. In MAS, there is no overall system goal,
simply the local goals of each separate agent. MAS is composed of multiple intelligent agents, and
individual agents may play different roles. Each agent can autonomously work, independently make
decisions, and interact with each agent to achieve global goals. Hence, MAS is suitable for controlling
complicated power system in future. In future research, applying MAS to power system control,
appropriate control strategy for complicated power system will be developed.

As electrical energy situation in Japan are changing so rapidly, power system are forced to be
reorganized to maintain power quality with few additional and maintenance cost. To achieve this purpose,
coordination of Power System Operator (PSO) with consumers is necessary. For example, though current
power system has a leading power factor problem due to many SCs, this problem can be solved by
disconnecting the SCs. Thus, in future, a role of consumer is expected to be important. Conventional
consumers were just consumers of electric power without contribution of power system. On the other hand,
conventional PSO was just a generator of electric power. If consumers cooperate with PSO to maintain

power quality, more efficient and flexible control can be realized. Actually, the effectiveness of demand
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response was verified in the thesis. However, due to participation of users in control system, reliability of
power system which is maintained by PSO is deteriorated. Current power system is managed by PSO such
as electric power company because it is effective, reliability and flexible. To improve the reliability, it is
indispensable to prescribe the role of PSO and consumers. In particular, because electricity market will be
opened to ordinal consumers in future Japan, cooperative consensus building between PSO and consumers
is critically important to maintain power quality as high level. Furthermore, not only cooperative control
but also cooperative planning of power system in future is important. PSO and consumers should be
cooperated at a planning stage, and power system which is easy to be controlled should be built.
Accordingly, in order to build more efficient power system structure and control framework, modifying the
role of PSO and consumers should be required. I wish to build the next generation power system satisfying

above requirements.
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Appendices

A1 Mechanism of SVR

Al.1 Aim of SVR

SVR is a transformer installed on 6.6kV high-voltage distribution line. Since LRT at a distribution
substation cannot compensate for voltage drop (or rising) on high-voltage distribution line, voltage drop
(or rising) due to load current is compensated by SVR. As shown in Figure Al.1, voltages at receiving

point of consumers are kept within an allowable range by appropriate control of LRT and SVR.
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Figure A1.1 Compensation of voltage drop by SVR.

In Figure A1.1, voltage drop are compensated in case of both heavy and light load. This is because that
SVR can automatically control voltage fluctuation according to voltage condition. Though Figure Al.1
shows voltage drop compensated by SVR, SVR can also compensate for voltage rising due to Ferranti

effect and a generation of DG.

A1.2 Structure of SVR
SVR is an autotransformer which can control the secondary voltage by regulating its tap position.

Figure A1.2 shows the structure of SVR.
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Figure A1.2 Structure of SVR.

SVR mainly consists of switch gears, tap selectors, a transformer, and current limiting resistors. As an
autotransformer uses low-voltage winding as a part of high-voltage winding, the autotransformer becomes
smaller than two-winding transformer and has highly efficiency compared to the two-winding transformer.
A primary and a secondary side of SVR are connected to switch gears and tap selectors in each phase,
respectively. In order to continue the power supply from the primary side to the secondary side even when

tap is being changed, the switch gear and the current limiting resistor are used.

A1.3 Switch gear
SVR controls its secondary voltage by operating the switch gear shown in Figure A1.2. When the
switch gear turns off load current, surge current flows in the switch gear. This surge current causes

deterioration of SVR. Hence, SVR has the maximum allowable switching number over a day.

A1.4 Classical control method of SVR

SVR can control the secondary voltage Vsyr by changing its tap position as shown in Figure A1.3.
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Figure A1.3 Tap change of SVR.

The classical control methods of SVR are classified into several types regarding to the tap operation.
Voltage violation time, amount of voltage violation, LDC method are used for the tap operation. This thesis
assumes that a controller of SVR using the dead band and settling time is a “classical control method”. The

classical controller is shown in Figure A1.4.
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Figure A1.4 Conventional control method of SVR.

