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1. Background of Soft Component 

The Project aims to procure and install grid-connected photovoltaic system (1.0MWp) and microgrid 
system to stabilize the power grid in Vaini Project Site and on the premises of the existing Popua 
Power Station. 
Because of the geological condition as an archipelago country, import of petroleum-based fuel 
accounts for 25% of total imports, equivalent to 10% of GDP. Moreover, Tonga relies on diesel power 
generation using imported fuel for 98% or more of electricity supply. In such situations, the country is 
susceptible to fluctuations in the global crude oil prices and thus fairly vulnerable from the energy 
security perspective. The soaring of the global crude oil prices in 2008 obliged the Tongan authority to 
raise electricity charges to TOP 1.00/kWh (approx. USD 0.5/kWh), causing serious impact on 
economic activities and the peoples’ lives in the country. Having learnt from this experience, the 
Cabinet of Tonga dissolved in 2009 a policy goal of “increasing the proportion of renewable energy to 
50% of the entire electricity supply by 2012” to deal with two crucial issues: greenhouse gas emissions 
reductions and improvement in energy security. The government also formulated a Tonga Energy Road 
Map 2010-20 (hereinafter called the “TERM”) as an implementation policy to achieve the policy goal. 
Despite these efforts, Tonga still needs to adopt renewable energy systems further to achieve the target 
of “50% of electricity from renewable sources by 2012”. But it is difficult to stably supply electricity 
and secure the quality of electricity if the proportion of wind and photovoltaic power generation is 
substantially increased since the output level of these renewables are fairly fluctuating. In these 
circumstances, it is necessary to adopt renewable energy sources further and at the same time stably 
supply electricity and minimize the fluctuation in frequencies of the grid system by utilizing microgrid 
systems1. The Project aims to contribute to the achievement of the objectives of the TERM as well as 
to stabilize the power grid in Tongatapu. 
Thanks to the support from various countries, Solar Home System (SHS) was introduced in Outer 
Island and with the support of New Zealand (NZAID), the Government of Tonga built a 
grid-connected photovoltaic system of output of 1.3MW and started in July this year the operation in 
Tongatapu Island. However, TPL did not obtain knowledge on operation and maintenance of PV 
system since a private company from New Zealand, on consignment from the Government of Tonga, 
controls grid-connected PV system for 5 years from the commencement of operation. TPL supplies 
energy to the grid of Tongatap Island, Eua Island, Ha’apai Island and Vavau Island with diesel engine 
generator. Micro-grid system to be introduced under the Project is new to TPL while TPL is used to 
operate and maintain diesel engine generators and grids. The aim of Soft component is to support TPL 
so that power generation department of the TPL can smoothly start to operate, maintain and manage 
the grid-connected PV system, electrical energy storage systems and charge/discharge control systems 
and to sustainably operate, maintain and manage the equipment procured under the Project. Soft 
Component also includes necessary technical transfer of grid control or accident control after the 
introduction of microgrid system. 

                                                      
1 A system in a grid with conventional power supply and grid-connected renewable energy for stabilizing the grid by 

compensating fluctuations of renewable energy with power storage devices. 
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2. Objectives of Soft Component 

Objectives of Soft Component are listed below. The effectiveness of the Grant Aid Project shall be 
sustained by the achievement of the objectives. 

(1) TPL is able to start the operation and maintenance of the grid-connected PV system, power 
storage device and charge/discharge control system smoothly after the completion of the 
Project. 

(2) Operation and maintenance for grid-connected PV system, power storage device and 
charge/discharge control system is continuously implemented. 

(3) The distribution grid where PV system, power storage device and charge/discharge control 
system are connected is operated in a stable condition. 

 
3. Outcome of Soft Component 

Outcome of Soft Component shall be the achievement listed below. 

Table 3-1  Outcome of Soft Component 

Target Expected outcome Trainee 

1． TPL is able to start the 

operation and 

maintenance of the 

grid-connected PV 

system, power storage 

device and 

charge/discharge control 

system smoothly after the 

completion of the Project. 

1-1 An organization for the operation and maintenance of 

grid-connected PV system, power storage device and 

charge/discharge control system is established within 

TPL. 

1-2 Outline and characteristics of grid-connected PV 

system, power storage device and charge/discharge 

control system are understood by TPL’s staffs. 

1-3 Situation of a grid and responses of power storage 

device, charge/discharge control system and diesel 

generators are understood by TPL staffs in case PV 

output fluctuates in the grid in which those devices are 

connected. 

TPL Power 

Generation Dept. 

2． Operation and 

maintenance for 

grid-connected PV 

system, power storage 

device and 

charge/discharge control 

system is continuously 

implemented. 

2-1 Operation and maintenance manual and 

troubleshooting manual for grid-connected PV system, 

power storage device and charge/discharge control 

system are completed. 

2-2 Operation manual and troubleshooting manual for 

existing diesel generators when PV system, power 

storage device and charge/discharge control system 

are connected to the grid are completed. 

TPL Power 

Generation Dept. 

3． The distribution grid 

where PV system, power 

3-1 Basics of power system operation (maintaining power 

demand and supply balance, system frequency control, 

TPL Power 

Generation Dept. 
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Target Expected outcome Trainee 

storage device and 

charge/discharge control 

system are connected is 

operated in a stable 

condition. 

system voltage control) are under stood by TPL’s staffs. 

3-2 Basic theories of power system analysis (power flow 

analysis and stability analysis) are understood by TPL’s 

staffs. 

3-3 Troubleshooting methods for distribution system in 

which PV system, power storage device and 

charge/discharge control system are connected are 

established. 

and Distribution 

Network Dept. 

 
4. Measures for Improvement 

The outcome of the Soft Component shall be measured by the manuals edited through the Soft 
Component and the reports written by the trainee. The measures shall be done according to the 
measures listed in the table below. The manual shall be examined from the view point of the coverage 
of the contents such as organization and roles for O&M, daily maintenance, periodic check, 
troubleshooting and etc, and of the accuracy of the technical matters. In addition, some advice and 
support shall be given according to the needs. The report shall be evaluated by the contents acquired in 
the class by the trainee so as to evaluate the understandings of the lesson. Makeup class shall be done 
according to their understandings. 

Table 4-1  Outcome and Measures of Soft Component 

Trainee Expected outcome Measures 

TPL Power 

Generation Dept. 

1-1 An organization for the operation and maintenance of 

grid-connected PV system, power storage device and 

charge/discharge control system is established within TPL. 

1-2 Outline and characteristics of grid-connected PV system, power 

storage device and charge/discharge control system are 

understood by TPL’s staffs. 

1-3 Situation of a grid and responses of power storage device, 

charge/discharge control system and diesel generators are 

understood by TPL staffs in case PV output fluctuates in the grid 

in which those devices are connected. 

2-1 Operation and maintenance manual and troubleshooting manual 

for grid-connected PV system, power storage device and 

charge/discharge control system are completed. 

2-2 Operation manual and troubleshooting manual for existing diesel 

generators when PV system, power storage device and 

charge/discharge control system are connected to the grid are 

completed. 

 Organization 

Chart and 

Internal 

Regulations 

 Report 

 

 Report 

 

 

 

 Manual 

 

 

 Manual 
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Trainee Expected outcome Measures 

TPL Power 

Generation Dept. 

and Distribution 

Network Dept. 

3-1 Basics of power system operation (maintaining power demand 

and supply balance, system frequency control, system voltage 

control) are under stood by TPL’s staffs. 

3-2 Basic theories of power system analysis (power flow analysis 

and stability analysis) are understood by TPL’s staffs. 

3-3 Troubleshooting methods for distribution system in which PV 

system, power storage device and charge/discharge control 

system are connected are established. 