In Figure A1.4, Vs 1s basis voltage in DS and V, is the width of dead band. SVR observes Vg and
starts time counting after Vgyz deviates from the dead band. Since the tap change of SVR leads to the

deterioration of SVR, the dead band and settling time (7..) are necessary to prevent the deterioration.
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SVR changes its tap position to keep Vz within the dead band if the count reaches 7.,.. SVR has count
time 7, and Ty, for determining whether the tap position is changed or not. Assuming sampling time of

controller in SVR is set as dt, T, and T, are calculated as follows.

VSVR > Vbasis + de /2 - Tup = Tup + dt
Var <Viais *Va/2 = T, =T, —dt (Al.1)

r,<0 —-> T,=0

VSVR < Vbasis - de /2 - Tdown = Tdown + dt
VSVR > Vbasis - de /2 - Tdown = Tdown - dt (Alz)
T down < O - T down — 0

If T, or Tijpym reaches Tyee, the tap position of SVR Ny, is changed as dN,,,.

T;iown 2 T;ellle - Ntap = Ntap + dNtap (A] 3)
Ep 2 Ivvettle - Nmp = Nmp - dep

After the switching operation, T, and Ty, are reset to 0. SVR changes its tap position when Vg
continually deviates from the dead band. Therefore, equations (Al.1) and (A1.2) are used. When Vg
continually deviates from the dead band, 7,,, or Tj,,, increases. On the other hand, Vs transiently deviates
from the dead band, T,, or T4,,, do not increase.

SVR is installed on a distribution line in series and hence there is an issue called as “hunting” that
increases of the switching operation of SVR. Hunting is occurred when several SVRs are installed on the
distribution line in series. In this case, the operation of upper SVR causes step voltage change on the
downstream distribution line, and hence that may lead to the tap operation of lower SVR. In particular,
when multiple SVRs are installed in the distribution line in series, the operation of upper SVRs causes
frequent step voltage fluctuation on the distribution line. This causes many operations of lower SVRs. In
order to reduce the switching operation of lower SVRs, the upper SVR should operate prior to the lower
SVRs. In general, Ty of upper SVR tends to be set as smaller than those of lower SVR so that the upper
SVR operates earlier than lower one. SVR needs few seconds (7i,erae) to finish the switching operation

which is structural time delay against voltage fluctuation.
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A2 Power flow calculation

A2.1 Introduction

An analysis tool for power network is power flow calculation which is often employed in this field.
The power flow calculation is applied to the system-planning researches and also the starting point for
transient and dynamic stability studies. This section presents a formulation of power flow calculation.

Power flow calculation assumes following things.

(1) Three-phase and balanced circuit
Assuming three-phase and balanced circuit, circuit can be considered as single-phase circuit that is

good for reducing calculation burden.

(2) Constant frequency

Since power flow calculation is executed under steady-state, impedance can be considered as constant.

Because the supply/demand at a node is generally specified in terms of active and reactive power, the
problem becomes nonlinear. Hence, the power flow analysis is a set of simultaneous nonlinear algebraic

equations.

A2.2 Formulation

Following notations for the power flow model are used.

P;: Active power flow from node 7 to j

Q;; Reactive power flow from node i to j

P;: Active power injection for a node i

O;: Reactive power injection for a node i

V:: Voltage magnitude of node i

0;: Phase angle of voltage at node i

I;: Current magnitude injected into node i

Y;=G;+jB;: Admittance of series branch between node i and ;

Y;=G;+jB;;: Admittance of shunt branch at node i
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(1) Line model
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Lines used in power system include transmission line and distribution line. These lines have resistance

7, reactance x, and capacitance b as shown in Figure A2.1.

Figure A2.1 Line model.

The line is represented by its equivalent m network. In power flow calculation, active/reactive power

flowing through a line is modeled using above model.

(2) Power injected in nodes

Current flowing through a line between node #m and #n are shown in Figure A2.2. In Figure A2.2, I,

represents current from node #m to #n, and vice versa. b¢,, and b, represent shunt capacitance at node #m

and #n, respectively. 7, and x,,, show r and x of the line between node #m and #n, respectively. b, is a

capacitance of line between node #m and #n.

Node #m

Node #n

Figure A2.2 Current flowing through a line.

Using above line model, following equations can be obtained. Following equations must satisfy

Kirchhoft’s current and voltage laws.

. b . .
]m:j(me—i_ ;nij—l_lmn

(A2.1)
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B =
rmn +.]xmn
: b . V -V
[m:j bcm+ﬂ Vm+M
2 v, t X,

If the total node number is #k, the equation (A2.3) can be described as follows.

r % 1 -bmn . 7 % I/.vn
Im:Z(r —+ J+ch,n Vm—Z_;W

mn
m#n m#n

mn

n=1
b
1 (if node #m and #n are not connected)
—=0
rmn + ]xnln
k 1 b
+ . mn + ‘b m — n
| ;(—f’mﬁjxmn i j Jbe,  (m=n)
Ymn =\ m#n
1
——— (m=n)
rmn + .]xmn

Active and reactive power injections at node #m are calculated.

Hence, the equations for active and reactive power injections at node #i are obtained as follows.
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(A2.2)

(A2.3)

(A2.4)

(A2.5)

(A2.6)

(A2.7)
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F= VziV;{Gz/ COS(Q’ _01)_347 Sin(@' -0, )} (A2.8)
-1
o =Y, i v {Bi/‘ Cos(ei -0, )"' G, Sin(Hi -0, )} (A2.9)

i=1

Since line impedance is constant, the active and reactive power are represented as a function of voltage

at each node.

S=P+jo=sW) (A2.10)
B+ jo,

pejo=| +:JQ2 (A2.11)
P, +jO,

(3) Types of nodes
Each node introduces two equations. To obtain solutions for a set of these equations, it is necessary to
have the same number of equations as unknowns. Two variables associated with each node must be

specified. The conventional method of specifying node type is classified as follows:

(1) PQ node
At PQ node, active and reactive power injections are specified. The active and reactive power injecting
into a node is the power supplied to the grid from the generating sources minus the power consumed by

loads.

(i1) PV node

At PV node, active power injections and voltage magnitude are specified. The reactive power injecting
to a node is unknown that is calculated based on power flow analysis. This type of node is used to stand for
a node with generators (active and reactive power source). Generators at this node specified the magnitude

of output voltage.

(ii1) Slack node

At slack node, voltage magnitude and phase angle are specified. Generally, the angle is set to zero as an
infinite bus. Unlike the other two node types, this node type is indispensable for a mathematical
requirement. Slack node is needed to absorb any active and reactive power across the network. It is

impossible to specify the active and reactive power at all nodes in the network, because transmission losses
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on lines are unknown until the power flow calculation is completed. Normally, there can only be a slack

node in the network.
A2.3 Power flow solution
Though there are multiple methods to solve power flow calculations, this thesis employs

Newton-Raphson method that is suitable for solving nonlinear problems with efficiency. As an error

function, function g is defined.

(A2.12)

In equation (A2.12), V'* represents the real value of voltage and ¥ represents the estimation value of
voltage. The purpose of Newton-Raphson method is fitting ¥ and ¥*. If voltage vector V is incremented by

dV, g can become as follows.

gW, +av)=f(v")-r(v, +dv) (A2.13)

V=V,+dV (A2.14)

Taking Taylors series expansion about an operating point Vy of (A2.13) and considering only the first

derivatives, following equation can be obtained.