 Report 

 

 Report 

 Manual 

 

5. Activities of Soft Component（Input Plan） 

5-1 Contents and Activities of Soft Component 

Activities of Soft Component, as listed in table 5-1, cover from PV system, power storage devices, 
basics of power system to preparation of O&M manual and troubleshooting. Technical transfer shall 
be done through class room training, group discussion (preparation of O&M manual by trainee) and 
practical training. PV module, power storage devices, charge/discharge control system, measurement 
equipment and tools, which are to be installed to TPL shall be utilized in the practical training. The 
trainee includes staffs from TERM-IU (Tonga Energy Road Map Implementing Unit) depending on 
their needs. 
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Table 5-1  Activities and Technology Transfer Method of Soft Component 
Target Expected outcome Activities Methods Trainee 

1． TPL is able to start the 
operation and 
maintenance of the 
grid-connected PV 
system, power storage 
device and 
charge/discharge control 
system smoothly after the 
completion of the Project. 

1-1 An organization for the operation 
and maintenance of grid-connected 
PV system, power storage device 
and charge/discharge control 
system is established within TPL. 

 Establishment of the O&M organization 
and assignment of persons in charge 

 Preparation of job descriptions for O&M 
staffs 

 Preparation of a draft maintenance 
contract with a manufacturer 

 Class room training and 
group discussion 

 Class room training and 
group discussion 

 Class room training and 
group discussion 

TPL Power 
Generation Dept. 

1-2 Outline and characteristics of 
grid-connected PV system, power 
storage device and 
charge/discharge control system are 
understood by TPL’s staffs. 

 Lecture on the basic theory and 
knowledge of grid-connected PV system, 
power storage device and 
charge/discharge control system 

 Lecture on the economic life and 
replacement criteria of power storage 
device 

 Lecture on the characteristics and 
protective function of grid-connected PV 
system, power storage device and 
charge/discharge control system 

 Classroom training 
 
 
 
 Classroom training 

 
 

 Classroom training 

TPL Power 
Generation Dept. 

1-3 Situation of a grid and responses of 
power storage device, 
charge/discharge control system 
and diesel generators are 
understood by TPL staffs in case PV 
output fluctuates in the grid in which 
those devices are connected. 

 Lecture on power system stability and 
response of devices based on power 
system analysis. 

 Classroom training TPL Power 
Generation Dept. 

2． Operation and 
maintenance for 
grid-connected PV 
system, power storage 
device and 

2-1 Operation and maintenance manual 
and troubleshooting manual for 
grid-connected PV system, power 
storage device and 
charge/discharge control system are 

 Preparation of O&M manual and 
troubleshooting manual 

 Class room training and 
preparation 

 Virtual operation and 
troubleshooting based on 
manuals 

TPL Power 
Generation Dept. A
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Target Expected outcome Activities Methods Trainee 

charge/discharge control 
system is continuously 
implemented. 

completed. 
2-2 Operation manual and 

troubleshooting manual for existing 
diesel generators when PV system, 
power storage device and 
charge/discharge control system are 
connected to the grid are 
completed. 

 Preparation of operation manual for 
existing diesel generators including 
allowable range of partial output rate, 
number of units in service, criteria for 
start-up/shut-down of units in case of load 
increase/decrease, etc. 

 Preparation of troubleshooting manual 

 Class room training and 
preparation 

 Virtual operation and 
troubleshooting based on 
manuals 

TPL Power 
Generation Dept. 

3． The distribution grid 
where PV system, power 
storage device and 
charge/discharge control 
system are connected is 
operated in a stable 
condition. 

3-1 Basics of power system operation 
(maintaining power demand and 
supply balance, system frequency 
control, system voltage control) are 
under stood by TPL’s staffs. 

 Lecture on basic theories of power system 
operation 

 Items to be analyzed in case further 
intermittent renewable generation (ex. 
wind power) is connected to the grid. 

 Classroom training 
 

TPL Power 
Generation Dept. 
and Distribution 
Network Dept. 

3-2 Basic theories of power system 
analysis (power flow analysis and 
stability analysis) are understood by 
TPL’s staffs. 

 Lecture on basic theories of power system 
analysis. 

 Classroom training TPL Power 
Generation Dept. 
and Distribution 
Network Dept. 

3-3 Troubleshooting methods for 
distribution system in which PV 
system, power storage device and 
charge/discharge control system are 
connected are established. 

 Preparation of O&M and troubleshooting 
manuals. 

  Virtual operation and 
troubleshooting based on 
manuals 

TPL Power 
Generation Dept. 
and Distribution 
Network Dept. 
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5-2 Input Plan 

(1) Procurement of necessary resources for Soft Component (Japanese side) 

The trainee shall be able to operate and maintain PV system, power storage device and 
charge/discharge control system with proper understandings after this Soft Component through 
activities listed in table 5-1. In addition to the technical transfer of the O&M method for the equipment 
introduced by the Project, technical transfer of the O&M method of distribution line connected with 
existing diesel engine shall also be implemented. The consultant shall dispatch 4 trainers of trainer 
1(PV system), trainer 2 (power storage device), trainer 3 (diesel generator), and trainer 4 (grid control) 
as listed in table 5-2. 

Table 5-2  Plan for dispatching trainers for Soft Component 

Name Grade Period Times Contents 

1. Establishment of the O&M organization 

 trainer 1(PV system) 3 0.50Month 1  
Establishment of the O&M organization 
Lecture on the basic theory of PV system 

 trainer 2 (power storage device) 3 0.50Month 1 
Establishment of the O&M organization 
Lecture on the basic theory of power storage 
system 

2. Technical transfer     

 trainer 1(PV system) 3 1.00Month 1 Technical transfer on PV system 

 trainer 2 (power storage device) 3 1.00Month 1 Technical transfer on power storage device 

 trainer 3 (diesel generator) 3 0.50Month 1 
Preparation of O&M manual for diesel engine 
generator 

 trainer 4 (grid control) 3 0.50Month 1 Technical transfer on grid control 

 

(2) Procurement of necessary resources for Soft Component (Tongan side) 

In order to implement the Soft Component effectively and efficiently, trainee shall be chosen, O&M 
organization shall be established and main body shall be constructed by Tongan side. The detail shall 
be shown in the figure below. 
 

 

 

 

 

 

 

 

 

 

 

Figure 5-1 Organization chart for the implementation of Soft Component 

Distribution Network Manager 

Lines Supervisor 

Linesman 

Chief Executive 

Power Generation Manager 

Station Superintendent 

Electrical Technician 

TPL   

Consultant 
(Technical transfer) 

Trainee 

Supervisor 
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6. Procurement Plan for the Resources of Soft Component 

Trainers dispatched to Tonga shall be Japanese technician because the trainers must be familiar with 
Japanese PV system, since the main equipment procured by the Project such as grid-connected PV 
system, power storage device and charge/discharge control system are the products of Japan. The 
trainees are not used to grid-connected PV system of Japan since grid-connected PV system 
introduced in July 2012 in the Kingdom of Tonga is the products of the US or European country. In 
addition to the country of the trainer, the experience of the trainee shall be taken into account since the 
trainees does not have much experience of grid-connected PV system. 

 
7. Implementation Schedule of Soft Component 

The implementation schedule is shown in table 7-1. 

Trainers dispatched from Japan implement Soft Component according to the categories listed in the 
table. The implementation time of each category is as follows: 

Establishment of O&M:  Establishment of O&M shall be done prior to the installation of 
equipment in order to nourish senses of ownership of the 
trainees by clarifying the role of each trainee. 

Technical transfer on O&M:  Technical transfer of installation, check, and operation shall be 
implemented by utilizing the equipment installed by the Project. 
The transfer shall be finished before completion of installation 
work. 