3 l ' l ' 2.

gW, +av)=gv,)+ 18 WV, v + 58 Vo Xav) + (A2.15)

~2(r,)+ g0V, )av ~0

The equation (A2.15) gives
g'(Vo )dV < —g(V,,) (A2.16)
'y}

av ~-g'v,) " gWv,) (A2.17)

==J(,)2(,)

In equation (A 2.17), J is called as Jacobian matrix. J represents voltage sensitivity against active and
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reactive power (AV/AP, AV/AQ) when the state of voltage in the power system is V. J can be calculated
using the voltage magnitude and phase angle at each node in a power system model.
In Newton-Raphson method, the estimation value of voltage Vp;p is updated to the improved value

using equation (A2.18) as shown in equation (A2.18) and Figure A2.3.

Veew =Vorp +dV (A2.18)

<

V,+dV v,

%’/—/
-dv

Real voltage I'*
Figure A2.3 Newton-Raphson method.

Newton-Raphson method continues to update ¥ until g becomes close to 0. When g is equal to 0, ¥ is

equal to V'*.

A2.4 SVR model in power flow calculation

In order to simulate the behavior of SVR in power flow calculation, it is necessary to implement SVR
into admittance matrix. As SVR is a transformer, the model is represented using resistance and reactance.
In this thesis, SVR is modeled as an ideal transformer without internal resistance and reactance. SVR is
modeled as shown in Figure A2.4. In Figure A2.4, node #i is a primary node and node #j is a secondary
node. The tap ratio of SVR (secondary/primary) is represented as n. Z is line impedance between the

secondary node of SVR and node #j. From transformer laws, following equations can be obtained.

fi+njj =0

L . (A2.19)
V,-Z-1,=nV,
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Figure A2.4 SVR in power flow calculation.

These equations can be transformed to

I =n(n—l)Y-Vi +nY(Vl —Vj)
i, =n¥(V,-V)+(-n)¥ -7, (A2.20)
Y=1/Z

From equation (A2.20), the model of SVR shown in Figure A2.4 can be transformed into © model as
shown in Figure A2.5.

i 1:n E i

i V. | I ‘1 ! i i I — 1 «— I
| l z=1y "V, | I — I
 —f— ! [> PV nY g
! I, SVR | !

| 5 - on(n-1)y (1-n)Y

Figure A2.5 Transform of SVR to @ model.

The operation of SVR in power flow calculation can be simulated my changing admittance matrix

whenever the tap position of SVR is changed.
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A2.5 Power flow calculation with time varying
To calculate the behavior of voltage with time varying, it is necessary to repeatedly execute the power
flow calculation at each time step. In this procedure, load is varied and SVR determines its operation based

on Vgyr. Simulation step is described as follows.

STEP 1: Reading parameters

In step 1, parameters of DS are read. These parameters include following data.

Impedance of line

Voltage magnitude and phase angle at slack node with time varying
Active/reactive power of load data at PQ node with time varying

Active power of load data and voltage magnitude at PV node with time varying
Parameters regarding to SVR

Simulation time 7

Sampling time of simulation dt

STEP 2: Calculating data for power flow calculation
In order to execute power flow calculation at time ¢, it is necessary to get admittance matrix and load at
t. Admittance matrix at time ¢ can be calculated using the tap position of SVR. Load data at time ¢ is also

calculated.

STEP 3: Execute Newton-Raphson method

From results using Newton-Raphson method, voltage profile at time ¢ can be obtained.

STEP 4: Determination of the operation of SVR
SVR counts up or down 7, and Ty, based on Vgyz. When T, or Ty, reaches T, SVR changes its
tap position. If the tap position is restricted by its limit (maximum or minimum tap position), SVR cannot

change its tap position.
STEP 5: Update of time ¢
Time ¢ is updated as sampling time d?, hence ¢ = ¢ + dt. If ¢ reaches simulation time 7, simulation is end,

otherwise, simulation step returns to step 2.