Table 7-1  Implementation Schedule of Soft Component 

   

 
  

Months

Equipment Installation Work

Trial operation and adjustment

Initial operational guidance (by the Contractor)

Commissioning and handover

Establishment of O&M
organization, Lecture on basic
theories, etc.

Technical transfer on O&M,
preparation of manuals, etc.

O&M manuals

Progress report

Final report

13 14

Soft Component
(Technical transfer
by the Consultant)

Deliverables

7 8 9 10 11 121 2 3 4 5 6
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8. Deliverables 

Deliverables of this Soft Component are shown in the table 7-1 such as O&M manuals (including 
trouble shooting), Progress report, Final report and Teaching aid utilized in Soft Component. 

 
9. Obligation of Implementing Agency 

(1) TPL shall establish the O&M committee for this Soft Component. 

(2) TPL shall prepare rooms such as class rooms, conference rooms and etc. in case the rooms 
are needed for this Soft Component. 

(3) TPL shall send some people appropriate as trainee. 

(4) TPL shall prepare O&M manual by themselves through discussion with Consultant. TPL 
shall revise and update the O&M manual after the commencement of operation. 

(5) TPL shall operate and maintain grid-connected PV system, power storage device and 
charge/discharge control system according to the O&M manual. When a staff in charge is 
transferred to other division, the staff shall implement technical transfer to the successor 
by utilizing deliverables of Soft Component. 

 



 

A-7 Power Flow Analysis of the Grid   
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Analysis for evaluation of voltage and frequency in Tongatapu Island 

 

Contents  

1. Formulation of Model 

2. Evaluation of fluctuation of voltage 

3. Evaluation of fluctuation of frequency (The evaluation shall be conducted with four steps in the 

table below.) 

 Step Analysis condition 
1. The permissible value of the fluctuation shall be 

determined, as the first step, in accordance with the 
short-period compensation method for power 
fluctuation of PV output. Requisite capacity shall be 
evaluated assuming four kinds of PV output. 

Assumed fluctuation of PV output 
 50% decrease of installed PV 

capacity in 10sec 
In ramp function 

 50% decrease of installed PV 
capacity in 5sec 
In ramp function 

 80% decrease of installed PV 
capacity in 10sec 
In ramp function 

 80% decrease of installed PV 
capacity in 5sec 
In ramp function  

2. Simulation shall be conducted based on the limitation 
of change rate of the governor to be installed and 
requisite capacity shall be evaluated, as the second 
step, so as to formulate a model with as similar value 
to the actual value of load following capability of 
diesel generators as possible.  

Assumed limit of change rate of the 
governor 
 5%/1sec 

Assumed fluctuation of PV output 
 50% decrease of installed PV 

capacity in 10sec 
In ramp function 

 50% decrease of installed PV 
capacity in 5sec 
In ramp function 

 50% decrease of installed PV 
capacity in 10msec 
In step function 

3. Requisite capacity shall be evaluated, as the third step, 
so as to evaluate validity of the capacity of the power 
storage system, in addition to the short-period output 
capacity and the load following capability of control 
system, assuming four kinds of variable time constant 
characteristics. 
 

Assumed characteristics of power 
storage system 
 60sec continuance of requisite 

output 
 40sec continuance of requisite 

output 
 20sec continuance of requisite 

output 
 10sec continuance of requisite 

output 
4. Load following capability and capacity of power 

storage system of the Project shall be evaluated, as the 
forth step, assuming middle-speed generator to be 
installed by TPL in 2013 and configuring the limit of 
governor change rate of the generator. 

Assumed limit of governor change 
rate 
 Increasing 1.8%/1sec 
 Decreasing 3.6%/1sec 

Assumed fluctuation of PV output 
 50% decrease of installed PV 

capacity in 10sec 
In ramp function 

 50% decrease of installed PV 
capacity in 5sec 
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In ramp function 
 50% decrease of installed PV 

capacity in 10msec 
In step function 

 

１．Formulation of Model 

 Conditions for modeling are as follows. 

Table 1.1-1 Conditions for Modeling Part 1 

Item Methodology Remarks Back Data 

Distribution 
system 

Network 
・Single Line Diagram of 

TPL 
・*1 file as a  

supplementaryinformati
on 

Base Capacity of the system：

10MVA 
Branch and pole mounted 

transformers are simulated 
 to be located at same 
 intervals 

・Single_Line_Symbols.xlsx 
・All Data_TPL_2011.xlsx*1 

Capacity of Capacitor  
－ 

 

All Data_TPL_2011.xlsx 

Conductors Calculated based on 
 conductor specifications 
 and arrangement of poles 

・

OverheadAluminiumConductors.pdf 
・All Data_TPL_2011.xlsx 
・Fujikura Ltd. 
 Electric wire Handbook 
 

Arrangement of poles 
・2012/09/06 data obtained 

in the first field survey 

20120905162856849.tif 

Generation 
facilities 

Network 
・simulated to be a bus 
・Transformers for 

 interconnection 

Impedance of interconnection 
 transformers ％Ｚ：4.5% 
(Simulated to be of capacity 
 as same as storage system) 

・Data of the first field survey 
・ Single line diagram of Popua 
Power Station 
・Text book “Introduction of Power 

System Analysisa 
(Typical values for %Z) 
 

PV system of 
the Project 

Network 
・1000kW 
・Incoming feeder100m 

COCKROACH 
(250mm) 

Capacity of transformer ：

1250kVA 
Impedance of interconnection 
transformers ％Ｚ：4.5% 

・Data of the first field survey 
・Single line diagram of Popua 
 Power Station 
・Text book “Introduction of Power 
 System AnalysisP 
(Typical values for %Z) 

Demand 
conditions 

Weekend in Winter (July) 
[Off peak] 
 
In Summer (January) 
[Peak] 

At 14:00, Sun, 15, July 
※Profile at off peak 

load among July 
At 14:15, Wed, 18, January 
 

Generator_Feederdata.xls 
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Table 1.1-2 Conditions for Modeling Part 2 

Item Methodology Remarks Back Data 

Power 
Generator 

○Power GeneratorModeling 
・Constants: obtained 
・Saturation: obtained 
・Inertia Constants: obtained 

・Inertia Constant of  
7sec is obtained from Back 

Data 
・Applied the model 

 included in the application 
taansforme 

 

・Tongatapu Power  
Station Protection 

Coordination Review 

○Mak for base load 
・Constants: obtained 
・Saturation: not 

obtained 
・Inertia Constants: not 

Obtained 
 

－ 

ＡＶＲ Control Block is assumed 
 based on 
Grid-interconnection 
 Code 
 

－ 

・Grid-interconnection 
 Code 

・SETTING DATA 

ＧＯＶ ○ＯＶT 
・Constant rotational 

 frequency control 
PI Control 
・Engine: Primary Delay 

・PI Control 
・Engine: Primary Delay 
Primary Delay T is set to 0.6sec 
based on Grid-interconnection 
Code 
※Governor coordinates a gain 

with PI control so that the 
output depending on a 
frequency change appears 
than an actual survey wave 
pattern 

 

・proddocspdf_2_445 
 DSLC.pdf 

・SETTING DATA 
・Grid-interconnection 
 Code 

○Mak ※No information 
 

－ 

Storage Battery Controlled individually  
・Controlof Storage Battery： 
 Reset circuit 
・Response of converter： 
 Takes 100msec for 
generating power to be 90 % 
of ordered value 

 

・reduce generating 
 power by Reset circuit 

・Charging capacity is 
Not considered. 

・Data from Fuji Electric 
・Battery 

juxtaposition wind-generated electricity 
introduction possibility investigation 
February,2000 NEDO 

ＰＶ ＰＣＳ Simulated in ramp-shape 
（constant power 
  characteristic) 
 

－ － 

 

  



A-7 

A-7-4 

２．Evaluation of fluctuation of voltage 

２．１ Outline of Results 

We carried out static stability analysis（power flow calculation），and evaluated fluctuation of 

voltage. Analysis conditions and evaluation methods are as follows. 

① Parameter 

・Demand of Analysis：2patterns 

 /Profile at off peak[14:00, 15, Jul, 2012]， 

Profile at peak[14:15, 18, Jan, 2012] 

・Location of newly placed PV system：2 locations 

  2 types of grids are formulated by switching 2 opening points 

 /Vaini Feeder，NUK1 Feeder 

・PV outputs：2 patterns 

 /with the PV System of the Project，Peak Output   

② Modeling 

Outline of the modeling is as follows 

○Distribution system 

・Distribution system model below includes the power generator BUS. 

・The sending voltage is set to be rated value of 11kV 

・Sending power flow values of all feeders are adjusted for each demand 

・Load is distributed proportionally according to the ratio of the capacity of 

each pole mounted transformer.  

・Modeling does not include pole mounted transformer. 

③ Methodology for evaluation 

 ・Evaluation is conducted with conditions whether the fluctuation of voltage is 

  maintained within the management range, 230range,  

 

２．２ List of conditions of analysis for fluctuation of voltage 

8 conditions for analysis consisting of 2.1 are as follows. 

Table 2.1 List of conditions of analysis for fluctuation of voltage 

Cases Section 
Feeder the PV system of the Project 

is connected 
PV output 

V1-Vaini-OP At off peak 
load 

Vaini Without PV 

V2-Vaini-OP-PV Peak Output 

V3-NUK1-OP NUK1 Without PV 

V4-NUK1-OP-PV Peak Output 

V5-Vaini-P At peak load Vaini Without PV 

V6-Vaini-P-PV Peak Output 

V7-NUK1-P NUK1 Without PV 

V8-NUK1-P-PV Peak Output 
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２．３ Evaluation of Analysis Results 

 

○Profile at off peak load 

Analysis results of profiles at off peakload of voltage and active power flow on main observation 

points are summarized in figure 2.1. Power flow diagrams in profile at off peakload in each cases are 

shown on figure 2.2 - 2.5. 

 

Case 1 (Connected to Vaini feeder)： 

Fluctuation of voltage for PV peak output takes maximum value of 2.71 [V] in the vicinity of PV 

site. Fluctuation of voltages in main observation points falls in the voltage evaluation standard range, 

230±10[V]. 

 

Case 2 (Connected to NUK1 feeder)： 

Fluctuation of voltage for PV peak output takes maximum value of 3.34 [V] in the vicinity of PV 

site, as in the case of Vaini. Fluctuation of voltages in main observation points falls in the voltage 

evaluation standard range. 

 

○Profile at peak load 

 Analysis results of profiles at peak load of voltage and active power flow on main observation 

points are summarized in figure 2.6. Power flow diagrams in profile at peak load in each cases are 

displayed on figure 2.7 - 2.10.  

 

Case 1 (Connected to Vaini feeder)： 

Fluctuation of voltage near the PV site was figured out at 2.74[V]. Fluctuation of voltages in main 

observation points falls in the voltage evaluation standard range. 

 

Case 2 (Connected to NUK1 feeder)： 

Fluctuation of voltage near the PV site was figured out at 3.43 [V]. Fluctuation of voltages in main 

observation points falls in the voltage evaluation standard range. 

 

※Notes：It is recommendable to confirm following points by checking the real system, in order to 

verify the validity of this analysis result. 

It shall be conducted to measure the end-voltage voltage distribution lines BUS voltage and 

east-west lines of the current state of Tongatapu Island power plant, to confirm the validity of the 

resulting voltage decline trend power flow analysis. 

Voltage value at the end of the distribution system in the case of sending voltage of 11[kV], for 

profile at off peak load, without newly placed PV system.（figure 2.2） 

10.83 [kV] at eastern end [T0170] (figure 2.2 blue circle) 

10.82 [kV] at western end [T0410](figure 2.2 red circle) 
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Figure 2.1 Summary of analysis results (for profile at off peak load) 
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Figure 2.2 Power flow diagram for V1-Vaini-OP (profile at off peak load, connected to Vaini feeder, without PV)  

Eastern end 
10.83 [kV] 
 

Western end 
10.82 [kV] 
 Sending voltage 

11.0[kV] 
 

PV Site Connected to Vaini Feeder, without PV 

[Profile]                14:00, 15, Jul, 2012 

[Load]                              3521 [kW] 
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Figure 2.3 Power flow diagram for V2-Vaini-OP-PV (profile at off peak load, connected to Vaini feeder, Peak Output)  

Reverse power 

flow occurs 

PV Site Connected to Vaini Feeder, Peak Output 

[Profile]                14:00, 15, Jul, 2012 

[Load]                              3521 [kW] 



 

 

A
-7-9 

 

Figure 2.4 Power flow diagram for V3-NUK1-OP (profile at off peak load, connected to NUK1 feeder, without PV)  

PV Site Connected to NUK1 Feeder, without PV 

[Profile]                14:00, 15, Jul, 2012 

[Load]                              3521 [kW] 
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Figure 2.5 Power flow diagram for V4-NUK1-OP-PV (profile at off peak load, connected to NUK1 feeder, Peak Output)  

Reverse power 

flow occurs 

PV Site Connected to NUK1 Feeder, Peak Output 

[Profile]                14:00, 15, Jul, 2012 

[Load]                              3521 [kW] 
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Figure 2.6 Summary of analysis results (for profile at peak load) 
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Figure 2.7 Power flow diagram for V5-Vaini-P (profile at peak load, connected to Vaini feeder, Without PV)  

PV Site Connected to Vaini Feeder, Without PV 

[Profile]                14:15, 18, Jan, 2012 

[Load]                              6983 [kW] 
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Figure 2.8 Powerflow diagram for V6-Vaini-P-PV (profile at peak load,connected to Vaini feeder, Peak Output)  

Reverse power 

flow occurs 

PV Site Connected to Vaini Feeder, Peak Output 

[Profile]                14:15, 18, Jan, 2012 

[Load]                              6983 [kW] 
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Figure 2.9 Powerflow diagram for V7-NUK1-P (profile at peak load, connected to NUK1 feeder, Without PV)  

PV Site Connected to NUK1 Feeder, Without PV 

[Profile]                14:15, 18, Jan, 2012 

[Load]                              6983 [kW] 
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 Figure 2.10 Power flow diagram for V8-NUK1-P (profile at peak load, connected to NUK1 feeder, Peak Output) 

Reverse power 

flow occurs 

PV Site Connected to NUK1 Feeder, Peak Output 

[Profile]                14:15, 18, Jan, 2012 

[Load]                              6983 [kW] 
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３．Evaluation of fluctuation of frequency 

 

３．１ Fluctuation of PV output 

(1) Outline of Analysis 

The fluctuation of frequency, when PV output decreases suddenly, is evaluated by conducting 

transient analysis. Influence of the converter capacity of storage battery is also evaluated. Analysis 

conditions and evaluation methods are described in ①～③. 

 

① Parameter 

・PV Output（decrease suddenly） 

 /Amount of Change：50%（Newly Placed PV＋ Existing PV＝1150kW），80%（1840kW） 

 /varying time：5 sec，10 sec 

・Converter Capacity of Storage Battery 

 /250kW for each site(total sum, 500kW)，500kW(1000kW)，750kW(1500kW) 

② Models 

Each model and points to consider to formulate models are listed below. 

○Distribution System 

・The static stability analysis model described in Chap. ２.is used as the base profile, since the 

amount of fluctuation of frequency is largely detected in the static stability analysis. 