Above simulation procedure is shown in Figure A2.6.
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START =0
A
STEPI Reading of parameters
A
STEP2 Admittance matrix and load at time ¢ is calculated

\ 4

STEP3 Power flow calculation

t=t+dt

v

STEP4,5 Operation of SVR

NO
t =T
YES
END

Figure A2.6 Simulation procedure.
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A3 Actual scale distribution system model
Parameters of actual scale DS model used in chapter 2 is shown in Table A3.1.
Table A3.1 Parameters of actual scale DS model
Node # Node #
R[Q] X1Q] Lyax [A] R[Q] | AT[Q] Lar [A]

Upper | Lower Upper | Lower
1 2 0.006 0.014 0 59 60 0.04 0.103 0
2 3 0.012 0.0305 3 60 61 0.071 0.106 0
3 4 0.012 0.0305 0 60 62 0.038 0.099 0
4 5 0.006 0.015 0 62 63 0.0285 0.0725 1
5 6 0.046 0.118 0 63 64 0.0285 0.0725 0
6 8 0.004 0.011 0 64 65 0.006 0.008 0
6 7 0.001 0.004 0 64 72 0.009 0.023 1
6 43 0.006 0.015 0 72 73 0.009 0.023 0
8 9 0.016 0.042 0 65 68 0.0835 0.0925 17
9 10 0.004 0.011 0 68 69 0.0835 0.0925 0
9 11 0.046 0.083 0 65 66 0.073 0.0465 17
11 12 0.094 0.123 0 66 67 0.073 0.0465 0
12 13 0.016 0.025 0 69 70 0.273 0.137 6
13 14 0.11 0.143 0 70 71 0.273 0.137 0
14 15 0.0385 0.0635 1 73 74 0.0265 0.0685 5
15 16 0.0385 0.0635 0 74 75 0.0265 0.0685 0
16 17 0.012 0.0305 11 73 76 0.0065 0.0175 5
17 18 0.012 0.0305 0 76 77 0.0065 0.0175 0
18 19 0.0785 0.061 11 77 78 0.003 0.008 0
19 20 0.0785 0.061 0 78 81 0.012 0.0305 1
18 21 0.013 0.02 0 81 82 0.012 0.0305 0
21 26 0.058 0.106 3 78 106 0.004 0.011 0
26 27 0.058 0.106 0 78 79 0.008 0.0135 24
21 22 0.0485 0.0655 16 79 80 0.008 0.0135 0
22 23 0.0485 0.0655 0 82 83 0.02 0.053 0
27 28 0.028 0.037 0 82 85 0.014 0.027 0
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28
29
30
31
32
33
34
35
38
35
36
39
40
41
23
24
43
44
45
46
47
48
49
50
53
50
51
54
55
56
55
58

29
30
31
32
33
34
35
38
39
36
37
40
41
42
24
25
44
45
46
47
48
49
50
53
54
51
52
55
56
57
58
59

0.022
0.083
0.083
0.0295
0.0295
0.0675
0.0675
0.039
0.039
0.0095
0.0095
0.097
0.2655
0.2655
0.536
0.536
0.0415
0.0415
0.027
0.027
0.0345
0.0345
0.004
0.02
0.02
0.028
0.028
0.074
0.3355
0.3355
0.006
0.04

0.029
0.1085
0.1085

0.039

0.039

0.088

0.088

0.051

0.051
0.0045
0.0045

0.127
0.1315
0.1315

0.296

0.296

0.107

0.107
0.0685
0.0685
0.0895
0.0895

0.011
0.0515
0.0515
0.0365
0.0365

0.19
0.1655
0.1655
0.015
0.103

22

24

22
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15
41

14

82
82
85
86
87
88
87
90
87
92
87
94
87
96
97
99
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104
106
107
108
109
110
111
112
113
114
115

84
99
86
87
88
89
90
91
92
93
94
95
96
97
98
100
101
102
103
104
105
107
108
109
110
111
112
113
114
115
116