・Three power generators CAT G2, G3, G6 as the load following generators are connected in 

parallel, as in the case of base profile as is the real situation. 

○Power Generator Model 

・Initial output：407[kW]（unified value among G2, G3, G6，either in Vaini case and NUK1 case） 

○AVR Model 

○GOV Model 

○Power Storage System 

○PV Model 

・PV output changes as ramp function (amount of change for newly placed PV is different from 

that of existing PV, since, the same change rates [%/sec] are adopted regardless of the capacity.) 

③ Evaluation Method 

・The capacity of storage battery that falls in the management range (frequency +0.2Hz～－

0.1Hz) shall be confirmed.  
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(2)  Analysis Cases 

 Following 16 analysis cases were conducted  according to the condition (1). The case that PV 

output suddenly decrease by 50%/10sec, is adopted as base case. 

（Maximum magnitude of PV output decrease, 558kW/10s(120902.xlsx)⇒43%/10s, are figured out 

from measured data excel file：120829.xlsx，120830.xlsx，120831.xlsx，120901.xlsx，120902.xlsx） 

Table 3.1 Evaluation of fluctuation of frequency : analysis cases 

Cases 
Cases 

(Power Flow 
Profile) 

PV Output 
(Newly Placed + Existing) 

Capacity 
of 

Storage 
battery 

Remarks 

F1-V2-Vaini-OP-PV-50P10S-D500 V2-Vaini-OP-PV 50%/10sec ⇒ 1.15MW 
down 

500kW Base 

F2-V2-Vaini-OP-PV-50P5S-D500 50%/5sec⇒1.15MW down  

F3-V2-Vaini-OP-PV-50P10S-D250 50%/10sec ⇒ 1.15MW 
down 

250kW  

F4-V2-Vaini-OP-PV-50P10S-D750 50%/10sec ⇒ 1.15MW 
down 

750kW  

F5-V2-Vaini-OP-PV-80P10S-D500 80%/10sec ⇒ 1.84MW 
down 

500kW Reference 

F6-V2-Vaini-OP-PV-80P5S-D500 80%/5sec⇒1.84MW down 

F7-V2-Vaini-OP-PV-80P10S-D250 80%/10sec ⇒ 1.84MW 
down 

250kW 

F8-V2-Vaini-OP-PV-80P10S-D750 80%/10sec ⇒ 1.84MW 
down 

750kW 

F9-V4-NUK1-OP-PV-50P10S-D500 V4-NUK1-OP-PV 50%/10sec ⇒ 1.15MW 
down 

500kW Base 

F10-V4-NUK1-OP-PV-50P5S-D500 50%/5sec⇒1.15MW down  

F11-V4-NUK1-OP-PV-50P10S-D250 50%/10sec ⇒ 1.15MW 
down 

250kW  

F12-V4-NUk1-OP-PV-50P10S-D750 50%/10sec ⇒ 1.15MW 
down 

750kW  

F13-V4-NUK1-OP-PV-80P10S-D500 80%/10sec ⇒ 1.84MW 
down 

500kW Reference 

F14-V4-NUK1-OP-PV-80P5S-D500 80%/5sec⇒1.84MW down 

F15-V4-NUK1-OP-PV-80P10S-D250 80%/10sec ⇒ 1.84MW 
down 

250kW 

F16-V4-NUK1-OP-PV-80P10S-D750 80%/10sec ⇒ 1.84MW 
down 

750kW 

 

 

 

 

  



A-7 

A-7-18 

(3)  Analysis result and Evaluation 

 

Connected to Vaini feeder： 

 Table 3.2 shows the bottom frequency values for each case. Figure 3.1 show time variation of 

frequency in case F1q,F2…F2case F1qFigure 3.2 shows time variation of frequency in case F1e,F3

…F3cas  

 In the case of 500kW for the capacity of converters, as shown in bottom frequency value and 

wave form for base case F1…ottom frequedeviates the management range by 0.03Hz. In more rapid 

decrease cases 80%/10S(F5%/，80%/5S(F6gement range by 0.03Hz. In more rais seen. In the case of 

50%/5S(F2(F2. In the case of 50%/.03Hz.Hz. These cases shall be used as reference since these 

situations rarely occurs. In the case of storage battery capacity dependence, 50%/10s is adopted as 

base case. 

 There is little decrease of frequency in 750kW storage battery case. In 500kW case, frequency 

deviates the management range by 0.03Hz. In 250kW case, storage battery reaches peak output in a 

few seconds, accompanied by increase of diesel machine output and decrease of frequency. From the 

results, it is valid to adopt the 500kW or more of the capacity for power storage system. 

Decrease of frequency was obvious in a few seconds, since after output of power storage system 

reaches the rated output, DGs cover the shortage while reaction speed of DGs is a little slower than 

the speed of power storage device. 

 

Table 3.2 Bottom frequency value for Vaini case 

Cases Bottom frequency value 
[Hz] 

Time 
[sec] 

F1-V2-Vaini-OP-PV-50P10S-D500 -0.12920 10.62 

F2-V2-Vaini-OP-PV-50P5S-D500 -0.14953 5.97 

F3-V2-Vaini-OP-PV-50P10S-D250 -0.29417 8.69 

F4-V2-Vaini-OP-PV-50P10S-D750 -0.04070 14.44 

F5-V2-Vaini-OP-PV-80P10S-D500 -0.46198 9.98 

F6-V2-Vaini-OP-PV-80P5S-D500 -0.73203 5.48 
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Figure 3.1 Comparison of frequency among cases F1,F2,F5,F6【Storage Battery : 500kW】  

Black： 

PV(Existing+Newly Placed) 

strage battery 500kW×2 

Red： 

PV(Existing+Newly Placed) 

withoutstrage battery 

Blue: 

PV(Existing) 

withoutstrage battery 

 

PV output 

suddenly 

decrease 

50%/10sec 

A note:Range 

Black： 

PV(Existing+Newly Placed) 

strage battery 500kW×2 

Red： 

PV(Existing+Newly Placed) 

withoutstrage battery 

Blue: 

PV(Existing) 

withoutstrage battery 

 

Black： 

PV(Existing+Newly Placed) 

strage battery 500kW×2 

Red： 

PV(Existing+Newly Placed) 

withoutstrage battery 

Blue: 

PV(Existing) 

withoutstrage battery 

 

Black： 

PV(Existing+Newly Placed) 

strage battery 500kW×2 

Red： 

PV(Existing+Newly Placed) 

withoutstrage battery 

Blue: 

PV(Existing) 

withoutstrage battery 

 

Time (sec) 

Time (sec) 

Time (sec) 

Time (sec) 

N
od

e 
Fr

eq
ue

nc
y 

(H
z)

 
N

od
e 

Fr
eq

ue
nc

y 
(H

z)
 

PV output 

suddenly 

decrease 

80%/5sec 

N
od

e 
Fr

eq
ue

nc
y 

(H
z)

 

PV output 

suddenly 

decrease 

80%/10sec 

PV output 

suddenly 

decrease 

50%/5sec 

SS
  

 N
od

e 
Fr

eq
ue

nc
y 

(H
z)

 



A-7 

A-7-20 

 
 

Figure 3.2 Comparison of frequency among cases F1…,F3…,F4… 

【Storage Battery : 500kW,250kW,750kW】 
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Connected to NUK1 feeder： 

 Table 3.3 shows the bottom frequency values for each case. Figure 3.3 shows time variation of 

frequency in caseF9me variation of frFigure 3.4 shows time variation of frequency in case F9e 

variation  

 There are only few difference in analysis results from the case of Vaini. 

 

Table 3.3 Bottom frequency value for NUK1 case 

Cases Bottom 

frequency value 

[Hz] 

Time 

[sec] 

F9-V4-NUK1-OP-PV-50P10S-D500 -0.12913 10.59 

F10-V4-NUK1-OP-PV-50P5S-D500 -0.14975 5.96 

F11-V4-NUK1-OP-PV-50P10S-D250 -0.29372 8.7 

F12-V4-NUk1-OP-PV-50P10S-D750 -0.04060 14.53 

F13-V4-NUK1-OP-PV-80P10S-D500 -0.46117 9.67 

F14-V4-NUK1-OP-PV-80P5S-D500 -0.73057 5.48 
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Figure 3.3Comparison of frequency among casesF9,F10,F13,F14【Storage Battery : 500kW】  
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Figure 3.4 Comparison of frequency among cases F9…,F11…,F12… 

【Storage Battery : 500kW,250kW,750kW】 

Black： 
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Red： 
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(4)  Conclusion 

Conclusion of this analysis is summarized as follows. 

○Result of analysis 

No difference was observed about the evaluation result of analysis of voltage subject to the 

connection of Vaini feeder or NUK1 feeder 

・Fluctuation of voltage was observed to be in the range of 230 range, the standard of evaluation. 

・Amount of fluctuation of frequency was observed to be approximately in the operational range of 

+0.2Hz to -0.1Hz, from the analysis assuming rapid change of PV output caused by change of 

irradiation, with power storage system of the capacity of 500kW or more. The adopted 

operational value was more severe than ±he adopthe value of Japanese island area. 

○Points to remember on the analysis for evaluation of the amount of fluctuation of voltage 

・Than the end-voltage distribution lines BUS voltage and east-west lines of the current state of 

Tongatapu Island power plant, it is necessary to check the validity of the resulting voltage 

decline trend power flow analysis (see Figure 2.2 power flow diagram). 

○Points to remember on the analysis for evaluation of the amount of fluctuation of frequency 

・The maximum magnitude of PV output decrease is uncertain in analysis of frequency fluctuation. 

From the measured data of 2012/08/29～2012/09/02, the maximum value of 558kW/10s 

(approximately 43%/10s) are figured out. 

・Because we adjust it with a sampling level about the speed properties of the governor for ten 

seconds, it is thought that the flattery for the rapid decrease appears in the good direction if the 

sensitivity of the actual machine is better than a calculated value. In order to improve the 

accuracy of analysis, measured value of 1 second sampling and the response property of 

governor (ex. Measured waveforms of load rejection test) are needed. 

・In the base case of frequency fluctuation analysis, 3 power generators are connected. In the 

case of 2 generators, frequency becomes more unstable. In contrast, frequency becomes more 

stable as for the case of 4 generators. 

Charge capacity and maximum output of parallel number of DGs shall be considered carefully 

on operation after installation of new PV modules.  

・Because the converter capacity only considered for the battery is the battery capacity is 

equivalent to infinity. In the case of using a capacitor, it should be noted charge capacity. 

・Not considered in this analysis PV sites smoothing effect is expected. 
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３．２ Confirmation of load following capability of existing diesel generators 

 

(1) Outline of Analysis 

Evaluation of fluctuation of frequency was conducted again by applying change rate limiter of 

existing diesel engine generator (DG) to governor model. The condition of the analysis and the 

methodology for the evaluation are as follows. 

 

① Change in governor model 

・Change rate limiter of 5%/sec was installed 

② Parameter 

・PV output (rapid decrease) 

  /Amount of change: 50%（Newly placed PV + Existing PV = 1150kW） 

  /Duration: 10msec, 5sec, 10sec 

・Capacitor of invertor for power storage system 

  /Each site 500kW(Total 1000kW), 750kW(Total 1500kW) 

  ⇒Capacitor of power storage system was determined to be 500kW for each site for the analysis, 

since in case of 250kW for each site, fluctuation of frequency exceeded operation range by a 

large extent and in case of 750kW for each site, the fluctuation shall be less than in case of 

500kW, taking account of results of the previous analysis. 

③ Model 

・This section is the same as the previous analysis and shall be omitted (Refer to the previous 

document for the detail） 

④ Methodology for evaluation 

・Capacitor of power storage system appropriate for management range (frequency + 0.2Hz~ - 

0.1Hz) shall be determined. 

  Frequency shall be evaluated whether it is appropriate for management range even though there 

is a change for governor model, since 500kW is applied as the capacity of power storage system 

based on the result of previous results. 
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(2) Cases of analysis 

 Based on conditions described in (1), following 8 analysis cases were conducted. 

The most fluctuated (50%/10msec) case is analyzed for the case that capacitor of power storage 

device of 750kW. And to compare this case with the existing grid, the case of rapid decrease by 

50 % of existing PV (1.3MW) was analyzed and the case without power storage system was also 

analyzed.  

 

Table 3.4 Evaluation of fluctuation of frequency: analysis cases 

Cases 

Cases 

(Power Flow 

Profile) 

PV output 

(Newly Placed + Existing) 

Capacity 

of 

converter 

for power 

storage 

system 

F21-V2-Vaini-OP-PV-50P10MS-D500 V2-Vaini-OP-PV 50%/10msec⇒1.15MW down 500kW 

F22-V2-Vaini-OP-PV-50P5S-D500 50%/5sec⇒1.15MW down  

F23-V2-Vaini-OP-PV-50P10S-D500 50%/10sec⇒1.15MW down 

F24-V2-Vaini-OP-PV-50P10MS-D750 50%/10msec⇒1.15MW down 750kW 

F25-V4-NUK1-OP-PV-50P10MS-D500 V4-NUK1-OP-PV 50%/10msec⇒1.15MW down 500kW 

F26-V4-NUK1-OP-PV-50P5S-D500 50%/5sec⇒1.15MW down 

F27-V4-NUK1-OP-PV-50P10S-D500 50%/10sec⇒1.15MW down 

F28-V4-NUK1-OP-PV-50P10MS-D750 50%/10msec⇒1.15MW down 750kW 
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(3) Result of analysis and evaluation 

 

○Vaini Feeder： 

 Figure3.5 shows figures of frequency from F21… to F24. (Blue line stands for current situation 

for comparison) 

 In case of 500kW of capacity of converter, the bottom frequency value became 0.2Hz in F21 

frequenPV output fluctuates in step function. The bottom frequency value became approximately 

0.15Hz in case of F22… and F23… where, based on the real situation, PV output fluctuates in ramp 

function. The same results were obtained as the result before the improvement of GOV model, since 

change rate of the ramp function is less than or equal to the limit of GOV change rate. 

In case of capacity of 750kW of converter for power storage device, the fluctuation of frequency 

was confirmed to be in the range of operation frequency of -0.1Hz since the bottom frequency value 

became 0.08Hz. 

 

○NUK 1 Feeder： 

Table 3.5 shows the bottom function of each case from F25… to F28…. Figure 3.6 shows figures 

of frequency of the case from F25… to F28. (Blue line is for comparison) 

 Based on the figures of frequency and the bottom frequency values, the behavior was the same as 

the case of Vaini feeder connection. 