0.017
0.007
0.047
0.047
0.043
0.043
0.072
0.072
0.032
0.032
0.0545
0.0545
0.1345
0.1345
0.022
0.0825
0.0825
0.0445
0.0445
0.055
0.055
0.0455
0.0455
0.0365
0.0365
0.0515
0.0515
0.1015
0.1015
0.0425
0.0425

0.024
0.012
0.0615
0.0615
0.039
0.039
0.0575
0.0575
0.042
0.042
0.0705
0.0705
0.175
0.175
0.04
0.1065
0.1065
0.056
0.056
0.0715
0.0715
0.059
0.059
0.0465
0.0465
0.0675
0.0675
0.1335
0.1335
0.055
0.055
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A4 Principle component analysis

Principal Components Analysis (PCA) is a useful statistical technique that has found application in
fields such as face reconfiguration and image compression. It is a way of identifying patterns in data, and

expressing the data in such a way to highlight their similarities and differences.

A4.1 Basic idea of PCA
PCA is one method to reduce the number of features that represent data. Figure A4.1 shows a data set

of x; and x;, and projection of the 2 dimension data set.

Dispersion : small

Variance is small

Variance is large

Vi

V2

Figure A4.1 projections of 2 dimension data set.

In Figure A4.1, a data set of x; and x; is projected to following axis.

Vi =EwpX +wpXx, (A4.1)
Vo =Wy X + WX, (A4.2)

From Figure A4.1, dispersion of y; is larger than dispersion of y,. PCA is a technique to find the axis
that maximizes dispersion of data set. In PCA, the axis that maximizes dispersion of data set is called as
first principal component, and the axis which maximizes dispersion of data set orthogonal to first principal

component is called second principal component.
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Assume a data set of 2 dimensions is

T .
=w X, (i=12,---,n)
An average of y is
1 n
y==—2V
n g
1 n
= _Z(Wlxil + sziz)
nig
=W X, + W, X,
= wa

Covariance of y; ~ y, is

2

Si Z%iznl:(yf _;)
. . o 2
B %;{WI (xil _x1)+ W) (xﬂ X )}

i=1

1 2 1< — - 13
=w ;Z(xl.l —xl) +2ww, ;Z(xil — X N2 —x2)+w2 ;Z(Xﬂ
il =

2 2
=W S +2ww,s), + Wy,

T
=w Sw

In equation (A4.7), § is covariance matrix that is defined as

1127

(A4.3)

(A4.4)

(A4.5)

(A4.6)

_ Z)z (A4.7)
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S = (S“ S”j (A4.8)

where

1 n ( . _) -
S i =;z X, =% e —x ), k12 (A4.9)

In order to calculate w=(w;,w»)" that maximize covariance of data set, it is necessary to maximize sy2 =
w’Sw under the condition that w'w = 1. This problem can be solved using Lagrange multiplier. Assume

that Lagrange multiplier is 4, Lagrange function can be calculated as follows.
L(w,/1)=wTSw+/1(l—wTw) (A4.10)
From Lagrange function, following equation is obtained
Sw = Aw (A4.11)

A solution of this equation is an eigenvector w;=(w;;,w; Z)T corresponding to 4, that is the maximum

eigenvalue of §. Hence, first principal component is

Vi = WX +wpx,

r (A4.12)
=w,Xx
Similarly, second principal component can be obtained as
Vo = Wy X + Wy X
2 214 272 A4.13)

_ T
=w,Xx

where the eigenvector w,=(w»;,w»,)" corresponding to A, is the second largest eigenvalue of S.



Appendices | 129

AS 66kV transmission system model provided by IEEJ

A detail 66kV transmission system model provided by IEEJ is shown in Figure A5.1.
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Figure A5.1 66kV transmission system model.

In Figure AS.1, symbols of voltage generator represent 154kV substations. Circles connected to

transmission line show consumers or distribution systems.
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