 

Table 3.5 The bottom frequency values in each case 

Cases 
Bottom frequency value 

[Hz] 
Time 
[sec] 

F21-V2-Vaini-OP-PV-50P10MS-D500 -0.21 1.37 

F22-V2-Vaini-OP-PV-50P5S-D500 -0.15 5.96 

F23-V2-Vaini-OP-PV-50P10S-D500 -0.13 10.61 

F24-V2-Vaini-OP-PV-50P10MS-D750 -0.08 0.41 

F25-V4-NUK1-OP-PV-50P10MS-D500 -0.21 1.43 

F26-V4-NUK1-OP-PV-50P5S-D500 -0.15 5.95 

F27-V4-NUK1-OP-PV-50P10S-D500 -0.13 10.60 

F28-V4-NUK1-OP-PV-50P10MS-D750 -0.08 0.40 

 

From above mentioned, while in the most severe case fluctuation of frequency exceeds the 

operation value of -0.1Hz by 0.11Hz, the fluctuation of frequency exceeds by 0.05Hz in the cases 

based on the real situation of both Vaini connection and NUK1 connection. When the allowable 

frequency deviation of Japanese islands of ±eviation of Japan there seemed to be no problem 

since operation value adopted to the analysis was severe on the bases of the allowable frequency. 
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Figure 3.5 Result of comparison in frequency according to the difference of range 

of change in case of 50% of PV output 

(Power storage system 500kW, 750 kW/ Connected to Vaini) 
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Figure 3.6 Result of comparison in frequency according to the difference of range 

of change in case of 50% of PV output 

(Power storage system 500kW, 750 kW/ Connected to NUK 1) 

 

３．３ Evaluation of requisite Capacity of Power Storage System 

 

(1) Outline of analysis 

 Grid model was formulated considering capacity of power storage system so as to conduct hourly 

evaluation of the capacity of power storage system. 60 sec was assumed as time constant for the first 

order lag for compensation (variable time constant control) for 500kW rated output of power storage 

system in the previous model. However three cases of 40 sec, 20 sec, 10 sec are added to the output 

characteristic for more detailed analysis. 

 

① Generator, Governor model 

・CAT (High speed diesel engine generator) 3 units (parallel) 

・GOV：Limitation model of change rate at 5%/sec 

② PV output (rapid decrease) 

/Amount of change: 50%（Newly placed PV + Existing PV＝1150[kW]） 

/Duration: 10msec 

③ Model for power storage system 

・Capacity of converter for power storage system 

 /Each site 500[kW]（Total 1000[kW]） 

・Characteristic of variable time constant control for 500kW rated output of power storage 

system are as follows. 

 /500[kW]/60sec，40sec，20sec，10sec (4 patterns in total) 
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Figure 3.7 Performance of PV output and output of power storage system 

 

(2) Cases of analysis 

 Profile at off peak load is adopted as base profile as is the case with the previous analysis. Nuk1 

feeder shall be the objective of analysis since there is no difference between Nuk 1 connection  and 

Vaini connection in terms of fluctuation of frequency. 

Cases of analysis based on the condition described in (1) are 4 cases as follows. 

 

Table 3.6 Cases of analysis for the amount of fluctuation of frequency 

Cases 
PV output 

(Newly placed + Existing) 

Capacity of 

converter 

for power 

storage 

system 

Change speed 

500[kW]/xxx 

F31-V4-NUK1-OP-PV-50P10MS-D500-60S 

50%/10msec⇒1.15MW 

Rapid decrease 
500kW 

60sec 

F32-V4-NUK1-OP-PV-50P10MS-D500-40S 40sec 

F33-V4-NUK1-OP-PV-50P10MS-D500-20S 20sec 

F34-V4-NUK1-OP-PV-50P10MS-D500-10S 10sec 

 

(3) Results of analysis and evaluation 

 The bottom value of frequency and convergence value of the frequency in each case are listed in 

Table 3.7. Wave profile in each case (F31… ~ F34…) are shown in Figure 3.8. In addition, 

comparisons with the latest case are shown in Figure 3.9. (Blue line: Wave profile of the latest case) 

 

○Result of analysis with change speed at 500[kW]/60sec(8.33[kW]/sec) in case of low output of 

power storage device 

The bottom value of frequency became -0.22[Hz] caused by decrease of PV output. Fluctuation of 

frequency became approximately -0.04[Hz] in 10 sec since variation width of output of power 

storage system became the same as variation width of DG output. Frequency started to fluctuate 

PV output 

Output of power 
storage system 

60,40,20,10sec 

Start of decrease 
in the range of 
500[kW]±0.5% 

Time 

Time 
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again in 60 sec since output of power storage system becomes 0.0 [kW] and governor follows again. 

The variations of the output of power storage system and the DG output became the same again after 

the fluctuation and frequency became the same. And fluctuation of frequency became approximately 

0.0 [Hz].  

 

○Result of analysis with change speed at 500[kW]/40sec(12.50[kW]/sec) in case of low output of 

power storage device  

Following speed of DG became slower than in case of 500 [kW]/60sec and the bottom frequency 

value became -0.01 [Hz] lower since change speed became approximately 4 [kW]/sec faster than in 

case of 500 [kW]/60sec. Fluctuation of frequency became approximately -0.06[Hz], in the same way, 

after variation width of output of power storage system became the same as variation width of DG 

output. Behavior afterward tended to be the same as in case of 500 [kW]/60sec.  

 

○Result of analysis with change speed at 500 [kW]/20 sec (25.00 [kW]/sec), 500 [kW]/10 sec 

(50.00 [kW]/sec) in case of low output of power storage device 

In case of 20 sec and 10 sec, the behavior tented to be the same and the bottom frequency value 

and displacement of convergence value after fluctuation of frequency became larger.  
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Table 3.7 Bottom frequency value and convergence value after fluctuation of 

frequency for each case 

Cases 

Bottom 

frequency value 

[Hz] 

Time 

[sec] 

Convergence value 

after fluctuation 

of frequency 

[Hz] 

F31-V4-NUK1-OP-PV-50P10MS-D500-60S -0.22 1.46 -0.04 

F32-V4-NUK1-OP-PV-50P10MS-D500-40S -0.23 1.53 -0.06 

F33-V4-NUK1-OP-PV-50P10MS-D500-20S -0.26 1.77 -0.12 

F34-V4-NUK1-OP-PV-50P10MS-D500-10S -0.35 2.41 -0.24 

 

 From the table above, bottom frequency value in the immediate aftermath of frequency decrease 

exceeded the operational range of -0.1 [Hz], in the most harsh case where PV output continued to 

decrease by 50%. There seems to be no problem other than F34 if Japanese islands’ case where 

permissible deviation of frequency is ±0.3 [Hz], is taken into account. There seems to be no 

problem in case of F31… and F32… except for the case of F 33… or F34… where the frequency 

exceeds operational range of -0.1 [Hz], in terms of convergence value. 

 Thus capacity of power storage system and following capability seems to be well balanced when 

model with control characteristics of changeable time constant of 500 [kW]/60sec or 500 [kW]/40 

sec are assumed. 

 Hourly evaluation shall be described as follows 

 Consumption energy of power storage system in each case is listed in table 3.8. Half capacity of 

power storage system since total capacity of power storage system is 11 [kWh]. There seems to be 

no problem in terms of sufficiency of capacity, in each case even if half of the capacity is adopted for 

the analysis. 

 

Table 3.8 Consumption electrical energy of power storage system in each case 

Cases 
Consumption electrical energy of power storage system 

[kWh] 

F31-V4-NUK1-OP-PV-50P10MS-D500-60S 4.167 

F32-V4-NUK1-OP-PV-50P10MS-D500-40S 2.778 

F33-V4-NUK1-OP-PV-50P10MS-D500-20S 1.389 

F34-V4-NUK1-OP-PV-50P10MS-D500-10S 0.694 
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Figure 3.8  Results of comparison of frequency subjected to change speed in case 

of little output from Power storage system 
【PV Output 50%/10mse / Power storage system 500kW×2 / NUK1】  
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Figure 3.9 Results of comparison of frequency subjected to change speed in case of 
little output from Power storage system (Together with comparison to Current parameter) 
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３．４ Evaluation of the following capability in case of middle-speed diesel engine 

instead of high-speed diesel engine 

 

(1) Outline of Analysis 

Replacement of DG from high-speed engine to middle-speed scheduled in 2013 was taken into 

account for the analysis. 

 

① Profile of supply and demand 

・Profile at off peak：load 3.521[MW] 

・Connected to NUK1 feeder 

② Generator model 

・Generator model is listed in Table 3.9. High speed DG is also in the Table 3.9 for comparison. 

 

Table 3.9 Generator model 

Name Mak CAT 

Rotation type middle-speedDG high-speed DG 

Rated MVA 3.456 1.750 

Rated MW 2.765 1.400 

Parallel 2 units 3 units 

inertial constant [sec] 3.94*1 7.00*2 

*1 Results of survey are adopted for constant of synchronous generator of a few hundred kVA 

to a few MW. 

*2 Calculated from Tongatapu Power Station Protection Coordination Review 

③ Governor model 

・Governor block：Refer to Figure 3.10 Governor block diagram 

・GOV following speed (on load control) [parameter on load control obtained from field survey] 

：increasing 1.8％/sec（standard parameter 3.6％/sec），decreasing 3.6％/sec 

 

Figure3.10 Governor control block diagram of the established diesel generators 

Proportional ・ 
Integral Control 

 
Change rate Control 

Initial Value: TQTS 

Deviation of 
rotating 
speed 

Red: Upper Limits of Change Rate 
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Middle Speed : 0.018[1.8%/sec] 

Blue: Lower Limits of Charge Rate 

High Speed : -0.050[-5.0%/sec] 

Middle Speed : -0.036%/sec 

(% Value out of Machine Base) 

○ No.: Block Number 
△ No.: KSB Number 
(Block factor of Y method Program) 
TQTS: Initial Value of Turbine Output 

Change Over Mechanism 

 
Integral Control shall be stopped when t
he upper or lower limit is reached 

Initial Value: TQTS 
 

Initial Value : TQTS 
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④ PV output (rapid decrease)） 

・Amount of change：50%（Newly placed ＋existing PV＝1150[kW]） 

・Duration：10msec 

⑤ Model for power storage system 

・Capacity of converter for power storage system：Each Site 500 [kW]（Total 1000[kW]） 

・Control characteristics of variable time constant after output of 500[kW] 

：500[kW]/60sec,40sec,20sec Total 3 pattern 

 

(2) Analysis Cases 

Analysis was conducted in 3 cases based on the condition (1) (the case of variable time constant 

with 10 sec was eliminated in the analysis, since it is difficult not only for middle speed DG for the 

analysis but also for high speed DG) 

 

Table 3.10 Analysis cases for amount of fluctuation of frequency① 

Cases 
PV Output 

(Newly placed + existing) 

Capacity for 

Converter 

Variable time 

constant 

F41-V4-NUK1-OP-MAKG-PV-50P10MS-D500-60S 
50%/10msec 

⇒1.15MW Rapid decrease 
500kW 

60sec 

F42-V4-NUK1-OP-MAKG-PV-50P10MS-D500-40S 40sec 

F43-V4-NUK1-OP-MAKG-PV-50P10MS-D500-20S 20sec 

 

In addition to the cases above, following speed of DG was changed from 1.8%/sec to 3.6%/sec for 

referential analysis case. 

 

Table 3.11 Analysis cases for amount of fluctuation of frequency① 

Cases 
PV Output 

(Newly placed + existing) 
Capacity for 
Converter 

Variable 
time 

constant 

F44-V4-NUK1-OP-MAKG-PV-50P10MS-D500-GOVC36-60S 
50%/10msec 

⇒1.15MW Rapid decrease 
500kW 60sec 
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(3) Results of analysis 

 Read values of frequency are plotted in Figure 3.11. 

 Table 3.12 shows bottom frequency value and convergence value after fluctuation for each case, 

 Figure 3.12 and 3.13 shows figures of frequency for each case. 

 

 

Figure 3.11 Read values for frequency 

 

Table 3.12 Bottom frequency value and convergence value after fluctuation for each case 

Cases 
Bottom Frequency 

Value 
[Hz] 

Time 
[sec] 

Convergence 
value after 

fluctuation of 
frequency 

[Hz] 

F41-V4-NUK1-OP-MAKG-PV-50P10MS-D500-60S -0.47(-0.22) 2.50 -0.03(-0.04) 

F42-V4-NUK1-OP-MAKG-PV-50P10MS-D500-40S -0.51(-0.23) 2.74 -0.05(-0.06) 

F43-V4-NUK1-OP-MAKG-PV-50P10MS-D500-20S -0.73(-0.26) 4.02 -0.09(-0.12) 

F44-V4-NUK1-OP-MAKG-PV-50P10MS-D500-GOVC36-60S -0.30 1.41 -0.03 

*In () is the case with high speed-DG in the same condition  

 

○Results of control of variable time constant 500[kW]/60sec(8.33[kW]/sec) 

 The bottom frequency becomes -0.47[Hz] because of decrease of PV output. Fluctuation of 

frequency becomes approximately -0.03[Hz] in 10 sec since range of power storage system and 

range of DG output becomes well balanced. Frequency fluctuates because the governor follows 

again in 60 seconds, since output of power storage system runs out. And frequency becomes 

approximately 0.00[Hz] again after range of output becomes the same. 

 Difference in the result of analysis between high speed DG and middle speed DG is described as 

follows. 

 7 seconds are adopted as inertial constant in case of High speed DG and 3.94 are adopted in case 

of middle speed DG. In case of rapid decrease of PV output, the bottom frequency is largely 

influenced by inertia constant or parallel number. Thus, the bottom frequency becomes less in case 

of middle speed DG where inertia is large and parallel number is less. Concerning to the 

convergence frequency, the range of fluctuation of output of power storage system and the range of 

fluctuation of output of governor shall be balanced when fluctuation of frequency becomes stabled, 

since 100[kW]/sec (1.8%/sec for 2 parallels), the following speed of middle speed DG is slow 

compared to 210[kW]/sec (5%/sec for 3 parallels), the following speed of high speed DG, and 

Frequency red○: Bottom frequency value 

bluem: Convergence value 

 

Time 
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middle speed DG follows slowly. Thus, less frequency decreases in case of middle speed DG than in 

case of high speed DG.  

 

○Results of the analysis of variable time constant control 500[kW]/40sec(12.5[kW]/sec)，  

         Variable time constant control 500[kW]/20sec(25.0[kW]/sec) 

 Behaviors in case of 40 sec and for 20 sec are the same as in case of 60 sec. 

 

(4) Conclusion 

○Results of analysis 

・In the most severe case, where PV output decrease at the rate of 50 %, the frequency exceeded 

allowable frequency deviation of island area, ±3%[Hz] in case of middle speed DG. However, 

severe case of 1.8%/sec was adopted for the analysis and the bottom frequency became -0.3 [Hz] 

with the standard parameter of 3.6%/sec (referential case). 

   

・It is assumed that the frequency shall be valid when the following speed of governor of constant 

rotation speed control shall be adopted, since, in the analysis, the following speed of governor of 

constant rotation was adopted for middle speed DG. Any case is assumed and measurement value 

of field test such as load dump test shall be used for simulation for both middle speed DG and 

high speed DG. 

 

・The bottom value of frequency can be improved by increasing parallel number of generators, the 

sum of rated output. It shall be kept in mind that reserved capacity from parallel numbers 

compensates not only effective electric power but also frequency. 

 

○Hourly evaluation of middle speed DG 

・It is deemed that enough capacity can be saved in each case since variable time constant control are 

the same for high speed DG and for model for power storage system. (They are calculated from 

integrated value without loss value.)  
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Figure 3.12 Results of comparison of frequency in case of little output from Power 

storage system 

【PV Output 50%/10msec / Power storage system500kW×2 / NUK1 Feeder / Mak 2 parallel】 

 

 

Figure 3.13 Referential case 
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